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CRISPR-Cas transcriptional programming in bacteria is an emerging tool to regulate gene expression for meta-
bolic pathway engineering. Here we implement CRISPR-Cas transcriptional activation (CRISPRa) in P. putida
using a system previously developed in E. coli. We provide a methodology to transfer CRISPRa to a new host by
first optimizing expression levels for the CRISPRa system components, and then applying rules for effective

CRISPRa based on a systematic characterization of promoter features. Using this optimized system, we regulate
biosynthesis in the biopterin and mevalonate pathways. We demonstrate that multiple genes can be activated
simultaneously by targeting multiple promoters or by targeting a single promoter in a multi-gene operon. This
work will enable new metabolic engineering strategies in P. putida and pave the way for CRISPR-Cas tran-
scriptional programming in other bacterial species.

1. Introduction

The development of microbial platforms for industrial chemical
production frequently requires optimizing the expression levels of
multiple genes (Lee et al., 2019; Nielsen and Keasling, 2016). The advent
of CRISPR-Cas tools that can be used to rapidly program gene expression
promises to accelerate pathway engineering for the efficient production
of high-value compounds (Fontana et al., 2020b). The application of
CRISPR-Cas tools for transcriptional repression (CRISPRi) in bacterial
metabolic engineering is well-established (Banerjee et al., 2020; Kim
et al., 2019; Qi et al., 2013; Tian et al., 2019; Zheng et al., 2019). By
comparison, the development of CRISPR-Cas tools for programmable
transcriptional activation (CRISPRa) has lagged due to the paucity of
effective transcriptional activators (Dong et al., 2018), and the
complexity of the rules governing CRISPRa-directed transcription from
bacterial promoters (Fontana et al., 2020a). Despite these challenges,
the potential for using CRISPRa to program gene expression has been
demonstrated through the successful implementation in E. coli,
M. xanthus, K. oxytoca, and S. enterica (Bikard et al., 2013; Dong et al.,

2018; Ho et al., 2020; Liu et al., 2019; Peng et al., 2018). Determining
how to strategically port CRISPRa systems into other microbes could
significantly improve our metabolic engineering capabilities.
Pseudomonas putida is a gram-negative soil bacterium that has
recently received attention as a potential chassis for bioproduction due
to desirable metabolic capabilities and the capacity to survive harsh
bioprocessing conditions (Nikel et al., 2016; Nikel and de Lorenzo,
2018) P. putida has high reducing power (Chavarria et al., 2013) and the
ability to metabolize a broad range of feedstocks, from glucose to the
toxic products of aromatic lignin degradation (Elmore et al., 2020;
Johnson and Beckham, 2015; Kim et al., 2000; Loeschcke and Thies,
2015). The successful implementation of CRISPR genome editing and
CRISPRI in P. putida (Aparicio et al., 2018; Banerjee et al., 2020; Kim
etal., 2019; Tan et al., 2018; Wirth et al., 2019), shows that CRISPR gene
targeting can be effective in P. putida and provides a starting point to
assess whether gene activation with a CRISPRa system can be achieved.
CRISPR-Cas transcriptional control typically uses the catalytically
inactive Cas9 protein (dCas9) with programmable guide RNAs that
recognize DNA targets through Watson-Crick base pairing (Xu and Qi,
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2019). Recently, we identified and optimized a variant of the tran-
scriptional activator SoxS (R93A/S101A) that can be linked to a pro-
grammable CRISPR-Cas DNA binding domain to activate gene
expression in E. coli (Dong et al., 2018; Fontana et al., 2020a). SoxS
interacts with an interface on the a-subunit of RNA polymerase (RpoA)
that is widely conserved throughout bacterial species, including in
P. putida, suggesting that the CRISPRa system we developed in E. coli
should also be effective in P. putida and other bacteria. However, in
contrast to the relative permissiveness of CRISPRi (and CRISPRa in eu-
karyotes) (Gilbert et al., 2014; Konermann et al., 2015; Qi et al., 2013),
CRISPRa in bacteria is known to be sensitive to several features of target
promoters, including the precise distance from the transcription start
site and the intervening sequence composition. (Fontana et al., 2020a;
Ho et al., 2020; Liu et al., 2019). It is not known to what extent the rules
characterized in one bacterial species are generalizable in others.

In this paper, we developed CRISPRa for programming heterologous
gene expression in P. putida KT2440. We first constructed genetic
components and established experimental approaches to permit
CRISPRa machinery developed in E. coli to be expressed and utilized in
P. putida. By investigating promoter features that impact CRISPRa, such
as guide RNA target sites and promoter strengths, we identified designs
permitting 30- to 100-fold activation of heterologous reporter gene
expression. We also demonstrated that CRISPRa can be coupled with
CRISPRi for multi-gene programming and endogenous gene activation.
Using an inducible system derived from P. putida, we have developed an
inducible CRISPRa/CRISPRi platform with low leakage in the uninduced
state. We showed that CRISPRa can drive the expression of heterologous
genes to produce desirable metabolic products including biopterin de-
rivatives and mevalonate. We further showed that the inducible
CRISPRa system can generate 40-fold increases in mevalonate produc-
tion, achieving titers comparable to those from a previously reported
IPTG-inducible system. Taken together, this work provides a toolbox of
components and validated workflows for implementing CRISPRa to
program heterologous gene expression in P. putida. More broadly, these
efforts establish a framework for the further development of CRISPRa
tools for programming gene expression in industrially-promising
bacteria.

