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ABSTRACT

The ability to restrict gene expression to a rel-
evant bacterial species in a complex microbiome
is an unsolved problem. In the context of the hu-
man microbiome, one desirable target metabolic
activity are glucuronide-utilization enzymes (GUS)
that are implicated in the toxic re-activation of glu-
curonidated compounds in the human gastrointesti-
nal (Gl) tract, including the chemotherapeutic drug
irinotecan. Here, we take advantage of the variable
distribution of GUS enzymes in bacteria as a means
to distinguish between bacteria with GUS activity,
and re-purpose the glucuronide-responsive GusR
transcription factor as a biosensor to regulate dCas9
expression in response to glucuronide inducers. We
fused the Escherichia coli gusA regulatory region to
the dCas9 gene to create pGreg-dCas9, and showed
that dCas9 expression is induced by glucuronides,
but not other carbon sources. When conjugated from
E. coli to Gammaproteobacteria derived from hu-
man stool, dCas9 expression from pGreg-dCas9 was
restricted to GUS-positive bacteria. dCas9-sgRNAs
targeted to gusA specifically down-regulated gus
operon transcription in Gammaproteobacteria, with
a resulting ~100-fold decrease in GusA activity. Our
data outline a general strategy to re-purpose bac-
terial transcription factors responsive to exogenous
metabolites for precise ligand-dependent expression
of genetic tools such as dCas9 in diverse bacterial
species.

INTRODUCTION

The bacterial Clustered Regularly Interspaced Palindromic
Repeat (CRISPR) system and its associated proteins (Cas)
are widely used for gene-editing applications (1-3). In bac-
teria, the Cas9 proteins from Streptococcus pyogenes (Sp-
Cas9) and Staphylococcus aureus (SaCas9) can be employed
as novel antimicrobial agents to modulate the activity and
composition of microbial communities by eliminating spe-

cific bacteria through Cas-mediated cleavage of the bacte-
rial chromosome (4-9). Alternatively, catalytically inactive
Cas9 variants (‘dead’ Cas9 or dCas9) can down-regulate
the expression of targeted genes by interfering with tran-
scription in a strategy referred to as CRISPR interference
(CRISPRI) (1,10). This strategy is useful when the goal is
to modulate bacterial gene expression and metabolic activ-
ity rather than to eliminate specific bacteria, as would be the
case with active Cas?9.

The microbiome of the human gastrointestinal (GI) tract
can exert profound influences on health and disease through
changes in microbial composition or metabolic activity (11—
18). A key concept regarding metabolism in microbiomes
is that the relevant metabolic pathways are variably dis-
tributed and only active in a subset of bacteria (19,20).
Moreover, key metabolically-relevant bacteria can be mem-
bers of a consortia of bacteria that exchange metabolites,
but also have differential abundance and expression of spe-
cific genes (21-23). Because expression of dCas9 in bacte-
ria can be toxic (24-26), it would be advantageous to limit
dCas9 expression to metabolically-relevant bacteria so that
off-target effects and fitness costs are eliminated in non-
relevant bacteria. This approach would also minimize the
occurrence of counter selection and mutational inactiva-
tion of dCas9. While a number of studies have shown that
dCas9 can modulate gene expression in microbiomes, either
by genome engineering of key species (27-29) or by intro-
duction of episomal- or phage-based systems (30), current
strategies cannot link dCas9 activity to metabolic pathways
that are the intended target of down-regulation. Here, we
propose that the variable occurrence of metabolic pathways
in bacteria can be used as a means to restrict dCas9 activity
to metabolically-relevant species.

In the context of the human microbiome, one relevant
metabolic activity that has a variable bacterial distribution
is B-glucuronidase (GUS) enzymes in Psuedomonadota,
Bacillota and Bacteroidota that cleave glucuronic acid from
a variety of compounds for use as a carbon source (31-34).
In Escherichia coli and other Psuedomonadota, three genes
are found in the gus operon (also called uid); gusA encoding
the B-glucuronidase, gusB encoding the glucuronide trans-
porter, and gusC encoding a membrane-associated protein
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Figure 1. Strategy to regulate dCas9 with ligand-responsive transcription
factors. (A) Schematic of the E. coli gusA operon (not to scale) and impact
of glucuronide on GusR binding and gus expression. Small right-facing ar-
rows indicate promoters and large right-facing arrows indicate individual
genes. The GusR operator binding sites (O; and O,) upstream of GusA
are indicated by filled rectangles. (B) Strategy to regulate dCas9 expres-
sion using GusR regulation and glucuronide or (C) an exogenous inducer
(polygon) and associated transcription factor (TF). Glucuronide (green
star) can be imported to induce GusR-regulated dCas9 expression only in
GUS+ bacteria (top right, red outlined bacteria), but not in GUS— nega-
tive bacteria (top left, black outlined bacteria). In contrast, dCas9 expres-
sion will be induced by an exogenous compound (such as L-arabinose) in
both GUS+ or GUS— negative bacteria.

that enhances the transport activity of GusB (35,36,36—
39) (Figure 1A). Gus operon expression is negatively reg-
ulated by binding of the TetR/lysR family GusR tran-
scriptional regulator to operator sequences upstream of
gusA, and induced by the presence of glucuronides that
bind GusR to prevent DNA binding and relieve repression
(38,39,39-45). Compounds that are substrates for GUS en-
zymes include xenobiotic medications that have been glu-
curonidated by mammalian UDP-glucuronosyltransferases
(46). In particular, the anti-cancer drug irinotecan (CPT-
11) that is activated by carboxylesterases to SN-38 and then
glucuronidated to SN-38G is a substrate for GUS enzymes
(47). Microbial GUS cleavage of SN-38G results in local-
ized reactivation of the active form (SN-38), causing dose-
limiting toxicity and intestinal wall shedding, which is a par-
ticularly serious side-effect of this class of anti-neoplastic
drugs (48). Small molecule inhibitors designed to inactivate
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a subset of GUS enzymes have shown promise in knocking
down GUS activity in mouse models (49,50).

