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ABSTRACT: Proteases are an important class of drug targets that 
continue to drive inhibitor discovery. These enzymes are prone to 
resistance mutations, yet their promise for treating viral diseases and other 
disorders continues to grow. This study develops a general approach for 
detecting microbially synthesized protease inhibitors and uses it to screen 
terpenoid pathways for inhibitory compounds. The detection scheme relies 
on a bacterial two-hybrid (B2H) system that links protease inactivation to 
the transcription of a swappable reporter gene. This system, which can 
accommodate multiple biochemical outputs (i.e., luminescence and 
anti-biotic resistance) , permitted the facile incorporation of four 
disease-relevant proteases. A B2H designed to detect the inactivation of 
the main protease of severe acute respiratory syndrome coronavirus 2 
enabled the identification of a terpenoid inhibitor of modest potency.
An analysis ofmultiple pathways that make this terpenoid, however, suggested that its production was necessary but not 
sufficient to confer a survival advantage in growth-coupled assays. This finding highlights an important challenge associated 
with the use of genetic selection to search for inhibitors�notably, the influence of pathway toxicity�and underlines the 
value of including multiple pathways with overlapping product profiles in pathway screens. This study provides a detailed 
experimental framework for using microbes to screen libraries of biosynthetic pathways for targeted protease inhibitors.
KEYWORDS: natural products, non-ribosomal peptide synthetases, biological selection, viral proteases, SARS-CoV-2

■ INTRODUCTION
Proteases are centrally important tomany biochemical processes
and have provided a rich set of targets for treating human
diseases.1 These enzymes, which catalyze the hydrolysis of
peptide bonds, coordinate the dynamic remodeling�and
functional rewiring�of the complex protein systems that
underlie blood clotting,2 tissue repair,3 and viral assembly,4

among other biochemical feats.5−10 The first clinically approved
protease inhibitor targeted HIV-1 protease (HIVpro), which
cleaves polyproteins into functional subunits of the HIV virion;
today, this enzyme is the target of 10 approved drugs.11 Over the
years, proteases have emerged as important targets for other viral
diseases�notably, hepatitis C12 and coronavirus infectious
disease-19 (COVID-19)13�as well as cardiovascular disor-
ders14 and cancer.15 Despite their therapeutic promise,
proteases often evolve resistance mutations, which can emerge
early in clinical trials,16 and remain subject to the same slow
development timelines that plague other drugs.17 New
approaches for discovering protease inhibitors could help
address these challenges.
Natural products are a longstanding source of pharmaceut-

icals and bioactive compounds, including protease inhib-
itors,18,19 but have proven challenging to screen in high-
throughput assays.20 Their low natural abundance and complex
biological matrices (i.e., multi-component extracts) often

complicate compound detection and dereplication,21 while
their chemical structures, which often include multiple stereo-
centers, tend to slow scale-up and hit optimization.22 Advances
in microbial genetics and bioinformatics have led to an explosion
of new biosynthetic gene clusters23−25 and uncovered enzymes
capable of adding biochemically nonstandard functionalities
(e.g., terminal alkynes, halogens, and hydrazines).26−28 Un-
fortunately, the structures and biological activities of bio-
synthetic compounds remain challenging to predict from
sequence data alone, and functional characterization typically
requires laborious extraction and purification steps.29

Microbial hosts equipped with genetically encoded detection
systems offer a promising means of accelerating the discovery of
pharmaceutically relevant natural products. These in vivo
systems link the inhibition of a heterologously expressed target
enzyme to a biochemical output (e.g., growth, color formation,
or fluorescence).30,31 They have several important advantages
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over in vitro assays:32−35 (i) they can screen DNA-encoded
pathways, where library size is limited by transformation
efficiency.36 (ii) They require only a small amount of target
protein, which is maintained by a living cell, and can avoid the
laborious protein purification and stabilization steps required for
in vitro assays.37 (iii) They are designed to detect inhibitors
within the cellular milieu and can thus provide an initial�if,
largely, general�screen for inhibitor stability and toxicity.38 (iv)
They can accelerate scale-up ofmolecular synthesis viamicrobial
fermentation.39

Genetically encoded biosensors for enzyme inhibitors are
sparse; to date, most have focused on controlling cell viability.
Illustrative strategies for protease inhibitors include (i) the
addition of protease recognition (PR) sites to antibiotic
resistance proteins (e.g., the metal-tetracycline/H+ antiporter)40

or essential regulatory enzymes (e.g., adenylate cyclase, which
synthesizes cyclic AMP)41 or (ii) the use of proteolyzable “pro”
domains to cage toxic proteins (e.g., ribosomal protein S12,
which restores the streptomycin sensitivity of streptomycin-
resistant E. coli).42 Several of these systems have been used to
detect peptide inhibitors synthesized in microbial hosts;43 their
direct modification of phenotype-specific proteins (e.g., the
adenylate cyclase), however, tends to limit their rapid extension
to other proteases and biochemical outputs.
This study develops a general approach for detecting protease

inhibitors in microbial hosts. It focuses on four proteases: (i)
HIVpro, (ii) the main protease (3CLpro) of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), (iii) the
papain-like protease (PLpro) of SARS-CoV-2, and (iv)
ubiquitin-specific-processing protease 7 (USP7). These en-
zymes, which are important targets for viral diseases (HIVpro,44

3CLpro,45 and PLpro)46 and cancer (USP7),47 exhibit different
yields when overexpressed in E. coli and have PR motifs that
range from 4 to 75 amino acids.48−51 Our study begins by using
these disparate proteases to develop a general framework for
biosensor development and concludes with an exemplary
application�the detection of an endogenously synthesized
inhibitor of 3CLpro. The study provides a new approach for
using microbes to find natural products that inhibit proteases.