2. Materials and methods
2.1. General Procedures

Plasmids pBBR1-MCS2(pBBR1-KmR), pBBR1-MCS5(pBBR1-GmR)
(Kovach et al., 1995), pTNS1, pUC18T-miniTn7T-GmR (Choi and
Schweizer, 2006), pRK2013, pFLP2, and P. putida KT2440 were a gift
from the Harwood lab at the University of Washington. pRK2-AraE
(Cook et al., 2018) was a gift from the Pfleger lab at the University of
Wisconsin-Madison (Addgene #110141). pMVA2RBS035 (Jervis et al.,
2019) was a gift from the Scrutton lab at the University of Manchester
(Addgene #121051). S. pyogenes dCas9 (Sp-dCas9) was expressed from
the endogenous Sp.pCas9 promoter and the MCP-SoxS (R93A, S101A)
(abbreviated MCP-SoxS) transcriptional activator fusion protein was
expressed from the BBa_J23107 promoter (Fontana et al., 2020a) (htt
p://parts.igem.org). The modified single guide RNAs (sgRNA) (Dong
et al., 2018), scaffold RNAs b2.1xMS2 (scRNAs), were expressed from
the BBa_J23119 promoter in the pBBR1-GmR plasmid, unless specified.
20 bp scRNA/sgRNA target sequences are provided in Table S4. mRFP1
and sfGFP reporters were expressed from the weak BBa_J23117 minimal
promoter (http://parts.igem.org), unless specified, either by integrating
into the genome or in the pBBR1-GmR plasmid together with the scRNA
(s). All plasmids were constructed and propagated in E. coli NEB turbo
cells (New England Biolabs). All P. putida strains were constructed from
the wild type strain KT2440. DNA sequences are provided in the Sup-
plementary Material. See Table 1 for a complete list of bacterial strains
and plasmid constructs.
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Table 1

Bacterial strains and plasmids used in this study.
Strains/Plasmids Features Sources
Strains

P. putida KT2440
PPCO1

PPCO2

PPCO3.N

PPCO4

PPCO5

PPCO6

PPCO7

PPCO8

PPCO9
PPC10

Plasmids

pUC18T-miniTn7T-

Gm

pINS1

PRK2013

PFLP2

PBBR1-MCS5
(pBBR1-GmR)
PpBBR1-MCS2
(pBBR1-KmR)
pRK2-AraE
PRK2-GmR
PRK2-KmR
pPGNW2

DPS448-CsR

PSEVA1213S
pGNW2-ppl
pGNW2-pp2
pCK241
pCK243

pCK255

PMVA2RBS035

pCD442

Wildtype strain

KT2440 with integrated Sp.pCas9-dCas9
and BBa_J23107-MCP-SoxS made from
pPPC001

KT2440 with integrated J1-BBa_J23117-
sfGFP, Sp.pCas9-dCas9, and BBa_J23107-
MCP-SoxS, made from pPPC002

KT2440 with integrated J1(+N)-
BBa_J23117-sfGFP, Sp.pCas9-dCas9, and
BBa_J23107-MCP-SoxS, made from
pPPCO03.N

KT2440 with integrated BBa_J23111-
mRFP, BBa_J1-J23117-sfGFP, Sp.pCas9-
dCas9, and BBa_J23107-MCP-SoxS, made
from pPPC004

PPCO1 with integrated J3-BBa_J23117-
mRFP and BBa_J23111-sfGFP, made from
pPPC031 and pPPC032

PPCO1 with integrated J3-BBa_J23117-
mRFP and J3(106)-BBa_J23117-sfGFP,
made from pPPC031 and pPPC033
PPCO1 with integrated J3-BBa_J23117-
mRFP and J3(106)-BBa_J23111-sfGFP,
made from pPPC031 and pPPC034
KT2440 with integrated XylS-Pm-dCas9,
BBa_J23107-MCP-SoxS made from
pPPC005

KT2440 with integrated Sp.pCas9-dCas9,
XylS-Pm-MCP-SoxS made from pPPC006
KT2440 with integrated XylS-Pm-dCas9,
XylS-Pm-MCP-SoxS made from pPPC007

Plasmid backbone for integration into
P. putida genome, GmR/AmpR

Tn7 transposase (tnsABCD) expressing
plasmid, R6K origin of replication, AmpR

Helper plasmid for triparental mating,
KmR

S. cerevisiae Flippase expression plasmid
for marker deletion, AmpR

Broad-host-range plasmid backbone with
multiple cloning site, GmR
Broad-host-range plasmid backbone with
multiple cloning site, KmR
Broad-host-range plasmid backbone with
AraE expressing cassette, GmR
Broad-host-range plasmid backbone with
multiple cloning site, GmR
Broad-host-range plasmid backbone with
multiple cloning site, KmR

Integrative vector carrying P14g-msfGFP,
KmR

CRISPR/Cas9 counterselection in Gram-
negative bacteria with XylS/Pm
promoter, SmR

PRK2, PEM7-I-Scel, AmpR

PGNW2 derivative with integration site at
prophagel, KmR

PGNW2 derivative with integration site at
prophage2, KmR

PBBR1 bearing LacI-Ptrc-mRFP, GmR
PBBR1 bearing XylS-Pm-mRFP, GmR
PBBR1 bearing I-Scel and sacB genes,
GmR

p15A, Lacl-Ptrc mvaE, mvaS, mvaK1,
mvaK2, and mvaD from E. faecalis, and idi
gene from E. coli, KmR

Harwood lab
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Choi and
Schweizer
(2006)

Choi and
Schweizer
(2006)

Choi and
Schweizer
(2006)

Choi and
Schweizer
(2006)
Kovach et al.
(1995)
Kovach et al.
(1995)

Cook et al.
(2018)

This study

This study

Wirth et al.
(2019)
Wirth et al.
(2019)

Wirth et al.
(2019)
This study

This study
This study
This study
This study

Jervis et al.
(2019)

(continued on next page)
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Table 1 (continued)