Here, we develop a strategy to restrict dCas9 activity to
relevant bacteria by genetically linking its expression to the
metabolic pathway that is the intended target of down reg-
ulation, and use the GUS system as proof-of-principle. We
genetically coupled dCas9 to the gusA promoter region that
is negatively regulated by GusR (Figure 1B) and show that
dCas9 is expressed only in the presence of exogenous glu-
curonides and not other carbon sources. Furthermore, gus-
regulated dCas9 is expressed only in GUS-positive bacteria
and specifically down-regulates both gus operon transcrip-
tion and GusA activity. Our study highlights the utility of
dCas9 as a means to repress potentially toxic GUS activ-
ity in the human microbiome. Our data suggest a general
strategy to re-purpose metabolite-regulated bacterial tran-
scription factors to control dCas9 expression for synthetic
biology applications in targeted bacterial strains within mi-
crobial communities.

MATERIALS AND METHODS
Bacterial and yeast strains

E. coli EPI300 (F N mcrd A(mrr-hsdRMS-mcrBC)
&d80dlacZAMIS A(lac)X74 recAl endAl araD139 A(ara,
leu)7697 galU galK rpsL (StrR) nupG trfA dhfr) (Epicenter)
was used for cloning and maintenance of plasmids. E.
coli ECGE101 AdapA is an auxotrophic strain of EPI300
requiring diaminopimelic acid (DAP) supplementation
(0.3 mM) and was used as a conjugative donor (51). E.
coli BL21(DE3) (str. BF ompT gal dem lon hsdSg(rg~mpg™)
NDE3 [lacl lacUV5-T7p07 indl sam7 nin5]) was used
for B-glucuronidase assays. E. coli (F N"mcrA A(mrr-
hsdRMS-mcrBC)  &80dlacZAMIS5  A(lac)X74  recAl
endAl araD139 A(ara, leu)7697 galU galK rpsL (StrR)
nupG trfA dhfr) A(gusA) (acquired from Dr. Bogumil Karas
at Western University) was used as a negative control for
chromogenic and fluorescent assays. All further bacterial
strains were tested for natural antibiotic resistances on
LB agar plates containing one of the following: 25 wg/ml
chloramphenicol, 40 pg/ml gentamycin, 100 pg/ml ampi-
cillin, 50 pg/ml kanamycin, or 20 pg/ml tetracycline.
Salmonella enterica subsp. enterica serovar Typhimurium
strain LT2 (AhilA::Kan®R) (acquired from Dr. David Han-
iford at Western University) was used as a gusA-negative
recipient strain. E. coli strain AC2811 (AmpR) and E.
coli strain OBEAVI (AmpR and Tet®) were isolated from
patient-derived samples by the Allen-Vercoe lab. Shigella
sonnei (NCDC 1120-66 [CIP 104223], derived from ATCC
strain 25931) and S. sonnei (WRAIR 1 virulent, derived
from ATCC strain 29930, Tet®) were purchased in KWIK-
STIK™ format from Micronostyx Inc. and cultured
per manufacturers instructions. Saccharomyces cerevisiae
VL6-48 (MATa, his3A200, trpAl, ura3-52, ade2-101, lys2,
psi + cir®) was used for yeast assembly of plasmids.

Plasmid construction

A list of primers is provided in Supplementary Table S3.
The pBAD-dCas9 plasmid was constructed by polymerase
chain reaction (PCR) amplification of DNA fragments with
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60-120 bp homology overlaps from pre-existing plasmids.
The oriT fragment was amplified from pPtGE30 (52) us-
ing primers DE3302 and DE3303. The araC gene and
pBAD promoter were amplified from pBAD-24 (53) us-
ing primers DE3304 and DE3305. The CEN6-ARSH4-
HIS3 yeast element was amplified from pPtGE30 (52) us-
ing primers DE3316 and DE3351. The pl5A origin and
chloramphenicol acetyl-transferase gene were amplified us-
ing primers DE3309 and DE3352 from a modified pX458
plasmid (54).The dCas9 gene was amplified from a mod-
ified pX458 plasmid using primers DE3306 and DE3307.
The sgRNA DNA fragment was amplified from a modi-
fied pX458 plasmid using primers 3308 and 3315. A mod-
ified yeast assembly protocol (4) was used to assemble the
above PCR fragments to create the pBAD-dCas9 plasmid.
The pGreg-GusR-dCas9 plasmid was constructed by PCR
amplification of the pBAD-dCas9 plasmid using primers
DES5317 and DES339, which removed the araC gene and
the pBAD promoter. Genomic DNA was isolated from
E. coli BL21(DE3) using the Monarch Genomic DNA
Purification Kit, and the gusR gene and GUS operon
promoter were amplified from the gDNA using primers
DES5275 and DES338. The two fragments were assembled
together with the modified yeast assembly protocol. A HA-
tag was added to the C-terminal end of the gusR gene
with primers DE5753 and DES5754. The pGreg-dCas9 plas-
mid was constructed by PCR amplification of the pGreg-
GusR-dCas9 plasmid with primers DE5489 and DE5490
to remove the gusR gene and its promoter while leaving
the GUS operon promoter driving dCas9 expression in-
tact. A blunt-end ligation with T4 DNA ligase was done
to recircularize the linear PCR product. The pGreg-GusR-
dCas9 plasmid was PCR amplified to remove the gusR pro-
moter, ribosome binding site, and start codon with primers
DEG6215 and DE6216. AP1-AP11 were ordered as gBlocks
from Integrated DNA Technologies (IDT) containing al-
ternate promoters, start codons, and/or ribosome bind-
ing sites with 20-30 bp homology to the PCR product,
which were then inserted into the plasmid with the NEB-
uilder HiFi DNA assembly kit following the manufactur-
ers instructions to create plasmids pGreg-GusR-dCas9.1-
pGreg-GusR-dCas9.11, respectively. The original pGreg-
GusR-dCas9 plasmid was then referred to as pGreg-GusR-
dCas9.0 to distinguish it from the alternate gusR pro-
moters. Transformants were screened by outgrowth in LB
supplemented with 1 mM pNPG (4-nitrophenyl-B-D glu-
curonide, Sigma-Aldrich) at 37°C with 548 cpm continous
double orbital shaking while measuring A4;¢ in the BioTek
Epoch 2 microplate spectrophotometer to determine which
clones had recovered GusA activity (Supplementary Fig-
ure S§B). Alternate promoter clones with higher 449 rela-
tive to pGreg-GusR-dCas9.0 were verified through Sanger
sequencing with primers DE6115 and DE6116 (London
Regional Genomics Centre). Primer DE5992 paired with
DE6279 and primer DE5993 paired with DE6280 were used
to PCR amplify the pGreg-GusR-dCas9.7 plasmid in two
fragments, removing the GusR O; site. The two fragments
were assembled using the NEBuilder HiFi DNA assembly
kit to create the OpA plasmid. Deletions were screened by
PCR with primers DE3537 and DE5489, then a correct

clone was further verified through Sanger sequencing (Lon-
don Regional Genomics Centre).