■ RESULTS
Selection of an Initial Bacterial Two-Hybrid System.To

begin, we sought a transcriptional system that links protease
inactivation to the expression of a gene of interest (GOI) in E.
coli. Transcription-based detection systems are advantageous
because transcription, translation, and biocatalytic production of
a signal (if the gene product is an enzyme) are amplification
reactions; at each step, a single biomolecule (i.e., one gene,
mRNA, or enzyme) can generate many more, allowing a single
transcriptional activator to trigger a signaling cascade.52 In prior
work, we developed a bacterial two-hybrid (B2H) system in
which a phosphorylation-mediated binding event activates
transcription of a GOI (Figure 1A), and we used it to detect
phosphatase inhibitors.53 This system served as a starting point
for the present study.
We started our work by selecting a general detection

architecture. Two protein fusions form the core of the base
B2H: (i) a Src homology 2 (SH2) domain fused to the cI
repressor and (ii) a kinase substrate domain (MidT) fused to the
omega subunit of RNA polymerase (RpoZ). Src-mediated
phosphorylation of the substrate domain allows it to bind to the
SH2 domain, and the resulting substrate−SH2 complex
activates transcription of the GOI by localizing RNA polymerase

to its promoter; PTP1B-mediated dephosphorylation of the
substrate prevents this activation. We speculated that this
delicate system might respond to protease overexpression, even
in the absence of recognition sites; indeed, 3CLpro over-
expression reduced GOI transcription (Figure S1). Next, we
used 3CLpro to evaluate two different binding pairs: a
phosphorylation-dependent pair (SH2/MidT: Figure S1A)
and a phosphorylation-independent pair (SH2ABL/HA4; Figure
S1B).54 Briefly, we placed 3CLpro on an arabinose-inducible
plasmid and tested each pair-specific B2H system with a
luminescent reporter (GOI = LuxAB). For both systems,
overexpression of an active protease�but not an inactive
protease�reduced luminescence. The phosphorylation-inde-
pendent pair yielded a larger dynamic range (i.e., DR, the change
in luminescence caused by protease expression; 10.7± 1.2 vs 6.3
± 0.9; Figure S1C) but exhibited a higher background signal;
when we swapped the GOI with a resistance gene (SpecR), this
background allowed the inactive B2H to confer substantial
antibiotic resistance�an undesirable result (Figure S1D). We
continued sensor development with the phosphorylation-
dependent binding pair.

Development of B2H Systems that Detect Protease
Inhibition. We speculated that the addition of a PR site to the
substrate-RpoZ fusion might render it susceptible to proteolysis
and enhance the DR associated with protease inactivation.
Starting with our base B2H, we explored this idea by adding PR
sites for HIVpro and 3CLpro, each flanked by 0−4 alanine
residues (Figure 1). These sites reduced the DR associated with
PTP1B inactivation by up to two-fold, relative to PR-free
systems, but retained the original B2H activity (i.e., PTP1B
inactivation increased luminescence; Figure 2A). Next, we
supplemented 0- and 4-alanine versions of the modified B2Hs
with active proteases, which we overexpressed from a second
plasmid.

Figure 1. Design of a B2H system that detects protease inhibition. (A)
B2H system that links protease inhibition to the expression of a GOI.
Major components include (i) a kinase substrate (dark purple) fused to
the omega subunit of RNA polymerase (light purple), (ii) a PR site
(red), (iii) a Src homology 2 (SH2) domain (dark brown) fused to the
434 phage cI repressor (light brown), (iv) an operator for 434cI
(yellow), (v) a binding site for RNA polymerase (light green), (vi) the
other subunits of RNA polymerase (dark green), and (vii) the GOI. Src
kinase and protein tyrosine phosphatase 1B (PTP1B), which can be
encoded by the same plasmid, activate or inhibit the SH2−substrate
interaction through phosphorylation and dephosphorylation, respec-
tively. Proteolysis of the PR site disrupts activation. (B) PR sites
examined in this study.
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Enzyme overexpression reduced luminescence for both
HIVpro systems but only one 3CLpro system (the 4-alanine
version; Figure 2B); as expected, the inclusion of PR sites
improved the DR associated with protease inactivation, relative
to the PR-free systems (Figure 2C). Intriguingly, inactive
proteases also caused a slight reduction in luminescence (Figure
2B,C), an effect that might reflect proteases binding to PR sites
(and subsequent disruption of B2H function) or a general
cellular response to protein overexpression. Nonetheless, our
results indicate that PR sites can enhance the sensitivity of B2H
systems to protease activity.

Our work with HIVpro and 3CLpro illustrates how two
genetic modules�a luminescent B2H and an arabinose-
inducible protease�enable titration experiments that facilitate
the rapid evaluation of different protease−PR combinations. We
used this two-module luminescent system to expand our screen
of PR sites to different proteases (Figure 2C). In short, we added
PR sites for HIVpro, 3CLpro, PLpro, and USP7 to the
substrate−RpoZ fusion and evaluated the response of each
system to protease overexpression.We note that both PLpro and
USP7 remove ubiquitin,55,56 but PLpro recognizes its terminal
LRGG sequence,57 so we included this sequence as a separate

Figure 2. Development of protease-specific B2H systems. (A) B2H systems that link PTP1B inactivation (C215S) to a luminescent output (LuxAB
expression). We added PR sites flanked by alanine (A) residues to the linker that connects MidT to the omega subunit of RNA polymerase (Figure 1).
Their addition reduces the dynamic range (DR, the difference in fluorescence between active and inactive variants of PTP1B). (B) We used a pBAD
plasmid to titrate active and inactive proteases alongside the constitutively active B2H systems from A (i.e., the PTP1B C215S systems). For 3CLpro,
the four-alanine linker exhibited the highest DR; for HIVpro, the DRs afforded by zero- and four-alanine linkers were not statistically significant (p <
0.05). (C) We used the two-plasmid system from B to screen proteases against different PR sites. The dynamic range corresponds to the difference in
luminescence between 0 and 0.02 w/v % arabinose. “None” denotes systems that lack a PR site, a baseline for comparing the improved DR afforded by
these sites. The white squares show the PR sites of the final B2H systems. (D) We modified the PTP1B-based B2H system from A by (i) swapping in
proteases for PTP1B, (ii) adding the highlighted PR sites from C, and, where necessary, (iii) adjusting the RBSs for protease genes. Images show the
growth of E. coli harboring protease-specific B2H systems on agar plates seeded from drops of liquid culture (E. coli S1030 + pB2H; LB agar, pH 7.5). In
all panels, X denotes inactive variants of each protease: PTP1B (C215S), 3CLpro (H41A), HIVpro (D25N), USP7 (C223S), and PLpro (C111S).
Figure S2 provides detailed schematics for the B2H systems used in the experiments described by each panel of this figure. Data points denote themean
and standard error of n ≥ 6 technical replicates.
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site. For USP7, we included the catalytic domain with and
without a C-terminal extension that stabilizes its catalytically
competent conformation.51 Consistent with their reported
substrate specificities, 3CLpro, PLpro, and USP7 reduced
luminescence most significantly when paired with cognate PR
sites, while HIVpro appeared functional with all sites�a
behavior that matches its reported promiscuity.58 The extended
version of USP7 yielded the highest DR (>10-fold) on ubiquitin.
Considering this impressive DR, which was produced by a 4-
alanine linker, and the size of ubiquitin, which is large relative to
the other PR sites (i.e., 75 vs 4−9 amino acids), we chose not to
test a zero-alanine linker with this protein. We selected the
native PR sites (with 0- or 4-alanine flanking regions) to
complete B2H development.
We constructed single-plasmid B2H systems by making three