Strains/Plasmids Features Sources Strains/Plasmids Features Sources
Strains Strains
p15A, Sp.pCas9-dCas9, BBa_J23107- Fontana et al. PGNW2 derivative with integration site at
MCP-SoxS, CmR (2020a) prophage2 for integration of J3(106)-
pPPCO01 pUC18T-miniTn7T, Sp.pCas9-dCas9, This study BBa_J23117-sfGFP, KmR
BBa_J23107-MCP-SoxS, AmpR/GmR pPPC034 PGNW2 derivative with integration siteat ~ This study
pPPC002 pUC18T-miniTn7T, J1-BBa_J23117- This study prophage?2 for integration of J3(106)-
sfGFP, Sp.pCas9-dCas9, and BBa_J23107- BBa_J23111-sfGFP, KmR
MCP-SoxS, AmpR/GmR
pPPCO03.N pUC18T-miniTn7T, J1(+N)-BBa_J23117- This study
sfGFP, Sp.pCas9-dCas9, and 2.2. Plasmid construction
BBa_J23107_MCP-SoxS, AmpR/GmR
pPPC004 pUC18T-miniTn7T, BBa_J23111-mRFP, This study ipe . s
J1-BBa J23117-SfGFP, Sp.pCas9-dCasO, All PCB fragme.nts were amphﬁgd with P.husmn DNA P.olymerase
and BBa_J23107_MCP-SoxS, AmpR/GmR (Thermo-Fisher Scientific) for Infusion Cloning (Takara Bio). Trans-
pPPC005 pUC18T-miniTn7T, XylS-Pm-dCas9, This study formants were cultured or selected either on Lysogeny Broth (LB) or agar
BBa_J23107-MCP-SoxS, AmpR/GmR plates, with appropriate antibiotics, used in the following concentra-
pPPC006 pUC18T-miniTn7T, Sp.pCas9-dCas9, This study : . PR .
ions: 1 'mL Carbenicillin, 2 mL Chloramphenicol 'mL
Xy15-Pm.MCP-SoxS, AmpR/GmR tions 09 pg/mL Carbenicillin, 25 .pg/ Chloramphenicol, 30 pg/:
PPPC007 pUC18T-miniTn7T, XylS-Pm-dCaso, This study Kanamycin, 30 pg/mL Gentamicin. Successful constructs were
XylS-Pm-MCP-SoxS, AmpR/GmR confirmed by Sanger sequencing (GENEWIZ). Details for cloning stra-
pPPC008 PBBRI, sgRNA or scRNA, GmR This study tegies are described in the Supplementary Methods and Tables S1-S3.
PPPC009 PBBRI, sgRNA or scRNA, KmR This study sgRNA/scRNA target sequences are provided in Table S4.
pPPCO10 PBBR1, Sp.pCas9-dCas9, BBa_J23107- This study
MCP-SoxS, scRNA, KmR
pPPCO11 PRK2, Sp.pCas9-dCas9, BBa_J23107- This study 2.3. Pseudomonas putida strain construction
MCP-SoxS, KmR
pPPCO12 PBBR1, J1-BBa_J23117-mRFP, GmR This study . . . .
pPPCO13 pBBRL, J1.BBa.J23117-mRFP, KmR This study ' Pseudomonas' putu.1a genome 1r1.te.grat10ns were perfgrmed using the
pPPCO14 PRK2, J1-BBa_J23117-mRFP, GmR This study tri-parental conjugation for the mini-Tn7 method (Choi and Schweizer,
pPPCO15 PRK2, J1-BBa_J23117-mRFP, KmR This study 2006) or electroporation for the pGNW2 method (Wirth et al., 2019).
pPPCO16 PBBR1, J1-BBa_J23117-mRFP, scRNA, This study Plasmid transformations into P. putida were performed either by elec-
PPCO16(306) Gg;il J1.BBa J23117-mREP wh This stud troporation (Choi and Schweizer, 2006) or heat-shock of CaCl, chemi-
p! p! , J1-BBa.., -m. where is study i . .
7106 was replaced with J306, ScRNA, cally cor.npetent cells (Zhao fet al., 201 3).. Detailed methods for the
GmR preparation and transformation of chemically competent cells are
pPPCO17 PBBR1, J1-BBa_J23117-mRFP, scRNA, This study described in the Supplementary Methods.
KmR
pPPCO18 PRK2, J1-BBa_J23117-mRFP, scRNA, This study 3
GmR 2.4. Fluorescence measurements of reporter gene expression
pPPC019 PRK2, J1-BBa_J23117-mRFP, scRNA, This study
KmR Fluorescence measurements of reporter gene expression were carried
pPPC020 IC’}BBI}:‘L J3-BBa_J23117-mRFP, scRNA, This study out either by flow cytometry or plate reader. Single colonies from LB
m. . .
pPPC020(106) PBBR1, J3-BBa J23117-mRFP where This study pl.ates were 1nocu.lated 1n. 5.00. pL of EZ—RDM.(Teknova) supplemented
J306 was replaced with J106, scRNA, with the appropriate antibiotics and grown in 96-deep-well plates at
GmR 30 °C with shaking overnight 225 rpm. For small-molecule induction,
pPPC021.J231XX PBBR1, J3-BBa J231XX-mRFP, scRNA, This study overnight cultures were diluted 100-fold into a new culture with
GmR . s e . .
ropri ntibiotics and in T n shaken overnigh °
pPPC022.5 PS PBBR1, J3-Random-5PS-BBa_J23117- This study appropriate antibiotics and induce 5 then shaken ove '& tat 30 ,C’
mREP, scRNA-J306, GmR 225 rpm. For flow cytometry, overnight cultures were diluted 1:50 in
pPPC023.5PSN PBBR1, J3-Ec-5PS-BBa_J23117-mRFP, This study Dulbecco’s phosphate-buffered saline (PBS) and analyzed on a MACS-
sCcRNA, GmR Quant VYB flow cytometer with the MACSQuantify 2.8 software (Mil-
PPPC024 PBBR1, J3(106)-BBa J23111-sfGFP, J3-  This study tenyi Biotec) using the methods and instruments settings as described
BBa_J23117-mRFP, scRNA, GmR o tal.. 2018). For plat a ts. 150 uL of ioht
pPPCO25 PBBR1, J3(106)-BBa_J23117-sfGFP, J3-  This study ong etak, - ror prate reader measurements, pL ot overnig
BBa_J23117-mRFP, scRNA, GmR culture were transferred into a flat, clear-bottomed black 96-well plate.
pPPC026.XN pBBR1, PP_NNNN-mRFP, scRNA, GmR This study ODgpo and fluorescence values were measured in a Biotek Synergy HTX
where PP_NNNN is an endogenous plate reader and analyzed using the BioTek Gen5 2.07.17 software. For
promoter . s ..
mRFP1 detection, the excitation wavelength was 540 nm and emission
pPPC027 PBBR1, J3-BBa_J23117-GTPCH, J3- This study > g L
BBa_J23117-PTPS, J3-BBa J23117-5R, wavelength was 600 nm. For sfGFP detection, the excitation wavelength
scRNA, GmR was 485 nm and the emission wavelength was 528 nm. Data were
pPPC028 PBBR1, J3-BBa_J23117-GTPCH, J3- This study plotted using Prism (GraphPad).
BBa_J23117-PTPS, scRNA, GmR
pPPC029 PBBR1, Lacl-Ptrc-mvaES, GmR This study X L
pPPCO30 PBBR1, J3-BBa_J23117-mvaES, scRNA,  This study 2.5. Mevalonate production and quantitation by GC-MS
GmR
pPPCO031 PGNW2 derivative with integration siteat ~ This study For mevalonate production experiments, the GC-MS method was
prophagel for integration of J3- adapted from prior methods (Pfleger et al., 2007). Single colonies from
BBa_J23117-mRFP cassette, KmR . .
pPPCO32 PGNW2 derivative with integration siteat  This study LB plates were inoculated in 500 pL of EZ-RDM (Teknova) supplemented
prophage2 for integration of with the appropriate antibiotics and grown in 96-deep-well plates at
BBa_J23111-sfGFP, KmR 30 °C with shaking overnight at 225 rpm. Overnight cultures were
pPPC033 This study
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subcultured by 1:100 dilution into 3 mL of EZ-RDM media with 1%
glucose as the carbon source, supplemented with the appropriate anti-
biotics, and shaken at 225 rpm for 72 h at 30 °C. After 72 h, 560 pL of cell
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suspension was acidified with 140 pL of 0.5 M HCl and vortexed. 700 pL
ethyl acetate was added and samples were then vortexed again vigor-
ously for 3 min and centrifuged at maximum speed in a benchtop
centrifuge (15,000 rcf) for 10 min. The organic phase was then trans-
ferred into GC-MS vials for analysis. GC-MS analysis was performed
using an Agilent 5973 instrument with a temperature program as fol-
lows. The inlet temperature was 250 °C (splitless mode). The column
flow was kept at 1 mL/min in HP-5MS (Agilent). The temperature cycle
started at 80 °C and was followed by a gradient of 20 °C/min to 260 °C, a
second gradient of 40 °C/min to 300 °C, and a hold at 300 °C for 2 min
m/z = 71, the second most abundant peak corresponding to mevalo-
nolactone, was used for quantitation (Pfleger et al., 2007). A calibration
curve was generated using freshly-prepared D,L-mevalonolactone
(Sigma) dissolved in ethyl acetate. The calculated concentration was
adjusted by the addition of HCl. Data were plotted using Prism
(GraphPad).