sgRNA cloning

Single strand DNA oligonucleotides were ordered from
IDT: top strands with sequences 5’-CACGN;yG-3’ and
bottom strands with sequences 5-AAAACN;p-3" (Npo
refers to the crRNA sequence). Complementary top and
bottom strands were annealed and phosphorylated. The du-
plexed strands were then cloned into dCas9 plasmids via
Golden Gate assembly (55) with Bsal-HF v2 (NEB). Cor-
rect sgRNA insertion was verified through PCR screens
with primers DuetUp2 and T7 Rev, then correct clones were
further verified by Sanger sequencing (London Regional
Genomics Centre). The sgRNA array was designed with
an extra DNA spacer containing primer sites and Bsal cut
sites on both ends so it could be cloned into the dCas9 plas-
mids with Golden Gate assembly. The sgRNA array (746
bps) was ordered from Codex DNA, Inc. and printed on
a BioXP™ 3200 DNA printer. The fragment was PCR am-
plified with primers DuetUp2 and T7 Rev, then cloned and
verified as described for the sgRNAs.

Bacterial conjugation

pBAD-dCas9 plasmids and pGreg-GusR-dCas9.7 plas-
mids with sgRNA349 or no guide were transformed into
E. coli ECGEI101 AdapA cells harbouring the conjugative
pTA-Mob helper plasmid (56). Saturated cultures of donor
E. coli ECGEI101 AdapA with dCas9 plasmids and satu-
rated cultures of the recipient strains were diluted 1:25 and
1:100 respectively into non-selective LB (10 g/1 tryptone,
5 g/l yeast extract, 10 g/1 NaCl) supplemented with 0.2%
D-glucose and 0.3 mM DAP and grown to an ODg of 0.5.
Donor cultures (200 wl each) were mixed with 200 wl of each
recipient strain on a non-selective LB plate supplemented
with 0.2% D-glucose and 0.3 mM DAP. Plates were incu-
bated 1 h at 37°C for conjugation. Agar plates were then
scraped with 500 pl of SOC media (20 g/l tryptone, 5 g/l
yeast extract, 0.5 g/l NaCl, 2.5 mM KCI, 10 mM MgCl,,
and 0.2% D-glucose) supplemented with DAP. Resulting
cell suspensions were serially diluted in SOC media and
plated on LB agar plates supplemented with 25 pg/ml chlo-
ramphenicol and 0.2% D-glucose to select for exconjugants.
Three exconjugant colonies for each strain with each plas-
mid were selected for chromogenic assays; a single excon-
jugant colony from each conjugation was used for western
blots and fluorescent assays.

B-Glucuronidase activity assays

For determination of GUS-status on solid media, cultures
of each strain were spot-plated onto LB agar plates sup-
plemented with 40 pg/ml X-Gluc (5-bromo-4-chloro-3-
indolyl-B-D-glucuronic acid, BioBasic Canada) and in-
cubated at 37°C overnight. For assays using liquid cul-
tures, overnight cultures were diluted 1:50 into selective
LB media supplemented with 1 mM pNPG or methyl-
B-D-glucuronide sodium salt (MetGluc, Sigma-Aldrich).



Cultures were grown at 37°C, 225 rpm shaking for 3 h. For
pNPG induced cultures, 1 mL of each culture was trans-
ferred to a microcentrifuge tube and centrifuged for 10
min at 13 000 rpm. The supernatant was decanted and the
cell pellet resuspended in 1 ml of LB media supplemented
with 25 pg/ml chloramphenicol. The resuspended cells
were then centrifuged, decanted, and resuspended again.
For MetGluc induced cultures, cells were not centrifuged
and resuspended. Instead, 1 ml was aliquoted into an Ep-
pendorf tube for further steps. 100 wl of each resuspension
was pipetted into a clear-bottom 96-well plate and ODgg
was measured in a BioTek Epoch 2 Microplate Spectropho-
tometer. To permeabilize cells, 30 wl of 0.1% SDS and 60
w1 of chloroform were added to each resuspension and vor-
texed for 30 s. For chromogenic assays, 20 .l of permeabi-
lized cells were mixed with 80 wl of reaction buffer (150 mM
NaCl, 20 mM HEPES, pH 7.5, pNPG added to 1.25 mM
immediately prior to use) pre-warmed to 37°C in a clear-
bottom 96-well plate. Absorbance at 410 nm was measured
every minute for 1 h at 37°C with 548 cpm continuous dou-
ble orbital shaking in the BioTek Epoch 2 microplate spec-
trophotometer. GusA units were calculated by multiplying
the slope of the absorbance at 410 nm/min by 1000 and then
dividing that value by the volume of cells (0.02 ml) multi-
plied by the ODgq of the culture. For fluorometric assays,
10 pl of permeabilized cells were added to 90 .l of reac-
tion buffer (50 mM NaCl, 20 mM HEPES, pH 7.4, SN38-
G added to 0.15 mM immediately prior to measurement) in
a black clear-bottom 96-well plate. Using an excitation of
250 nm, emission at 420 nm was measured every minute for
2 hat 37°C with 548 cpm continuous double orbital shaking
in a BioTek Synergy H1 microplate reader using the bottom
optics position with auto gain. The rate of SN-38G hydrol-
ysis was calculated by multiplying the slope of the fluores-
cence at 420 nm/min by -1 and then dividing that value by
the volume of cells (0.01 ml) multiplied by the ODgg of the
culture.