modifications to our base system: we (i) exchanged the gene for
PTP1B with protease genes, (ii) added the PR sites selected in

our luminescent screen, and (iii) exchanged the luciferase gene
(LuxAB) for a spectinomycin resistance gene (SpecR). The
B2H for USP7 worked immediately (Figure S3); active USP7
conferred sensitivity to spectinomycin (i.e., death at 200 μg/mL
spectinomycin), and inactive USP7 yielded resistance (i.e.,
growth at 800 μg/mL spectinomycin). B2Hs for the remaining
proteases, by contrast, conferred only mild sensitivity to
spectinomycin. We speculated that this insensitivity might
result from poor protease expression and thus modified the
ribosome binding sites (RBSs) for each protease gene. Indeed,
for HIVpro and 3CLpro, a screen of several RBSs with different
translation initiation rates yielded variants that enhanced
sensitivity to spectinomycin (Figures S4 and S5). For PLpro,
we streamlined our RBS screen by using degenerate primers to
build a library of 32 variants in a single amplification reaction
(Figure S6). With optimized RBSs, the final B2H systems linked

Figure 3. Screen of terpenoid pathways. (A) Plasmid-borne pathway for terpenoid biosynthesis: (i) pIUP, which converts isoprenol to farnesyl
diphosphate (FPP), and (ii) pTS, which encodes a TS. Genes: choline kinase and isopentenyl diphosphate isomerase (IDI) from S. cerevisiae, FPP
synthase (FPPS) from E. coli, and isopentenyl phosphate kinase from A. thaliana. (B) We transformed E. coli with three plasmids�a protease-specific
B2H system (pB2H), pIUP, and pTS�and used the transformed strains to screen 37 phylogenetically distinct TSs for their ability to enhance
spectinomycin resistance. The TSs are grouped by lines of inferred evolutionary decent (a phylogenetic tree). Dashed boxes: terpenoid pathways that
conferred the greatest resistance for each B2H. Figure S8 shows original data. In the rescreen, Q41594 (orange box) conferred the most consistent
survival advantage for the 3CLpro system. (E. coli S1030 + pB2H + pIUP_FPPS + pTS; LB agar with 2% glycerol, 10 mM isoprenol, and 50 μM IPTG,
pH 7.0).76
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protease inactivation to a major improvement in spectinomycin
resistance (Figures 2D and S7).
Biosynthesis of Terpenoid Inhibitors. We evaluated the

potential for our B2H systems to find unexpected inhibitors by
using them to screen terpenoid pathways. These pathways
generate mixtures of products that are challenging to purify. As
nonpolar molecules, terpenoids are also novel�if not
necessarily intuitive�scaffolds for building protease inhibitors,
which are typically peptide mimics.59 To simplify our screen, we

assembled each terpenoid pathway with two plasmid-borne
modules: pIUP, which converts isoprenol to farnesyl pyrophos-
phate (FPP), and pTS, which encodes a terpene synthase (TS;
Figure 3A). By swapping out the second module, we examined
37 phylogenetically diverse TSs selected in a prior analysis of 8
clades of the largest TS gene family (PF03936; Figure 3B);53 this
set includes TSs that act on C10, C15, and C20 linear isoprenoids
(geranyl pyrophosphate, or GPP; FPP; and geranylgeranyl
pyrophosphate, or GGPP, respectively) as well as uncharac-

Figure 4. Analysis of terpenoid inhibitors. (A) Sesquiterpene production by E3W205 and Q41594 in liquid culture. Chromatograms show total ion
counts for full scans (m/z = 50−350). (E. coliDH5α + pAM45 + pTS; TB liquid with 500 μM IPTG). Chromatograms showing terpene production by
additional hits from Figure 3, along with several additional TSs included in our screen, appear in Figure S10. Inset: spectinomycin resistance conferred
by E3W205 andQ41594 on agar plates in a drop-based assay carried out to follow up on the results of our initial screen (Figure S9 shows the full results
of the re-screen). Q41594 yields a prominent survival advantage, relative to E3W205. (B,C) Q41594 generates a small amount of α-bisabolol, which
has several commercially available stereoisomers. (C) Bisabolenes produced by various TSs examined in this study. (D) IC50s show the inhibition of
3CLpro by various bisabolenes (fluorogenic substrate = TSAVLQ_AFC). Data show the mean and standard error for n ≥ 3 independent estimates
(N.D., not determinable). (E) Sensitivity of terpenoid titers to media composition. Intracellular titers of major products of E3W205 andQ41594 in LB
or TB liquid media: α-bisabolol (1) and β-bisabolene (2). The orange text denotes the titer of α-bisabolol produced by Q41594 in TB media; *, no
detectable product. Data show the mean and standard deviation for n ≥ 3 biological replicates. (E. coli S1030 + pB2H_3CL + pIUP_FPPS + pTS; LB
liquid with 50 μM IPTG and 10 mM isoprenol; TB liquid with 500 μM IPTG and 50 mM isoprenol). (F) This image shows the spectinomycin
resistance of B2H-encoded E. coli cells harboring different TS genes. We seeded cells by dropping TB liquid culture onto LB agar plates (i.e., LB agar
with 2% v/v glycerol, 1000 μM IPTG, and pH 7.0 supplemented with antibiotics); X denotes inactive 3CLpro (H41A). Note: these strains contain no
FPP pathway. The resistance conferred by E3W205 and Q41594 decreased, relative to Figure 1A. E3W205 reduced cell survival, even in the presence
of an inactive 3CLpro. Figure S12 shows biological replicates and images at higher spectinomycin concentrations.
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terized TSs. TSs are notoriously promiscuous,60,61 so we
speculated that some of these enzymes might generate products
from non-native substrates (i.e., FPP). To carry out our screen,
we searched for pathways that improved the antibiotic resistance
of B2H-encoded E. coli. In the first screen, the 3CLpro-specific
B2H yielded the most hits (Figures 3 and S8). 3CLpro is an
important target for treating COVID-19 and other coronavirus
diseases,62,63 so we focused on this enzyme for the remainder of
our analysis.
We whittled down our initial hits in two steps. First, we