2.6. Biopterin production and measurement

For the biopterin production experiments, single colonies from LB
plates were inoculated in 500 pL of EZ-RDM supplemented with the
appropriate antibiotics and grown in 96-deep-well plates at 30 °C with
shaking overnight. Each sample was then sub-cultured at 100-fold
dilution in 5 mL of EZ-RDM supplemented with the appropriate antibi-
otics and grown in 14 mL culture tubes at 30 °C and shaking for 24 h.
The overnight cultures were spun down and pteridine concentrations
were determined by measuring the OD349 and comparing the results to a
standard calibration curve prepared with purchased reagents (Cayman
Chemical). The HPLC-MS measurements were performed as described
(Ehrenworth et al., 2015). A detailed HPLC-MS protocol is provided in
the Supplementary Methods. Data were plotted using Prism (GraphPad).
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3. Results
3.1. Enabling CRISPRa in P. putida

3.1.1. Plasmid-based CRISPRa in P. putida

The first challenge to enable a CRISPRa system in P. putida is to ex-
press the components from E. coli in P. putida. The bacterial CRISPRa
system developed in E. coli consists of three components, dCas9, MCP-
SoxS, and scRNA (Dong et al., 2018), delivered in a p15A plasmid that
is present at ~10 copies/cell (Shetty et al., 2008) (Fig. 1A). The scRNA is
a modified sgRNA with a 3’ MS2 hairpin to recruit the MCP-SoxS acti-
vator. The reporter gene(s) were delivered in a pSC101** plasmid which
is present at ~5 copies/cell (Lee et al., 2011). We used E. coli SoxS as the
activator domain because it recognizes a motif on RpoA that is
conserved between E. coli and P. putida (Dong et al., 2018), and there is
no direct homolog of SoxS in P. putida (Park et al., 2006). To test this
system in P. putida, the three CRISPRa components need to be expressed
at levels sufficient to activate the target gene without dCas9 expression
being so high that cellular functions are inhibited (Depardieu and Bik-
ard, 2020; Zhang and Voigt, 2018). We first moved components from
two E. coli plasmid constructs, a CRISPRa system plasmid and a reporter
plasmid, directly into two P. putida expression plasmids, pBBR1 and
PRK2 (each present at 25-30 copies/cell according to (Cook et al.,
2018)) (Fig. 1B). We observed reporter gene expression that depended
on the presence of an on-target scRNA (Fig. 1C). Reporter gene
expression in the presence of an off-target scRNA was indistinguishable
from a strain without scRNA/sgRNA present (Fig. S1).

3.1.2. Growth-defect mitigation elevates CRISPRa efficiency

P. putida strains with the initial implementation of the CRISPRa
system grew poorly on both agar and liquid media (Fig. S2B). To miti-
gate the growth defect, we tested multiple different plasmid and

CRISPRa complex recruits/stabilizes RNAP

Expression cassettes optimization

8000-
Il On-Target 5-fold
— 6000-| M Off-Target »
=
s
o 4000
[T
o 2.2-fold
€ 2000 —
1.6-fold
| — |

dCas9/MCP-SoxS  pBBR1-KmR Genome Genome
SCRNA pBBR1-KmR pRK2-GmR pBBR1-GmR
Reporter pRK2-GmR pRK2-GmR pBBR1-GmR