Total RNA Preparation

Three biological replicates were performed from three sep-
arate transformations of pBAD-dCas9 plasmids into E.
coli BL21(DE3). A single colony was picked from a streak
plate and grown to saturation overnight in LB media sup-
plemented with 25 pg/ml chloramphenicol and 0.2% D-
glucose, and diluted 1:50 into LB media supplemented with
1 mM pNPG and 25 pg/ml chloramphenicol. Cultures were
grown at 37°C, 225 rpm shaking for 2.5 h, at which point
I ml of culture was centrifuged at 16 000 g for 5 minutes at
4°C. The cell pellet was resuspended in 1 ml of 4°C Trizol
reagent (Invitrogen). Samples were incubated at 65°C for 10
min, 0.2 ml of chloroform added and mixed by inverting for
15s, then incubated at room temperature for 3 min. Samples
were centrifuged at 16 000 g for 5 min at 4°C and the upper
aqueous phase was transferred to a new tube with ~1 vol-
ume of ethanol. Samples were loaded into a RNA cleanup
column (Monarch RNA Cleanup Kit) and centrifuged at
16 000 g for 1 minute at room temperature. Columns were
washed twice with 0.5 ml of RNA cleanup wash buffer at
16 000 g for 1 min at room temperature. Columns were spun
at 16 000 g for 1 min to ensure the column was dry, and the
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RNA was eluted with 50 wl nuclease-free water at 16 000 g
for 1 min.

RNA-Seq

Total RNA samples were sent to the London Regional
Genomics Centre for RNA-sequencing. The RNA qual-
ity was assessed using the Agilent 2100 Bioanalyzer, and
then rRNA reduction was performed and indexed libraries
were created. The libraries were sequenced using the II-
lumina NextSeq High Output 75 cycle sequencing kit
with single end reads. Reads were trimmed with Trimmo-
matic version 0.36 with options LEADING:10 TRAIL-
ING:10 (57). Processed reads were mapped to genome
and plasmid reference sequences using Hisat2 version
2.2.0 (58). Htseq-count version 0.13.5 was used to count
the number of reads mapping to each annotated feature
within the genome and plasmid (59). DESeq2 version
1.32.0 was used to detect differentially expressed genes
between the sgRNA-containing strains and the no guide
strain using a Wald test with the default false discovery
rate of 0.1 (60). Scripts for processing RNAseq data are
available at https://github.com/tbrowne5/Metabolically-
targeted-dCas9-expression-in-bacteria-.git.

Western blotting

Samples were resolved on SDS-polyacrylamide gels (8% for
dCas9/GusA blots or 15% for GusR blots) and electroblot-
ted to a polyvinylidene difluoride (PVDF) membrane us-
ing a Trans-Blot Turbo Transfer System (Bio-Rad). All in-
cubations and washes were performed with gentle agita-
tion on a rocking platform. Membranes were incubated
for 1 h in blocking solution (3% bovine serum albumin
(BSA), 0.1% Tween-20, Tris-buffered saline (TBS: 150 mM
NaCl, 50 mM Tris—HCI, pH 7.5)) before adding primary
antibody at a 1:1000 final dilution. Anti-Cas9 rabbit poly-
clonal primary antibody (Rockland, 600-401-GKOS) was
used for dCas9 blots, anti-B-glucuronidase N-terminal rab-
bit polyclonal primary antibody (Sigma-Aldrich, G5420)
was used for GusA blots, and anti-HA-tag rabbit mono-
clonal primary antibody (Invitrogen, MAS5-27915) was used
for GusR blots. Membranes were incubated overnight at
4°C, washed 3 times for 10 min each (1% BSA, 0.1% Tween-
20, TBS), and then incubated with anti-rabbit (Sigma-
Aldrich, GENA9340) horseradish peroxidase-linked sec-
ondary antibody for 2 h at a 1:5000 final dilution in washing
solution. Membranes were then washed in TBS with 0.1%
Tween-20 for 10 min three times, followed by one wash for
10 min in TBS. Blots were developed using Clarity ECL
western blotting Substrate (Bio-Rad) following the manu-
facturer’s instructions and imaged with a ChemiDoc XRS+
System (Bio-Rad).

Mixed culture experiments

Saturated overnight cultures of donor E. coli ECGE101
AdapA with dCas9 plasmids were diluted 1:100 into non-
selective LB media supplemented with 0.2% D-glucose and
0.3 mM DAP. Saturated overnight cultures of the recipi-
ent strains (S. Typhimurium LT2, E. coli AC2811, E. coli
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OBEAV1 and S. sonnei ATCC 29930) were diluted 1:100,
1:1000, 1:1000 and 1:200, respectively, into non-selective
LB media supplemented with 0.2% glucose and 0.3 mM
DAP. All cultures were grown at 37°C with 225 rpm shak-
ing for 2.5 hours, until the Ay was ~0.5. Each donor
culture (200 wl) was mixed with 200 wl of each recipient
strain (individually or in a mixed culture) on a non-selective
LB plate supplemented with D-glucose and DAP and in-
cubated 1 hour at 37°C for conjugation. Agar plates were
then scraped with 500 wl of SOC and 100 wl of the result-
ing cell suspensions were inoculated into 5 mL of LB sup-
plemented with 25 pg/ml chloramphenicol and 0.2% D-
glucose and grown overnight at 37°C with 225 rpm shak-
ing. The remaining cell suspensions were serially diluted in
SOC and 10 pl of 107>~10~7 diluted cells from each conju-
gation were spotted onto 9 types of LB agar plates to count
species in the cultures: chloramphenicol (25 pg/ml), gen-
tamycin (40 pg/ml), and DAP for E. coli ECGE101 donors;
kanamycin (50 pwg/ml) for S. Typhimurium LT2 recipients;
kanamycin (50 wg/ml) and chloramphenicol (25 pwg/ml) for
S. Typhimurium LT2 exconjugants; ampicillin (100 pg/ml)
for E. coli AC2811 recipients; ampicillin (100 pg/ml) and
chloramphenicol (25 wg/ml) for E. coli AC2811 exconju-
gants; tetracycline (20 pg/ml) for S. sonnei ATCC 29930
recipients; tetracycline (20 wg/ml) and chloramphenicol
(25 pg/ml) for S. sonnei ATCC 29930 exconjugants; ampi-
cillin (100 pg/ml) and tetracycline (20 pg/ml) for E. coli
OBEAVI1 recipients; and ampicillin (100 wg/ml), tetra-
cycline (20 pg/ml) and chloramphenicol (25 wg/ml) for
E. coli OBEAV1 exconjugants. The plates were incubated
overnight at 37°C and colonies were counted the next day to
determine colony forming units (CFU)/ml. Overnight cul-
tures were treated as described above for liquid culture chro-
mogenic B-glucuronidase activity assays. At the time of the
activity assay, spot-plating was performed again.