examined their product profiles in liquid culture by pairing each
TS with a plasmid harboring the mevalonate-dependent
isoprenoid pathway from Saccharomyces cerevisiae (pAM45);
this pathway affords high titers of sesquiterpenes in E. coli and,
thus, facilitates TS characterization. Of nine initial hits, five
generated products detectable with gas chromatography−mass
spectrometry (GC−MS) (Figure S10). We speculate that the
unproductive TSs�which include T1LTV1, a TS that
conferred a prominent survival advantage in our initial assay�
are false positives or have productivities that are highly sensitive
to culture conditions. Next, we re-screened all hits in biological
triplicate (Figure S9). One yielded a consistent survival
advantage (i.e., reproducible growth at higher antibiotic
concentrations than other TSs): Q41594, a taxadiene synthase
from Taxus brevifolia. This enzyme natively converts GGPP to
taxadiene, but it can generate bisabolenes from FPP.64 In our
hands, it produced a small amount of α-bisabolol (Figure 4A).
We focused further characterization on this compound.
In vitro kinetic assays allowed us to examine the inhibitory

effect of α-bisabolol. The small amount of this compound
produced by Q41594 in liquid culture was difficult to purify, so
we tested three commercially available diastereomers: (−)-α-
bisabolol, (+)-α-bisabolol, and (+)-epi-α-bisabolol. These
compounds had similar IC50s, which ranged from 30 ± 5 to
80 ± 36 μM, a range consistent with the Kis of inhibitors
identified with previous genetic screens (Figures 4D and
S11).53,65,66 These IC50s confirm that Q41594 can generate
inhibitors of 3CLpro; nonetheless, they are surprising for two
reasons: (i) they are higher than the intracellular titer of α-
bisabolol produced byQ41594 in liquid culture, and (ii) they are
similar to�or lower than�the intracellular titer afforded by
E3W205, a β-bisabolene synthase that confers less antibiotic
resistance than Q41594 (Figure 4E). Of course, intracellular
titers can vary with media conditions (as observed between LB
and TB in Figure 4E) andmay differ on agar plates. Nonetheless,
the lack of a simple correlation between α-bisabolol production
and antibiotic resistance indicates that α-bisabolol, alone, is
insufficient to explain the survival advantage afforded by
Q41594.
Prior work on TSs suggests that they can exhibit different

toxicities in E. coli, even in the absence of isoprenoid pathways
and/or active B2H systems67,68�perhaps, a result of differences
in protein expression or solubility.69,70 To evaluate the
contribution of TS toxicity to the fitness advantage conferred
by Q41594, we carried out two experiments. In the first, we
transformed E. coli with plasmids harboring Q41594, E3W205,
and “no gene” (i.e., an empty TS vector) and grew the
transformed strains in liquid culture (Figure S12A). These cells
contained neither the FPP pathway nor the B2H system, so
differences in terpenoid production and 3CLpro inhibition
between strains should be negligible. To our surprise, the
Q41594 strain exhibited the lowest specific growth rate, which
suggests that this TS does not improve antibiotic resistance

solely by reducing protein toxicity. Growth in liquid culture,
however, causes different cellular stresses than growth on solid
media, which we used to screen terpenoid pathways. To examine
the toxicity of TSs under conditions that more closely
approximate those of our screen, we used drop-based plating
(Figure 4F). As before, we left out the FPP pathway to remove
the influence of terpenoid biosynthesis, but we retained the B2H
system�a potential source of additional stress (e.g., expression
of B2H components and the influence of antibiotics for plasmid
maintenance). Without an FPP pathway, the resistance
conferred by E3W205 and Q41594 decreased dramatically,
relative to our initial screen�an indication that B2H activation
requires terpenoid production. Strikingly, E3W205 reduced cell
survival, even in the presence of an inactive 3CLpro (i.e., a
constitutively active B2H that should yield maximal resistance).
This finding suggests that E3W205 exhibits a toxicity that is both
(i) independent of terpenoid production and (ii) amplified in
the presence of the B2H system on solid media. This toxicity
may explain the failure of E3W205 to emerge as a hit in our
screen of terpenoid pathways.
The influence of enzyme toxicity on cell growth motivates a

logical question: would a luminescent screen, where signal is
normalized by cell density, supply a better means of screening
terpenoid pathways? To assess whether luminescent screens are,
indeed, less sensitive to differences in cell growth, we carried out
two experiments: first, we examined the DR afforded by our
3CLpro-specific B2H system after different growth times (i.e.,
growth after subculture inoculation; Figure S13A). Unfortu-
nately, luminescence, even when normalized by OD600, was
sensitive to culture time; the DR ranged from ∼5 to 20. This
sensitivity complicates comparisons of strains with different
growth rates. Next, we examined the luminescence afforded by
inactive 3CLpro, which should yield maximal signal, in the
presence of three TSs: Q41594, E3W205, and O64405�a hit
and two non-hits (Figure S13B). All three TSs reduced
luminescence. This effect may result from the dependence of
luminescence on decanal,71 a metabolic derivative that relies on
fatty acid synthesis, which is sensitive to cellular stress.72

Regardless of its mechanistic basis, this sensitivity precludes the
facile extension of luminescent B2H systems to screens of
terpenoid pathways.
A handful of well-characterized TSs produce α-bisabolenes.