Fig. 1. Configuring CRISPRa in P. putida. (A) CRISPRa components (i-iii) are necessary to activate the gene of interest (iv). The CRISPRa ternary complex recruits and
stabilizes RNA polymerase at the promoter region. (B) Available gene expression tools in P. putida include pBBR1 plasmid, pRK2 plasmid, and genome integration.
We used two antibiotic selection markers, Gentamicin (GmR) and/or Kanamycin (KmR). (C) Testing CRISPRa in different expression systems. The CRISPRa fold-
activation is highest when dCas9/MCP-SoxS were integrated into the genome and the scRNA/reporter genes were expressed on pBBR1-GmR plasmid. The J109
scRNA was used for activation and hAAVS1 was used as an off-target scRNA. Values in panel C represent the mean + standard deviation calculated from n = 3

independent biological replicates.
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genome-integrated delivery methods for the CRISPRa components. We
first reduced the expression levels of dCas9 and MCP-SoxS by moving
these genes from the pBBR1 plasmid to the pRK2 plasmid, which ex-
presses transgenes at a lower level in P. putida (Damalas et al., 2020)
(Fig. S1). This change partially mitigated the growth defect and
improved the CRISPRa reporter gene expression (Fig. S2). We reduced
the expression levels of dCas9 and MCP-SoxS further by integrating the
dCas9/MCP-SoxS cassette into the P. putida KT2440 genome (generating
strain PPCO1). We then delivered the scRNA and reporter gene cassettes
on plasmids with different combinations of two origins of replication
(pBBR1 and pRK2) and two antibiotic markers (GmR and KmR) to test
whether variations in the plasmid backbones impart different metabolic
burdens (Mi et al., 2016). We observed the highest level of activation
(~5-fold) with the scRNA and reporter both expressed from a single
pBBR1-GmR backbone, while the plasmid with either pRK2 origin or
KmR marker yielded weaker activation (~2-fold) (Fig. 1C and Fig. S2A).
The presence of the second plasmid reduced both fold-activation by
CRISPRa and basal expression of mRFP significantly (Fig. S3). In gen-
eral, both CRISPRa fold-activation and the corresponding basal mRFP
expression (off-target control) increased in strains that grew faster
(Figs. S2 and S3), suggesting that there are different metabolic burdens
associated with different delivery methods and plasmid expression sys-
tems. Taken together, these results suggest that optimizing expression
levels will be important for implementing CRISPRa in new bacterial
species. To improve P. putida CRISPRa beyond the five-fold activation
obtained in Fig. 1C, we proceeded with the genomically integrated
dCas9/MCP-SoxS strain (PPCO1) for further optimization. While there is
no specific target value for fold-activation, we aim for the largest dy-
namic range possible to provide the highest possible tunable range in
future applications.

3.2. Characterization of promoter elements for optimal CRISPRa
efficiency in P. putida

To improve the fold-activation of CRISPRa in P. putida, we investi-
gated the criteria for effective CRISPRa that we previously observed in
E. coli (Fontana et al., 2020a). Specifically, factors known to affect
CRISPRa efficiency in E. coli include i) the distance of target sequence to
transcription start-site (TSS), ii) the sequence composition of the 20 bp
scRNA targeting sequence, iii) the basal minimal promoter strength, and
iv) the 5'-proximal sequence composition between target sequence and
minimal promoter (Fig. 2A).

3.2.1. Distance to transcription start-site (TSS)

In E. coli, the most effective CRISPRa target sites are in the region of
—60 to —100 bp before the TSS, with sharp peaks of activity every 10
bases, separated by regions of inactivity (Fontana et al., 2020a). We
constructed an integrated reporter that can be targeted at multiple sites
(J1-sfGFP, previously characterized in E. coli) (Fontana et al., 2020a)
and delivered plasmids with scRNAs targeting different sites as shown in
Fig. 2B. With target sites spaced 10 bp apart, the optimal sites in P. putida
were located in the —60 to —100 bp range before the TSS, similar to that
in E. coli. When we tested sites at single base resolution between —81
and —93 bp, we observed peaks of activity ~10-11 bases apart, similar
to what we observed in E. coli (Fig. 2C). The efficiency of CRISPRa
diminished after a 4-5 bp shift and was recovered at 10-12 bp. This
finding suggests that CRISPRa has a periodic dependence on distance
from the TSS, and similar effects have been observed in multiple bac-
terial species (Fontana et al., 2020a; Ho et al., 2020).

3.2.2. scRNA target sequences

Next, we examined the 20 bp target sequence that is recognized by
the scRNA. The experiments described above were performed with the
J1 promoter, which contains an array of 20 base target sites. We pro-
ceeded to test an alternative promoter, termed J3, that has a different set
of 20 base target sites (see Methods and Supplemental Information for
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complete sequence details). We tested multiple target sites in the J3
promoter and found that the J306 site, located 81 bases upstream of the
TSS, yielded the highest fold-activation (Fig. S4). Compared to the J1
promoter, where we observed 4-fold activation (J106 target site), the
fold-activation with the J3 promoter increased to 34-fold (J306 target
site) (Fig. 2D). For both J1 and J3, the CRISPRa-induced expression
levels were similar. The large difference in fold-activation results from
an unexpected difference in basal expression levels. The basal expression
of J3-mRFP is 11-fold lower than that of J1-mRFP, which leads to much
higher fold-activation. This difference in basal expression was not
observed in E. coli, where J1 and J3 reporters produced 27-fold and 36-
fold activation, respectively (Fontana et al., 2020a).

To test whether the different basal expression levels were due to
differences in the 20 base target sites or to other features of the pro-
moters, we constructed hybrid promoters where the 20 base J106 target
site in J1 was replaced by J306 (J1(306)) and vice versa (J3(106)). We
observed low basal expression only with the hybrid J3(106) promoter
(Fig. 2D), suggesting that other sequence features of the J3 promoter
besides the 20 base target site are responsible for the low basal
expression of the J3 promoter. These sequence features could be up-
stream of the target sequence or between the target sequence and the
minimal BBa_J23117 promoter. We therefore turned our focus to the J3
upstream sequence as a basis for further optimization of CRISPRa, as it
yielded the best dynamic range from the promoter sequences tested.