RESULTS

Glucuronide- and arabinose-regulated dCas9 represses GusA
activity

We designed two plasmid-based systems (Figure 2A and
B) to examine dCas9 repression of the gusA gene based
on the contrasting strategies depicted in Figure 1. On the
first plasmid, pBAD-dCas9, the pBAD arabinose-regulated
promoter was fused to the dCas9 coding region to facili-
tate dCas9 expression independent of whether bacteria were
GUS-positive or -negative (Figure 2A, Supplementary Fig-
ure S1A). On the second plasmid, pGreg-dCas9, the gusA
promoter region that contains the GusR binding sites was
fused to the dCas9 coding region (Figure 2B, Supplemen-
tary Figure S1B). With pGreg-dCas9, dCas9 should be ex-
pressed only in the presence of glucuronides and only in
GUS-positive bacteria that contain the appropriate trans-
porter and transcriptional regulator (GusB and GusR, re-
spectively). On both plasmids, a weakly constitutive pro-
moter derived from the tetracycline resistance gene ex-
pressed the sgRNA.

We examined dCas9 expression in cell extracts of the
GUS-positive E. coli BL21(DE3) (Supplementary Fig-
ure S2) harbouring pPBAD-dCas9 or pGreg-dCas9 by west-
ern blots with an anti-Cas9 antibody. With pBAD-dCas9,

we observed robust dCas9 expression only in the presence
of 0.2% L-arabinose (Figure 2C, lane 4 and Figure 2D, lane
3) and repression in the presence of 0.2% D-glucose (Fig-
ure 2C, lane 2 and Figure 2D, lane 1). Addition of either
1 mM pNPG or MetGluc did not induce dCas9 expres-
sion from the pBAD promoter (Figure 2D, lanes 5 and 7).
With pGreg-dCas9, dCas9 expression was strongly induced
by the presence of exogenously added glucuronides; either
1 mM pNPG or | mM MetGluc, which are both known to
induce GusA expression in E. coli (44,61,62) (Figure 2D,
lanes 6 and 8). At high expression levels, degradation of
dCas9 was observed, consistent with previous reports (25).
Addition of higher amounts of pNPG (2-5 mM) to media
caused slow growth and were not examined further. Weaker
levels of dCas9 expression were observed when 0.2% D-
glucose or 0.2% L-arabinose were added to the media (Fig-
ure 2D, lanes 2 and 4), consistent with differing effects of
the two sugars on catabolite repression of the gus operon in
E. coli (37). Taken together, these results establish plasmid-
based systems for regulation of dCas9 expression based on
the addition of different exogenous inducers, glucuronide or
arabinose.

We next used the plasmid-based systems to examine the
impact of 74 different sgRNAs that were tiled along the
gusA promoter and coding region, targeting the promoter
and coding region on both the template and non-template
strands based on existing criteria (24,63) (Figure 2E, Sup-
plementary Table S1). sgRNAs are identified by the posi-
tion relative to the first nucleotide of gusA, with negative
values indicating binding sites in the upstream promoter re-
gion. The impact of sgRNAs on E. coli BL21(DE3) GusA
activity was measured by chromogenic assays with pNPG
(Figure 2E). In the absence of dCas9/sgRNA expression,
baseline GusA activity was determined to be ~100 GusA
units under non-inducing conditions (no pNPG addition),
whereas addition of 1 mM pNPG induced GusA activity
to ~10000 units with either pGreg-dCas9 or pPBAD-dCas9
(Figure 2E, left panel). We consistently observed no de-
tectable pNPG hydrolysis with an E. coli AgusA knockout
strain. With pBAD-dCas9, we found that addition of 0.2%
L-arabinose or 0.2% D-glucose to media in combination in
I mM pNPG resulted in low GusA activity (Supplemen-
tary Figure S6), likely due to catabolite repression of the
gus operon by glucose and arabinose. This condition con-
founded GusA activity measurements with pBAD-dCas9
expressing sgRNAs; all assays were therefore performed un-
der basal conditions (no addition of arabinose). We found
that sgRNAs targeted to the non-template strand versus
the template strand showed higher levels of GusA repres-
sion, with the most active sgRNAs showing ~100-fold re-
pression (Figure 2E, right panel). sgRNAs targeted within
~500-bp of the ATG initiation codon had the strongest re-
pressive effect, agreeing with past studies on the optimal po-
sitioning of dCas9-sgRNAs for repression of bacterial gene
expression (1,24,63).

We also designed a non-repetitive sgRNA array (64) to
express the four highly active sgRNAs (349, 373, 451, 980;
Figure 2F). The benefit of the sgRNA array would be limit-
ing potential mutational inactivation of any single sgRNA.
We performed a paired experiment where we used the same
cell extracts of E. coli harbouring pGreg-dCas9 express-
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ing the same four single sgRNAs or the array to measure
knockdown of GusA enzymatic activity (Figure 2G), and
to assess GusA and dCas9 protein levels by western blot-
ting (Figure 2H, Supplementary Figure S5). Notably, we
observed robust dCas9 expression and an almost complete
knockdown of GusA protein when dCas9 was individually
co-expressed from pGreg-dCas9 with four different sgR-
NAs (349, 373, 451 and 980) (Figure 2H and Supplemen-
tary Figure S5), correlating with knockdown of GusA ac-
tivity (Figure 2G). In contrast, no knockdown of GusA
activity or protein levels was observed when dCas9 was ex-
pressed without an sgRNA (Figure 2G, NG; Figure 2H,
NG:; and Supplementary Figure S5). Similar knockdown of
GusA protein levels was observed with pBAD-dCas9 ex-
pressing the active sgRNA349 (Supplementary Figure S6;
Supplementary Figure S7, lanes 7 and 11). In contrast,
the poorly active sgRNA _|; was less effective in knocking
down GusA protein levels (Supplementary Figure S7, lanes
8 and 12). With the arrayed sgRNAs, we observed ~56-
fold knockdown of GusA activity (Figure 2G), lower than
the ~100-fold knockdown of activity with other single sgR-
NAs. This data suggests that CRISPRIi is an effective strat-
egy to knockdown GusA activity but that knockdown with
multiple sgRNAs is not additive.