We used them to expand our analysis of the link between α-
bisabolol production and antibiotic resistance. In a screen of
seven additional TSs, two α-bisabolol producers emerged as
hits: (i) A0A1L7NYG3, a (+)-α-bisabolol synthase from
Artemisia kurramensis, and (ii) J7LH11, a (+)-epi-α-bisabolol
synthase from Phyla dulcis (Figure S14). Interestingly, two other
α-bisabolol producers failed to improve resistance:
A0A118JXI9, a (−)-α-bisabolol synthase from Cynara cardun-
culus, generated more α-bisabolol than the survival-enhancing
J7LH11, and (ii) G8H5N1, a sesquiterpene synthase from
Solanum habrochaites, produced less (in liquid culture; Figure
S15A). As in the first screen, the product profile was an imperfect
predictor of survival advantage.
We completed our analysis of bisabolene producers by

examining the inhibitory effects of three other compounds
produced by TSs included in our screen (Figure 4C): α-
bisabolene, β-bisabolene, and β-bisabolol. For this test, we
selected stereoisomers that we could purchase or easily purify
from liquid culture. Intriguingly, α-bisabolene was less
inhibitory than α-bisabolol (IC50 = 186 ± 12 μM), and the
inhibitory effects of β-bisabolene and β-bisabolol were too weak
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to yield accurate IC50 estimates (≤50% inhibition at 1000 μM in
our initial screen; Figure S11B). These results are consistent
with the ability of α-bisabolol to improve the antibiotic
resistance of B2H-encoded cells by inhibiting 3CLpro more
effectively than other bisabolene analogues.
The discrepancy in resistance afforded by TSs that produce α-

bisabolol has several possible causes. We will list them in an
order supported by our data, starting with the most likely: (i) the
survival-enhancing TSs that generate α-bisabolol might be less
toxic than other TSs that make the same product. This effect is
consistent with the poor growth conferred by E3W205, relative
to Q41594, on solid media in the absence of an FPP pathway.
(ii) The TS hits might make enough α-bisabolol to inhibit
3CLpro but not somuch that it inhibits other enzymes in the cell
and disrupts growth. This “Goldilocks” theory is consistent with
the failure of E3W205 and A0A118JXI9, which have high α-
bisabolol titers, to emerge as hits in our initial screen and also the
emergence of Q41594 as a hit for multiple proteases (Figure
3)�an indication of its potential to generate a general inhibitor;
however, it is not supported by the failure of G8H5N1, a TS that
generates less α-bisabolol than the highly productive J7LH11, to
confer a survival advantage in our second screen of bisabolene
producers. (iii) The TS hits might not make deleterious side
products. This theory is consistent with the product profile of
E3W205, which generates β-bisabolene as the dominant
product, but not with that of A0A118JXI9, a non-hit that
makes almost exclusively α-bisabolol. (iv) The TS hits might
produce an undetectable side product that is the true inhibitor of
3CLpro. This mechanism is the most unlikely, given the
necessary potency of a minor product (i.e., a low intracellular
concentration requires a low IC50) and the requirement that it is
generated only by TSs that also make α-bisabolol.
Our findings indicate that α-bisabolol�the major product of

all three hits identified in our screen�can activate the B2H
system by inhibiting 3CLpro but suggest that this terpenoid,
alone, is insufficient to yield a survival advantage; in particular,
the bisabolol-synthesizing TS must be sufficiently non-toxic to
avoid inhibiting cellular growth. This finding is consistent with
the results of a recent directed evolution experiment in which we
used a B2H system to evolve mutants of γ-humulene synthase
(O64405) that generate inhibitors of PTP1B;mutants improved
resistance both by reducing enzyme toxicity and by enhancing
inhibitor production.73

■ CONCLUSIONS
Proteases are an important class of drug targets that could
benefit from new methods for inhibitor discovery. In this study,
we developed an approach for using B2H systems to detect
protease inhibitors and extended it to four important enzymes.
Starting with a phosphorylation-sensitive B2H, which yielded a
conveniently low background signal, we added PR sites that
caused active proteases to disrupt transcriptional activation. In
general, the PR site and protease RBS had the strongest
influence on dynamic range; luminescence-based screens
facilitated a rapid evaluation of the former; growth-coupled
assays, the latter. Methods for screening both components in
combination�and, ideally, within the final B2H system
intended for use in high-throughput assays�could accelerate
the optimization of new protease-specific B2H systems.
Our B2H system has several important advantages over

previous biosensors for protease inhibitors: (i) the substrate−
RpoZ fusion can accommodate a large range of linker lengths
(e.g., the addition of peptide stretches of 4−75 amino acids)

and, thus, facilitates the incorporation of different PRmotifs. (ii)
It controls the transcription of user-defined GOIs (e.g., genes for
luminescence, antibiotic resistance, or, perhaps, fluorescence)
and is, thus, compatible with a large variety of high-throughput
screens. (iii) It relies on a system of adjustable components�
from the PR site and protease RBS, which helped improve the
dynamic range in our systems, to the peptide substrate and
kinase RBS, which can modulate the extent of protein−protein
binding;53 these components provide multiple routes to B2H
optimization. The modularity of our B2H system promises to
facilitate its extension to different targets, signals, and assay
types.
Our screen of terpenoid pathways highlights important