3.2.3. Minimal promoter strength

The promoters that we tested in this work consist of a 35 base min-
imal promoter that binds the sigma subunit of RNA polymerase and an
upstream 170 base sequence region with scRNA target sites. The 35 bp
minimal promoter sequence is also a key factor that governs the dynamic
range of CRISPRa. In E. coli, we found that minimal promoter strength
and the sigma factor regulating the promoter have large effects on
CRISPRa (Fontana et al., 2020a). However, the alternative sigma factor
regulons in P. putida are less characterized compared to those in E. coli.
We therefore decided to focus on the sigma-70 regulon, the
house-keeping sigma factor, that covers the majority of E. coli and
P. putida endogenous promoters (Fujita et al., 1995). To test the effects of
promoter strength, we introduced 11 minimal 35 base promoters from
the Anderson promoter collection (BBa_J231XX, http://parts.igem.org)
into the J3-mRFP reporter (Fig. 3A). The variations in promoter strength
arise from point mutations in the —10 and —35 sites that tune tran-
scriptional activity; no significant changes in the transcription start sites
(TSS) were detected when these promoters were experimentally char-
acterized (Kosuri et al., 2013) (see Supplemental Information for an-
notated sequences).

CRISPRa-mediated expression from the Anderson promoter series
followed trends similar to that previously observed in E. coli (Fontana
et al., 2020a). When the promoter strengths are extremely weak
(BBa_J23109 and BBa_J23113), the CRISPRa fold-activation dropped
significantly to 3.1-fold and 1.4-fold compared to 27-fold with the
moderately weak BBa_J23117 minimal promoter. As promoter strength
increases from BBa_J23117 to the strong BBa_J23110 promoter,
CRISPRa fold-activation decreases because basal expression increases
~10-fold, while the maximal CRISPRa output varies by < 4-fold
(Fig. 3A). CRISPRa with the strongest promoter tested (BBa_J23111)
could not be measured because no colonies were obtained when the
CRISPR machinery was delivered to P. putida with this reporter, possibly
due to the metabolic burden of expressing high levels of mRFP and the
CRISPR system at the same time. The minimal BBa_J23117 promoter
yields the highest fold-activation in both E. coli and P. putida (36-fold
and 27-fold, respectively) presumably because basal expression is weak
enough that significant activation is possible, but not so weak that the
promoter is difficult to activate. Thus, we used reporters with the
BBa_J23117 minimal promoter for further characterization and appli-
cation. We note that if a higher absolute expression level is preferred, the
stronger BBa_J23106 promoter yielded the highest absolute expression
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level (2.4-fold higher than CRISPRa-mediated activation of
BBa_J23117), although the fold-activation was smaller (Fig. 3A).

3.2.4. 5'-Proximal sequences

The last factor we tested is the intervening sequence between the 20
base target site and the 35 base minimal promoter, termed the 5'-
proximal sequence. This sequence is 26 bp long when using an optimal
target site located at —81 bp from the TSS. We constructed a pooled
library of reporter gene plasmids with variable 26 base 5’ proximal se-
quences using a randomized oligo pool (see Supplemental Methods).
Each reporter retains the same 20 base J306 scRNA target site and the
BBa_J23117 minimal promoter. We transformed this library into a
P. putida reporter strain and functionally characterized a large number
of single colonies without sequencing each colony. The random 5'-
proximal sequences led to a broad range of mRFP levels from CRISPRa
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(Fig. 3B), similar to what we observed in E. coli (Fontana et al., 2020a).
Random 5’ proximal sequences also affect basal expression levels in the
absence of CRISPRa, although these effects are relatively small
(Fig. S5A). To determine if 5'-proximal sequence preferences are
correlated between E. coli and P. putida, we also tested several known
sequences previously characterized in E. coli. We observed that
high-efficiency 26 bp sequences from E. coli yield high CRISPRa effi-
ciency in P. putida while a weak sequence from E. coli remains weak in
P. putida (Fig. 3C). Across the set of sequences we analyzed, one of these
(5'-PS5) exhibited a higher fold activation (32-fold) compared to the
J3-BBa_J23117 promoter (27-fold). The basal expression in 5'-PS5 is
15% lower than J3-BBa_J23117, and both sequences gave similar acti-
vated levels. We also tested whether the 26 bp 5 proximal sequence
from the J1 promoter was responsible for the high basal activity of the
J1 promoter (Fig. 2D). When the 26 bp 5' proximal sequence from J1
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was inserted into the J3 promoter, we observed relatively low basal
expression (5'-PS2 in Fig. 3C), similar to the J3 promoter. This result
suggests that the 5’ proximal sequence of J1 is not the cause of the high
basal activity of the complete J1 promoter, and that sequence features
upstream of the 5’ proximal sequence and the 20 bp target site could be
responsible.

The variation in CRISPRa outputs with different promoter features
suggests that a set of distinct and orthogonal heterologous promoters
could be developed for tunable control of gene expression. Promoters
with orthogonal 20 base target sequences, together with different 5
proximal sequences, minimal promoters, and target site positions could
be used to access a broad range of CRISPRa-mediated gene expression
levels. Further, systematically varying the 5'-proximal sequence could
allow us to identify promoters with lower basal expression and higher
dynamic range of activation, similar to the case of the 5'-PS5 sequence
mentioned above. We expect to be able to construct combinatorial li-
braries of multi-gene programs to explore how independently tuning
gene expression levels in metabolic pathways affects product titers.

3.2.5. Correlation of CRISPRa efficiency between organisms

To compare CRISPRa in P. putida to that in E. coli, we constructed a
correlation plot of mRFP expression from CRISPRa strains with different
promoter sequence variations (Fig. 3D). This plot indicates that the
expression level induced by CRISPRa in E. coli correlates well with
CRISPRa in P. putida (R? = 0.80). The fold-activation is also correlated
(R? = 0.69 Fig. S5B), although the fold-activation of P. putida CRISPRa
tends to be lower than that of E. coli. The discrepancies across organisms
might arise from variations in genetic context, transcription machinery,
or cellular compositions between bacterial species. Despite these modest
discrepancies, CRISPRa behaves largely similarly in E. coli and P. putida,
suggesting that optimized CRISPRa circuits will be portable between
species and that further modifications and improvements to CRISPRa
systems should be readily transferable. While we do not expect these
trends to be generalizable across all bacterial species, the metrics that we
describe here can be systematically evaluated in alternative bacterial
hosts to assess whether design principles and optimized CRISPRa cir-
cuits can be easily ported to new hosts.