RNAseq analyses reveal specific repression of glucuronide uti-
lization genes

The impact of CRISPRi on gusA and global gene ex-
pression was examined by RNAseq from strains express-
ing one of four different sSgRNAs (sgRNA149, sSgRNAj373,
sgRNA51, sgRNAgg)) (Supplementary Table S2). With all
four individual sgRNAs (Figure 3A-D), we consistently
found that transcripts from the gus operon (gusA, gusB
and gusC) were strongly repressed at least 4-fold relative to
strains without the sgRNAs. We found no genes that were
consistently and significantly up-regulated, suggesting high
specificity for each of the sgRNAs. Interestingly, we found
a strikingly similar set of genes whose expression was sig-
nificantly down-regulated in each of the individual sgRNA
experiments (Figure 3A-D). Further examination revealed
that all of these genes function in glucuronide utilization in
E. coli (Figure 3E). Taken together, the data in Figures 2
and 3 establish that dCas9 when co-expressed with single
sgRNAs can effectively and specifically down-regulate gus
operon expression, leading to a regulatory cascade that re-
presses expression of glucuronide utilization genes in E. coli.

Inclusion of GusR on pGreg-dCas9 provides additive regula-
tion

Encouraged by our findings that glucuronides can positively
regulate expression of dCas9, we sought to improve on the
pGreg-dCas9 design by including the GusR transcriptional
repressor on the dCas9 plasmid, creating pGreg-GusR-
dCas9 (Figure 4A, Supplementary Figure S1C). We ratio-
nalized that inclusion of GusR would provide stoichiomet-
ric regulation of dCas9 on the multi-copy plasmid, as op-
posed to the situation with pGreg-dCas9 where regulation
relies on the single chromosomal copy of GusR. Moreover,
the pGreg-GusR-dCas9 plasmid should be portable to dif-
ferent GUS-positive species where the chromosomal GusR

may not recognize the O; and O, sequences derived from
the E. coli gusA regulatory region. A C-terminal hemagglu-
tinin (HA) tag was added to the gusR coding region to fa-
cilitate detection of GusR protein by western blots using an
anti-HA antibody.

Our original pGreg-GusR-dCas9.0 construct used a con-
stitutive Anderson promoter (BBa_J23118) to drive GusR
expression. With this construct, and in the absence of a co-
expressed sgRINA, we observed very low levels of GusA ac-
tivity in E. coli cell extracts (Figure 4B, black inverted trian-
gle). This low activity was mirrored by low levels of GusA
protein observed with an anti-GusA antibody (Figure 4C,
lane O). Moreover, we found very low levels of dCas9 pro-
tein, but very high levels of GusR protein (Figure 4C). We
reasoned that the constitutive promoter driving GusR ex-
pression resulted in levels of GusR protein unresponsive to
1 mM pNPG or MetGluc. GusR would thus effectively act
as a constitutive repressor of the gus operon and dCas9 ex-
pression. Adding a higher amount of pNPG (2—5 mM) re-
sulted in slow growth of strains and did not relieve repres-
sion of GusA or dCas9.

We swapped out the regulatory region upstream of GusR
with different combinations of promoter elements, mutated
ribosome-binding sites, and non-AUG start codons to re-
duce GusR expression and increase dCas9 expression (Sup-
plementary Figure S8A). We performed a screen to as-
sess GusA activity in E. coli harbouring the different de-
signs and found a range of activities for three independent
clones of each design (Supplementary Figure S8B). From
the different designs, we selected three sequence verified
constructs (1, 7 and 11; Figure 4A) and showed that these
designs had higher levels of GusA activity under inducing
conditions (Figure 4B, orange, green and blue inverted tri-
angles) as compared to the original construct (Figure 4B,
black inverted triangle). The re-designed pGreg plasmids
also showed increased amounts of dCas9 protein by west-
ern blot as compared to the original construct, regardless
of whether an sgRNA was coexpressed (+ lanes) or not co-
expressed (— lanes). GusR protein levels were also reduced
compared to the original construct (Figure 4C, compare de-
signs 1, 7 and 11 with 0). We individually cloned 4 sgR-
NAs (349, 373, 451, and 980) into the re-designed plasmids,
and tested repression of GusA activity and expression un-
der inducing conditions. As shown in Figure 4B, all three re-
designed plasmids repressed GusA activity, regardless of the
sgRNA used. GusA protein levels were also reduced when
sgRNA349 was co-expressed (Figure 4C, compare — and +
lanes with anti-GusA). We selected design 7 for further test-
ing because it showed the highest GusA activity levels in the
absence of sgRNAsS, the lowest amount of GusR protein by
western blot, and robust suppression of GusA activity when
sgRNAs were co-expressed.

To provide further evidence that GusR is directly re-
sponsible for regulating dCas9 expression, we deleted the
high affinity O; GusR operator site (44) from pGreg-GusR-
dCas9.7, calling this plasmid OpA. We examined dCas9
expression by western blot with an anti-Cas9 antibody
under repressive (glucose) or inducing (pNPG) culturing
conditions with both the parental pGreg-GusR-dCas9.7
and OpA plasmids (Figure 4D, a-Cas9). We found little
difference between dCas9 levels for the OpA plasmid in
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repressive or inducing conditions. This result contrasted
with the strong increase in dCas9 expression with pGreg-
GusR-dCas9.7 when pNPG was added to the media. There
was no impact on GusA expression levels with either con-
struct (Figure 4D, a-GusA). This result indicates that regu-
lation of dCas9 expression from the OpA plasmid has been
decoupled from GusR due to the deletion of the Oy site, and
is unresponsive to the addition of the pNPG inducer.