challenges and opportunities for using genetically encoded
detection systems. Although we identified a previously
unreported terpenoid inhibitor of 3CLpro�α-bisabolol,
which has a reasonable IC50 (∼30−80 μM) for a 15-carbon
hydrocarbon�the production of this terpenoid alone was
insufficient to enhance antibiotic resistance. This finding
indicates that simple comparisons of the product profiles of
hits and non-hits can miss inhibitory products and, thus,
highlights the importance of including multiple pathways that
generate the same product in pathway libraries. Curiously, one
hit from our screen (Q41594) produced small amounts of α-
bisabolol in liquid culture, where intracellular titers were lower
than the IC50. These titers were sensitive to media composition
and thus motivate both (i) the exploration of multiple growth
conditions in future screens and (ii) the development of
methods for examining terpenoid production under conditions
that match those of each screen (e.g., solid media). Intriguingly,
Q41594 was a hit formultiple B2H systems, an indication that α-
bisabolol may not be selective for 3CLpro. Our B2H systems,
after all, require only protease inhibition; nonetheless, our
analysis suggests that a side-by-side comparison of multiple,
protease-specific B2Hs could facilitate the identification of
pathways that generate selective inhibitors (i.e., a pathway that
confers a survival advantage for only one system). In the ever-
expanding search for biologically active natural products,
genetically encoded detection systems do not avoid all the
challenges of in vitro screens; pathway toxicity can obscure
inhibitory metabolites, and dereplication can take time.
Variability in the growth or productivity of strains over-
expressing terpenoid pathways could also yield false positives
or cause some interesting yet media-sensitive pathways to be
overlooked. Nonetheless, by whittling down large pathway
libraries to a small subset that generate inhibitors, these
detection systems can reduce the throughput required for
compound isolation and analysis.

■ METHODS
Materials. We purchased M9 minimal salts, tris(2-

carboxyethyl)phosphine (TCEP), bovine serum albumin,
phenylmethylsulfonyl fluoride, 3-methyl-2-buten-1-ol (prenol),
dimethyl sulfoxide (DMSO), isopropyl-D-thiogalactopyranoside
(IPTG), (−)-α-bisabolol, 3CLpro fluorogenic peptide substrate
(TSAVLQ_AFC), 7-amino-4-trifluoromethylcoumarin (AFC),
BugBuster 10X Protein Extraction Reagent, Steriflip filters, and
ACS grade hexane fromMillipore Sigma; deuterated chloroform
from Cambridge Isotope Laboratories (99.8% D); cloning
reagents from New England Biolabs; BL21(DE3) pLysS
competent cells from Novagen; pGEX-4T-1 GST vector from
GenScript; 2.5 L Ultra Yield Flasks from Thomson Instrument
Company; antibiotics, media components, pre-made HEPES
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buffer (1 M pH 7.3), and human rhinovirus (HRV) 3C protease
from Thermo Fisher; lysozyme from Thermo Scientific;
imidazole from Teknova; 30 kDa Spin-X UF spin columns
from Corning; HisTrap HP and HiTrap Q-HP columns from
Cytiva; glycerol, bacterial protein extraction reagent II (B-
PERII), and lysozyme from VWR; and (+)-α-bisabolol, (+)-epi-
α-bisabolol, (−)-β-bisabolol, and (−)-β-bisabolene from
Toronto Research Chemicals. We prepared a vanillin-sulfuric
acid solution by adding 7 g of vanillin and 1.3 mL of
concentrated H2SO4 to 200 mL of methanol for TLC
visualization.
Cloning andMolecular Biology.We constructed plasmids

with Gibson or Golden Gate assembly. Table S1 lists gene
sources, Table S2 describes composition of all plasmids, Table
S3 lists the DNA sequences of important components, and
Table S4 lists primers.
Bacterial Strains. This study used several E. coli strains. We

used chemically competent NEB Turbo cells for molecular
cloning, chemically competent or electrocompetent S1030 cells
(Addgene no. 105063) for luminescence studies and drop-based
plating, DH5α for terpenoid production, and E. coli NEB
BL21(DE3) for protein overexpression.
We generated chemically competent cells in six steps: (i) we

plated cells on LB agar plates with the requisite antibiotics
(listed in Table S2). (ii) We used individual colonies to
inoculate 5 mL of LBmedia (25 g/L LBwith antibiotics) in glass
culture tubes and grew these cultures overnight (37 °C, 225
rpm). (iii) We used 100 μL of overnight culture to inoculate 10
mL of LB media (25 g/L LB with antibiotics) in 125 mL shake
flasks, which we incubated for several hours (37 °C, 225 rpm).
(iv) When the OD600 reached 0.5−0.8, we centrifuged the cells
(4000g, 3 min, room temperature), removed the supernatant,
and placed the pellets on ice. (v)We resuspended the pellets in 1
mL of ice-cold solution of 100 mM CaCl2 and 7% DMSO
(sterile-filtered). (vi) We split cells into 100 μL aliquots and
froze them at −80 °C for further use.
We generated electrocompetent cells by following an

approach similar to the one above. In step iv, we resuspended
the cells in 1 mL of ice-cold Milli-Q water, then recentrifuged,
and resuspended in sterile ice-cold 20% glycerol twice. We froze
the pellets as before.
Luminescence Assays.We carried out luminescence assays

in seven steps: (i) we transformed S1030 cells with protease-free
B2H systems with and without pBAD plasmids listed in Table
S2. (ii) For each experiment, we used six colonies to inoculate six
1 mL cultures (terrific broth, or TB, at 2%, or 12 g/L tryptone,
24 g/L yeast extract, 12 mL/L 100% glycerol, 2.28 g/L KH2PO4,
12.53 g/L K2HPO4, pH = 7.3, and antibiotics described in Table
S2) in 96-well deep-well blocks and grew the cultures overnight
(37 °C, 225 rpm). (iii) We diluted each overnight culture 1:100
in fresh TB (as in ii) with the following arabinose concentrations
(% w/v): 0, 0.0002, 0.002, and 0.02. (iv) We incubated each
culture for 5.5 h (37 °C, 225 rpm). (v)We added 100 μL of each
culture to a clear flat-bottom 96-well plate and measured both
OD600 (absorbance at 600 nm) and luminescence (578 nm
wavelength, 1000 ms integration, 1.0 mm read height) with a
SpectraMax iD3 multi-mode plate reader (Molecular Devices).
Analysis of Antibiotic Resistance. We examined the

spectinomycin resistance of B2H-containing strains in six steps:
(i) we transformed S1030 cells with pIUP_FPPS and variants of
pTS and pB2H (Table S2), plated the transformed cells on LB
agar supplemented with antibiotics for plasmidmaintenance (50
μg/mL kanamycin, 100 μg/mL carbenicillin, 10 μg/mL

tetracycline, and 34 μg/mL chloramphenicol), and grew them
overnight (37 °C). (ii) We used single colonies to inoculate 1
mL of TB (pH= 7.0 supplementedwith plasmid antibiotics) and
grew the cells overnight (37 °C and 225 rpm). (iii) We diluted
an aliquot of each culture 1:100 in TB (as above), and we plated
3 μL of the dilution on LB agar plates (pH = 7.0) supplemented
with 10 mM isoprenol, 50 μM IPTG, 20 mL/L glycerol,
antibiotics for plasmid maintenance (as above), and varying
concentrations of spectinomycin, unless otherwise specified in
our figures. (v) We grew the cells at 22 °C for at least 48−72 h
before photographing them.