3.3. Using P. putida CRISPRa for sophisticated transcriptional control
strategies

With an optimized CRISPRa system in P. putida, we explored several
strategies to enable more sophisticated control over gene expression
programs. We constructed multi-gene CRISPRa/CRISPRi programs,
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demonstrated endogenous gene activation, and developed an inducible
CRISPRa system for tunable, dynamically-regulated expression. These
strategies will enable the construction of multi-gene programs to rewire
metabolic networks for optimal biosynthesis in P. putida.

3.3.1. Multi-gene regulation by CRISPRa and CRISPRi

With optimized expression levels and a delivery strategy for the
CRISPRa system in P. putida in place, we tested whether CRISPRa and
CRISPRi can be used together to activate and repress multiple genes.
This strategy has been previously successful in E. coli (Dong et al., 2018).
We constructed a dual-reporter plasmid with weakly expressed mRFP
(J3-BBa_J23117-mRFP) and highly expressed sfGFP  (J3
(106)-BBa_J23111-sfGFP). We inserted a dual scRNA/sgRNA cassette in
this plasmid with a J306 scRNA for mRFP activation and an sgRNA that
targets within the sfGFP open reading frame (ORF) for repression. We
delivered this plasmid to a P. putida strain with integrated
dCas9/MCP-SoxS and observed simultaneous activation of mRFP
(6.6-fold) and repression of sfGFP (13-fold) (Fig. 4). The magnitude of
CRISPRa fold-activation in simultaneous CRISPRa/i was weaker than
the 15-fold activation that was observed if just a single scRNA was
delivered to activate the mRFP reporter, possibly due to competition
between multiple scRNA/sgRNA cassettes for a limited pool of dCas9.

To determine if CRISPRa can be used to activate multiple genes
simultaneously, we constructed a dual-reporter plasmid with weakly
expressed mRFP (J3-BBa_J23117-mRFP) and weakly expressed sfGFP
(J3(106)-BBa_J23117-sfGFP). We inserted a dual scRNA cassette into
this plasmid with scRNAs that target mRFP and sfGFP for activation and
delivered it to a P. putida strain with integrated dCas9/MCP-SoxS. We
observed simultaneous activation of mRFP (19-fold) and sfGFP (69-fold)
(Fig. S6). As seen with simultaneous CRISPRa/CRISPRi, the CRISPRa
effects with dual activation were weaker than those observed if each
reporter was targeted individually (41-fold activation for mRFP and
105-fold activation for sfGFP), consistent with the idea that competition
for dCas9 among multiple species of sgRNA/scRNA may be an issue for
multi-gene programs (Huang et al., 2021). We also observed simulta-
neous CRISPRa at multiple genes using the weak mRFP/strong sfGFP
reporter described above; the strong sfGFP could be activated a further
2-3-fold when activated by an upstream scRNA (Fig. 4).

We also demonstrated simultaneous CRISPRa/CRISPRi and dual
CRISPRa on multi-gene reporters with integrated genomic reporters.
The general trends were similar to what we observed with plasmid-
based reporters (Figs. S7-58), but the magnitudes of the effects were
smaller, likely due to the lower copy number of the reporter gene. The
ability to activate genomically-integrated heterologous reporters
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Fig. 4. Multi-gene CRISPRa/CRISPRI in the plasmid-borne dual reporters. A multi-gene CRISPRa/CRISPRi reporter with weakly expressed mRFP (J3-BBa_J23117)
and highly expressed sfGFP (J3(106)-BBa_J23111) shows simultaneous activation and repression when an activator scRNA for mRFP and a repressor sgRNA for sfGFP
are delivered. The strong sfGFP reporter can also be further activated ~2-3-fold if targeted by an upstream activating scRNA. This strain exhibits noticeably slower
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suggests that CRISPRa may be effective at endogenous genomic targets
in P. putida.

3.3.2. CRISPRa on P. putida endogenous promoters

To determine if CRISPRa can activate endogenous promoters, we
identified a set of endogenous genes with appropriate upstream scRNA
target sites. We analyzed thousands of reported TSSs for P. putida
(D’Arrigo et al., 2016) and selected ten promoters with potentially
activatable target sites located at the proper distance from the TSS.
Specifically, we identified NGG protospacer adjacent motifs (PAMs),
which are required for recognition of Sp-dCas9/guide-RNA complex (Qi
et al., 2013), at distances corresponding to the J105-J112 target sites
(Fig. 2B) with +2 bp flexibility (Fig. 2C). For each endogenous pro-
moter, we built a reporter cassette with the promoter, flanking se-
quences, and an mRFP reporter gene following a strategy previously
described for an E. coli endogenous promoter library (Zaslaver et al.,
2006). We introduced on-target or off-target scRNAs into the reporter
plasmid and delivered it to a P. putida strain with integrated
dCas9/MCP-SoxS. We observed >1.5-fold activation at 4 of the 10
promoters tested, with the highest fold-activation (2.8-fold) from scRNA
G2 targeting katG (PP_3668) promoter (Figs. 5A and S9). The magni-
tudes of fold-activation from endogenous promoters are significantly
lower than those under control of synthetic heterologous promoters (up
to 40-fold and 100-fold for mRFP and sfGFP, respectively) (Table S5).
Although higher fold-activation values may be desirable for future ap-
plications, we note that relatively modest effects can still be physio-
logically significant. For example, external stresses can produce a wide
range of expression changes in stress-responsive genes in P. putida.
While some changes are quite large, others are in the 2-fold to 5-fold
range (Bojanovic et al., 2017; Molina-Santiago et al., 2017). We sug-
gest that tools to perturb endogenous gene expression in this range may
still be effective for modulating bacterial physiology and redirecting
metabolic flux. Further, we note that the ability to combine endogenous
gene activation with heterologous gene activation and CRISPRi repres-
sion enables access to a vastly expanded space of gene expression pro-
grams compared to other synthetic gene regulatory methods.