We next examined pGreg-GusR-dCas9.7 repression of
GusA utilization of the glucuronidated form of irinote-
can (SN-38G) using cell extracts of E. coli harbouring dif-
ferent dCas9 constructs (Figure 4E). SN-38G is a substrate
for E. coli GusA, but E. coli cannot utilize SN-38G as a
carbon source presumably because it lacks the appropri-
ate transporter. In this assay, GusA utilization of SN-38G
results in a decrease of fluorescence at 420 nm over time
(Figure 4F, black dots) and a high rate of activity (Fig-
ure 4G, black dots, pPBAD-dCas9 NG). Interestingly, we ob-
served a reduction in SN-38G hydrolysis with the pGreg-
GusR-dCas9.7 no sgRNA strain (Figure 4F, green dots) as
compared to the pBAD-dCas9 NG experiment (Figure 4F,
black dots), evidenced by the shallower slope of the flu-
orescent curve over time. This difference could be due to
more stringent repression of gusA transcription by GusR
expressed from the multi-copy pGreg plasmid than in the
pBAD-dCas9 condition, where only the chromosomal copy
of gusR is present. When an sgRNA (349) was cloned onto
pGreg-GusR-dCas9.7 (Figure 4F and G, yellow dots), we
observed further reduction of GusA hydrolysis of SN-38G
to levels observed with an E. coli AgusA strain (Figure 4F
and 4G, blue dots).

Taken together, these data show that addition of GusR
to pGreg-dCas9 provides an additive effect to that of dCas9
for repression of GusA activity. In particular, pGreg-dCas9
can suppress GusA utilization of SN-38G compound to
background levels similar to those observed with an E. coli
AgusA strain. However, GusR expression levels must be
tuned to balance responsiveness to exogenous glucuronide
and dCas9 expression.

Glucuronide-regulated dCas9 expression is restricted to
GUS-positive bacteria

We next examined both pGreg-GusR-dCas9 and pBAD-
dCas9 expression in different GUS-positive and GUS-
negative enteric bacteria (Figure 5A). The rationale behind
these experiments is outlined in Figure 1B and C, where
dCas9 expressed from pGreg should be restricted to bacte-
ria that are GUS-positive. In contrast, pBAD-dCas9 should
be expressed by the addition of arabinose regardless of
the GUS status of the bacteria. To test this hypothesis, we
conjugated pGreg-GusR-dCas9.7+sgRNA3y9 from E. coli
to GUS-positive (E. coli isolate AC2811 and OBEAV], S.
sonnei ATCC 25931) and GUS-negative (S. Typhimurium
LT2, S. sonnei ATCC 29930) bacteria. E. coli BL21(DE3), a
GUS-positive bacteria, served as a control for glucuronide-
regulated dCas9 expression. dCas9 expression was exam-
ined by western blots under inducing conditions (I mM
MetGluc, MG), repressive conditions (0.2% D-glucose,
Glu), and with 0.2% L-arabinose (Ara) (Figure SB). We only
observed dCas9 expression in GUS-positive bacteria and
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only when 1 mM MetGluc was added to the media (Fig-
ure 5B). The low S. sonnei GusA activity with MetGluc
induction could reflect inefficient transport by S. sonnei,
and explain why dCas9 induction was not visible by west-
ern blot in S. sonnei. When exconjugants of both S. sonnei
ATCC 25931 and S. sonnei ATCC 29930 were grown with
1 mM pNPG induction instead of MetGluc, we found de-
tectable levels of dCas9 expression by western blots (Fig-
ure 5B, with pNPG (P)). We also performed GusA activ-
ity assays and found much higher GusA activity from both
S. sonnei species when they were induced with pNPG (Fig-
ure 5D, blue data points). GusA activity was lower with the
presence of sgRNA349. In contrast, dCas9 expression was
observed in all exconjugants with pBAD-dCas9 when 0.2%
L-arabinose was added to media, regardless of whether the
bacteria was GUS-positive or GUS-negative (Figure 5C).

We also examined GusA activity in exconjugants with
pGreg-GusR-dCas9.7 or pBAD-dCas9. When sgRNAs49
was present, we observed knockdown of GusA activity as
compared to plasmids with no sgRNA (NG). Interestingly,
GusA activity in exconjugants with pGreg-GusR-dCas9.7
and no sgRNA was lower than for the corresponding
pBAD-dCas9 exconjugants of the two E. coli isolates (Fig-
ure 5D, open triangles versus open circles). This difference
could be due to the added repressive effect of the plasmid-
born copy of GusR on gusA transcription. A similar knock-
down of GusA hydrolysis of SN-38G in cell extracts of E.
coli OBEAV1 harbouring pGreg-GusR-dCas9.7-sgRNA 349
was observed as compared to pGreg-GusR-dCas9.7-NG
(Figure SE and F).