Biosynthesis of Terpenoids. We carried out small-scale
terpenoid production in TB (pH = 7.0) supplemented with
antibiotics (Table S2). Briefly, we transformed S1030 cells
harboring pIUP_FPPS and pTS, plated the cells on LB agar, and
grew them overnight (37 °C). We used colonies to inoculate 2
mL of TB, which we grew overnight (37 °C, 225 rpm); on the
next morning, we diluted the culture with TB at a ratio of 1:75 in
10 mL of TB and grew it to an OD600 of 0.3−0.6 (37 °C, 225
rpm). We induced the culture by adding 10 or 50 mM isoprenol
and 500 μM IPTG and grew it at 22 °C for 72 h. Table S5
describes exact growth times for the cultures used to estimate
intracellular titers (Figure 4A,E).

GC−MSAnalysis of Terpenoids.Wemeasured terpenoids
generated in liquid culture with GC−MS (a Trace 1310 GC
fitted with a TG5-SilMS column, 15m× 0.25mm, film thickness
0.25 μm, and an ISQ 7000 MS; Thermo Fisher Scientific). We
prepared all samples in hexane and diluted highly concentrated
samples 10−20 times prior to bringing concentrations within
the MS detection limit. For full scans, we used the following GC
method: hold at 40 °C (1min), increase to 250 °C (30 °C/min),
hold at 250 °C (10 min). For the select-ion scans (SIM; Figure
S15), we used a 30 m column and modified the GC method:
hold at 80 °C (3 min), increase to 250 °C (15 °C/min), hold at
250 °C (4min), increase to 300 °C (60 °C/min), hold at 300 °C
(1 min). We scanned m/z ratios from 50 to 350 and identified
molecules by using the NIST MS library; when necessary, we
confirmed this identification with analytical standards or mass
spectra reported in the literature. When quantifying terpenoids,
we scannedm/z = 204, a mass/charge ratio with a high signal for
sesquiterpenes.
To quantify α-bisabolol and β-bisabolene, we built GC/MS

standard curves of structurally similar molecules (Figure S17).
We used store-bought (−)-α-bisabolol, and, in the absence of a
highly pure analytical standard of β-bisabolene, we used α-
bisabolene isolated from bacterial cultures. We created a series
of stocks of both standards in hexane and analyzed them with
GC/MS as outlined above.

Isolation of α-Bisabolene. We produced α-bisabolene by
carrying out the following steps: (i) we transformed E. coli
DH5α with pAM45 and pTS containing α-bisabolene synthase
(Uniprot ID: O81086) and used individual colonies to inoculate
six 20 mL starter cultures (TB, pH = 7.0 supplemented with
plasmid antibiotics). (ii) We used each starter culture to
inoculate a 50 mL culture (i.e., a 1:50 dilution in TB, pH = 7.0),
which we grew to an OD of 0.3−0.6 (37 °C, 225 rpm), induced
with 500 μM IPTG, and then grew for 144 h (22 °C, 225 rpm).
(iii) We combined the six 50 mL cultures with 90 mL hexanes
and agitated it at room temperature for 30 min (vortexer). (iv)
We used a separatory funnel to remove the hexanes and added
them to a 500 mL centrifuge tube, which we spun at 4000 rpm
for 20 min. (v) We moved the supernatant to a round-bottom
flask and evaporated the hexanes under vacuum to produce
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crude oil. (vi) We loaded 71.4 mg of crude oil onto a 5 g silica
column (Sigma) and removed the non-α-bisabolene compo-
nents with vacuum liquid chromatography (VLC). This method
yielded 25 5 mL fractions: 15 fractions with 0% ethyl acetate in
hexanes, 5 fractions with 5% ethyl acetate in hexanes, and 5
fractions with 20% ethyl acetate in hexane. (vii)We analyzed the
fractions with thin-layer chromatography (TLC, 3:7 ethyl
acetate/hexane) using vanillin acid−sulfuric acid as the
detection method: α-bisabolene appears as a dark blue spot on
the TLC plates. Three fractions were enriched in α-bisabolene.
(viii) We combined these fractions and dried them with a rotary
evaporator. (ix) We confirmed the final composition with 1H
NMR in CDCl3 (Figure S16). The final spectrum is consistent
with the published literature values.74 The combined fractions
contained >95% pure α-bisabolene (1H NMR).
NMR Spectroscopy. We carried out NMR spectroscopy at

the BioFrontiers Nuclear Magnetic Resonance Facility at CU
Boulder. We completed all experiments at 25 °C with a Bruker
Accent 300 MHz spectrometer equipped with a Bruker 5 mm
Smart Broadband Observe solution probe (BBFO), and we
processed final spectra with MestReNova 14.2 software.
Polarimetry. The stereochemistry of (−)-α-bisabolol,

(+)-α-bisabolol, (+)-epi-α-bisabolol, (−)-β-bisabolol, and
(−)-β-bisabolene reflects stereochemistry or specific rotation
values reported in vendor certificates. We determined the
specific rotation of (+)-α-bisabolene by using an Anton Paar
MCP-200 polarimeter. In brief, we used the sodium D line at
589 nm with a cell path length of 100 mm. For α-bisabolene, we
dissolved 12.18 mg of the colorless oil in 3.0 mL of CHCl3
(0.406 g/100 mL CHCl3), placed the resulting solution inside
the cell, and allowed the temperature to equilibrate to 25 °C
before collecting a reading.
Intracellular Metabolites. We examined intracellular

concentrations of terpenoids by extracting these compounds
from cells grown in 4 mL cultures. Briefly, at 72 h, we removed 1
mL of cell culture, centrifuged it for 3 min (4000g), and
discarded the supernatant. We extracted terpenoids from the cell
pellet by adding 600 μL of hexane and 100 μL of 0.1 mm
disrupter beads (Chemglass, CLS-1835-BG1) and vortexing the
suspension for 30 min. We centrifuged the resulting lysate at
17,000g for 10 min and analyzed the resulting hexane layer using
GC/MS as described above. Finally, we determined intracellular
concentrations of each terpenoid (Ccell)

= ·
· · ·

C
C V

C VODcell
culture hexane

600 OD cell (1)

by using eq 1, where Cculture is the concentration of terpenoids in
the hexane, Vhexane is 600 μL, η is the extraction efficiency, COD is
the OD-specific cell concentration (7.8× 108 cells mL−1 OD−1),
and Vcell is the volume of a single cell (4.4 fL/cell).75 For initial
estimates, we used η = 1, which assumes both complete cell lysis
and complete partitioning of terpenoids from the aqueous to the
organic layer; accordingly, our approach probably under-
estimates intracellular terpenoid concentrations.
Protein Expression and Purification. We overexpressed

3CLpro in E. coli. In brief, we transformed BL21(DE3) pLysS
competent cells with a pGEX-4T-1 GST vector containing full-
length 3CLpro with a 6x polyhistidine tag and a HRV 3C
protease site on its C-terminus (i.e., Q*GPHHHHHH, where Q
is the C-terminal residue of the protein and * is the protease
cleavage site). We used two colonies to inoculate two 10 mL
liquid cultures (LB supplemented with 50 μg/mL carbenicillin

and 34 μg/mL chloramphenicol), which we grew overnight in an
incubator shaker (37 °C and 200 rpm). We used these starter
cultures to inoculate two one-liter cultures in 2.5 liter Ultra Yield
Flasks, which we placed in an incubator shaker (37 °C and 200
rpm). At anOD600 of 0.65, we lowered the temperature to 16 °C,
induced protein expression by adding 0.5 mM dioxane-free
IPTG, and grew the cultures for 18 h. We centrifuged final
cultures, resuspended the pellets in 20mL of lysis buffer (50mM
Tris, 1% Triton X-100, 300 mMNaCl, pH 8.0), and stored them
at −80 °C.
We purified 3CLpro from cell pellets by using fast protein

liquid chromatography (FPLC). To begin, we lysed the frozen
cell pellets by adding the following solution to each: 120 μL of
Bond Breaker with 500 mM TCEP (Thermo Scientific), 100 μg
of lyophilized lysozyme (Thermo Scientific), 2 mL of BugBuster
10× protein extraction reagent (EMD Millipore), and 20 μL of
25 U/μL benzonase (Millipore Sigma). We rocked these
samples at room temperature for 1 h and spun them down at
16,000g for 25 min. We combined the supernatant from each
lysis reaction, added imidazole (Teknova) to a final concen-
tration of 5 mM, and filtered the final solution with 0.22 μm
Steriflip filter (Millipore Sigma). We loaded the filtered solution
onto a 5 mL HisTrap HP column (Cytiva) using a GE Akta
Purifier 10, washed the column with five column volumes of Tris
buffer (50 mM Tris, 300 mM NaCl, 50 mM imidazole, 0.5 mM
TCEP, pH 8.0), and eluted the protein with imidazole (50 to
200 mM imidazole). We used a 30 kDa Spin-X UF spin column
(Corning) to concentrate the final protein to 10 mg/mL in cold
HRV 3C protease cleavage buffer (50mMTris, 150mMNaCl, 1
mM EDTA, 0.5 mM TCEP, pH 7.0). We added Rhinovirus 3C
Protease (Thermo Pierce) at a ratio of 1 mg of HRV 3C protease
for every 3 mg of 3CLpro and incubated the proteolysis reaction
at 4 °C for 16 h. To remove the His-tagged HRV 3C protease
and unproteolyzed 3CLpro, we diluted the final sample in Tris
buffer (50 mM Tris, 300 mM NaCl, 0.5 mM TCEP, pH 8.0) to
lower the imidazole concentration below 10 mM, loaded it onto
a 5 mL HisTrap HP column, and collected the flowthrough. We
filtered the final protein with a 0.45 μm filter, diluted it 20-fold
into Tris buffer (25 mM pH 8.0), and loaded it onto an
equilibrated 5 mL HiTrap Q-HP column (Cytiva). We washed
the loaded column with five column volumes of Tris buffer (25
mM, pH 8.0) and eluted with salt (25 mM Tris, 500 mM NaCl,
pH 8.0). We pooled fractions with 3CLpro, exchanged them
into cold Tris buffer (50 mMTris, 1 mMEDTA, 0.5 mMTCEP,
pH 7.3), and concentrated the protein to >10 mg/mL with a 30
kDa cutoff Spin-X UF spin column prior to freezing at −80 °C.

Enzyme Kinetics.We characterized the inhibitory effects of
various compounds by measuring their influence on 3CLpro-
catalyzed proteolysis of a fluorogenic peptide substrate
(TSAVLQ_AFC). Briefly, we prepared 100 μL reactions
consisting of 5 μg/mL SARS-CoV-2 3CLpro, 10 μg/mL
TSAVLQ_AFC, and 0.01−10,000 μM terpenoid in HEPES
buffer (25 mM, pH = 7.3) with 1% DMSO. We initiated these
reactions by adding peptide substrate, and we monitored the
proteolysis of fluorogenic peptide and subsequent liberation of
the AFC fluorophore by measuring fluorescence (λex = 400 nm,
λem = 505 nm) every 10 s for 10 min (SpectraMax iD3 plate
reader). Figure S18 provides our standard curve for AFC.

Statistical Analysis and Reproducibility.We determined
statistical significance with a two-tailed Welch’s t-test.
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