Repression of GusA activity in a mixed community

To determine whether pGreg-GusR-dCas9.7 could repress
GusA activity in a mixed bacterial community, we com-
bined the E. coli ECGE101 donor strains harbouring
pGreg-GusR-dCas9.7 (without (NG) or with sgRNA349)
with three (E. coli AC2811, S. sonnei ATCC 29930, and
S. Typhimurium LT2) or four (E. coli AC2811, E. coli
OBEAV1, S. sonnei ATCC 29930 and S. Typhimurium LT2)
recipient strains (Figure 6A), or with each species as a sin-
gle recipient (Supplementary Figure 14). We measured the
abundance of each strain after conjugation by selective plat-
ing on antibiotic-containing media, and observed conjuga-
tion frequencies of 0.009%-21% (Figure 6B). The mixed cul-
tures from conjugation plates were grown overnight in selec-
tive media to eliminate any remaining dapA E. coli donor,
and then diluted into fresh media with pPNG to induce
GusA expression. We measured the proportions of differ-
ent strains that would contribute GusA activity (Figure 6B,
bottom panels), finding that only CmRE. coli AC2811, E.
coli OBEAVI, and S. sonnei ATCC 29930 were present af-
ter the inducing outgrowth, and that S. Typhimurium LT2
was significantly outcompeted by the other strains. Inter-
estingly, S. sonnei ATCC 29930 was outcompeted by both
E. coli strains when sgRNA349 was present. This growth
difference could be due to utilization of pNPG as a car-
bon source by the two E. coli species, as we noted less ef-
ficient knockdown of GusA in both E. coli species rela-
tive to knockdown in S. sonnei when we performed experi-
ments with single species (Supplementary Figure 14). GusA
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activity of the mixed exconjugant communities was high
(~1000 units) with pGreg-GusR-dCas9.7 with no guide
(NG) (Figure 6C, open triangles). In contrast, when
sgRNA 149 was present, GusA activity was lower by at least
10-fold for both mixed cultures. A similar knockdown of
GusA activity was observed in mixed communities when ex-
periments were performed with pPBAD-dCas9 (Supplemen-
tary Figure 14), although the extent of GusA knockdown
was lower than for pGreg-GusR-dCas9.7. Collectively, this
data shows that pGreg-GusR-dCas9.7 or pPBAD-dCas9 can
be conjugated from E. coli to multiple Pseudomonadota in
a mixed community to repress GusA activity.

DISCUSSION

The ability to selectively regulate gene expression in bac-
teria containing the genetic machinery for metabolically
relevant pathways within a microbial community can pro-
vide greater insight into the role of bacterial metabolism
in human health and disease, and in other biological set-
tings. The ease of targeting dCas9 to different sequences
by simply changing the sgRNA sequence makes it an at-
tractive tool to modulate metabolic activity. Indeed, dCas9
has been used to control gene expression in microbiomes
by strategies such as species-specific promoters or inducible
promoter systems that regulate dCas9 expression. Yet, these
strategies cannot discriminate between bacteria with differ-
ent metabolic capabilities simply because they provide no
mechanism to limit dCas9 expression only to bacteria with
a specific metabolic capacity. Linking dCas9 activity to the
presence of a metabolic pathway provides more precise con-
trol of microbial metabolism, and potentially limits dCas9
off-target effects and the emergence of dCas9 inactivating
mutations.

In this proof-of-concept study, we took advantage of the
variable distribution of GUS enzymes in bacteria to genet-
ically link dCas9 expression to the presence of the GUS
pathway by re-purposing the GusR glucuronide-responsive
transcription factor. A recent study suggested that over 100
xenobiotic medications may be substrates for GUS enzymes
(46), emphasizing the importance of targeted regulation of
GUS activity. We chose to re-purpose GusR, rather than
the ExuR or UxuR transcription factors that function in
the same pathway (65-68) to control dCas9 activity be-
cause GusR regulates expression of enzymes involved in the
first step of glucuronide metabolism. Indeed, we found that
dCas9 knockdown of gusA expression and activity was very
effective in E. coli. Surprisingly, sgRNAs specific to gusA
also resulted in the repression of multiple genes that are
downstream of gusA in the glucuronide utilization pathway.
It is possible that knockdown of gusA leads to downstream
regulation through a cascade of transcriptional repression
by the UxuR and ExuR proteins whose binding to regula-
tory regions is stimulated by the absence of D-glucuronate
(Figure 3E) (65,68), which is the product of GusA hydroly-
sis of glucuronides (including pNPG).

Our data shows that plasmids with the GusR regula-
tor (the pGreg-GusR-dCas9 series) provide an additional
dCas9-independent repressive effect on GusA activity due
to high GusR protein levels. This is most evident with the
pGreg-GusR-dCas9.0 plasmid, where E. coli GusA activity

is severely repressed in the absence of a sgRNA. The cur-
rent pGreg plasmids use the GusR protein from E. coli, and
thus would function most effectively in species where the
E. coli GusR protein recognizes the chromosomal operator
sites upstream of GusA. GusR homologs from other bacte-
ria could be added to the dCas9 plasmid, or the E. coli GusR
protein could be replaced, depending on the range of bac-
terial species that are intended targets of down-regulation.
Genomic surveys of other GUS utilizing bacteria in the hu-
man gut revealed that GusR distribution is variable (44,65),
suggesting that regulation of GusA activity is through a dif-
ferent (uncharacterized) transcription factor, or by a differ-
ent mechanism altogether. In these bacteria, dCas9 activity
could still be linked to glucuronide utilization by regulating
its expression through transcription factors that function in
the GUS pathway, such as UxuR or ExuR.

Bacteria possess a multitude of ligand-responsive tran-
scription factors that respond to the intra- and extra-
cellular environment to regulate gene expression. Many of
these systems are uncharacterized (69), while others reg-
ulate metabolic processes relevant for human health and
disease, such as trimethylamine (70) or p-cresol sulfonate
metabolism (71). The strategy we outlined here could eas-
ily be applied to repurpose other ligand-responsive factors
as biosensors to control expression of dCas9, or other ge-
netic cargo, to regulate metabolic pathways. From a syn-
thetic biology and biotechnology application perspective,
ligand-responsive transcription factors have many uses as
biosensors for controlling gene expression (72-74). The gus
system provides an inducible expression tool that is com-
plementary to described systems (75). Moreover, the fact
that the gus system requires an appropriate glucuronide in-
ducer and transporter (such as GusB) suggests regulatory
strategies that could take advantage of the genetic back-
ground of the host bacteria. For instance, our experiments
relied on the chromosomal copy of GusB, but GusB could
be installed on the dCas9 expression plasmid to enable glu-
curonide regulation in both GUS-positive and -negative
strains. Moreover, expression of dCas9 (or other cargo) can
be further regulated by tuning the expression levels of GusR
and hence the responsiveness to glucuronide.

CONCLUSION

In summary, our results inform a general strategy to specif-
ically link dCas9 expression to metabolic activities in rele-
vant bacteria by re-purposing ligand-responsive transcrip-
tion factors as biosensors. Our conjugative-plasmid delivery
strategy does not require engineering of synthetic circuits in
bacterial genomes, and could be applicable in a wide range
of microbial communities.
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