This success rate and the magnitude of gene activation at endoge-
nous targets in P. putida was similar to that observed previously in E. coli
(Fontana et al., 2020a). To predictably activate any endogenous gene,
we expect that it will be necessary to further elucidate the rules for
effective CRISPRa. Accurate annotations of TSSs and PAM-flexible
dCas9 variants to precisely target the optimal distance upstream of the
endogenous gene may improve activation (Fontana et al., 2020a).
Alternative bacterial activation domains are also available with different
properties (Ho et al., 2020; Liu et al., 2019), and it may be possible to
combine multiple activators as has been previously reported in
eukaryotic systems (Chavez et al., 2015; Konermann et al., 2015).

3.3.3. Tunability of CRISPRa and CRISPRi with inducible promoter

To tune expression levels with CRISPRa and CRISPRi, we placed the
CRISPR system components under the control of a small-molecule
inducible promoter. We expressed dCas9 and/or MCP-SoxS using
XylS-Pm, an inducible promoter system from the P. putida mt-2 toluene
degradation pathway (Wirth et al., 2019). XylS-Pm provides a higher
dynamic range compared to the widely-used Lacl-Ptrc system
(Figs. S10A and S10B). We constructed strains with inducible dCas9,
inducible = MCP-SoxS, or double-inducible = dCas9/MCP-SoxS
(PPC08-PPC10). Using a weak J3-BBa_J23117-mRFP reporter, we
induced with m-toluic acid (0-5 mM) and observed tunable gene acti-
vation as a function of inducer concentration in all three inducible
strains (Fig. S11). This approach will enable tunable and
dynamically-regulatable expression control for further applications in
metabolic engineering.

Using a strong reporter (J3-BBa_J23110-mRFP) that can be either
activated or repressed, we showed that the extent of CRISPRa or CRISPRi
could be tuned with different inducer levels. We delivered this reporter
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with either an activating scRNA or a repressing sgRNA to the inducible
dCas9 strain (PPCO8) and observed 3-fold activation with CRISPRa or 7-
fold repression with CRISPRi at 1 mM m-toluic acid (Fig. 5B). This result
suggests another potential strategy for improving the dynamic range of
activation from heterologous genes. By targeting CRISPRi and CRISPRa
to the same locus, we may be able to obtain lower basal expression and
higher induced expression. Such a strategy would require expression of
only the sgRNA for repression in the off state and only the scRNA for
activation in the on state, which could potentially be achieved with
orthogonal induction systems or with multi-layer CRISPR circuits.

3.4. Metabolic engineering with CRISPRa

3.4.1. Biopterin pathway activation

By characterizing the promoter features necessary for effective
CRISPRa in P. putida, we were able to apply CRISPRa for metabolic
pathway engineering. We used the J3-BBa_J23117 promoter described
in the previous section to place genes of interest under the control of a
CRISPRa system. In a strain with integrated dCas9/MCP-SoxS (PPC01),
transcriptional units controlled by J3-BBa_J23117 can be activated by
the cognate J306 scRNA (Fig. 6A). Using this approach, we demon-
strated that CRISPRa can be used to switch on two different heterologous
biosynthesis pathways, one for tetrahydrobiopterin (BH4) production
with multiple transcriptional units activated by the same scRNA and one
for mevalonate production as a multi-gene transcriptional unit under a
single promoter.

BH4 is an important cofactor in aromatic amino acid biosynthesis
that can be produced from a three-enzyme pathway (Fig. 6B). BH4 has
been previously produced in yeast using the E. coli GTPCH enzyme and
the M. alpina PTPS and SR enzymes (Ehrenworth et al., 2015; Trenchard
et al., 2015). We used the gtpch gene from E. coli MG1655 and ptps/sr
genes from M. alpina that were codon-optimized for expression in E. coli.
Each gene was placed under control of the J3-BBa_J23117 promoter in a
P. putida compatible plasmid (Fig. 6C). Because BH4 can be readily
oxidized by atmospheric oxygen into dihydrobiopterin (BH2) and then
biopterin in yeast (Ehrenworth et al., 2015), we initially screened for
pathway output by absorbance at 340 nm, which reports on BH2 and
biopterin. We observed a significant increase in ODs34p when the
pathway was switched on with the cognate scRNA (Fig. 12A). Subse-
quent analysis by HPLC-MS to identify specific parental ions confirmed
that BH2 is the major product (Fig. 6D & Fig. S12B and Fig. S13). BH2
was also detected in the off-target scRNA sample (Fig. 6D), likely due to
basal expression of the biopterin pathway enzymes. When the last gene
in the pathway (sr) was omitted, no biopterin derivatives were detected
by HPLC-MS, confirming that the full pathway is necessary for heter-
ologous biopterin production (Figs. S12A-B). Thus, biopterin pathway
activation by CRISPRa was able to significantly increase heterologous
production. We note that in some metabolic engineering applications,
basal production may be problematic and pathway promoters may need
to be modified to minimize leaky expression of the heterologous
pathway genes. In future experiments, the CRISPRa system can be used
to test whether product titers can be further optimized by independently
activating biopterin pathway genes with orthogonal scRNAs and tuning
their expression to different levels.

The major product of the biopterin pathway in P. putida is BH2, in
contrast to S. cerevisiae where fully oxidized biopterin is the major
product (Ehrenworth et al., 2015). The finding that BH2 is the major
product suggests that the reducing potential of P. putida prevented BH2
from further oxidation. In E. coli, BH2 is the major product but the ratio
of BH2:biopterin is significantly lower than in P. putida (Fig. S12C). Even
though the fully reduced BH4, which is the desired product, was not
observed in our system, the low biopterin level in P. putida suggests that
its reducing power is advantageous for biosynthesis of
oxidation-sensitive compounds.
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Fig. 5. CRISPRa with endogenous promoters and inducible CRISPRa/CRISPRI in P. putida. (A) The putative promoter sequences between two open reading frames

(ORFs) with 60 bp flanking sequences were incorporated into the mRFP reporter. scRNAs were introduced for all potentially activatable target sites corresponding to
the effective distances in Fig. 2B and C. Precise distances from the target site to the TSS are listed in Table S4 hAAVS1 was used as an off-target scRNA for all ten
promoters. (B) Tunable activation of mRFP expression with CRISPRa and tunable repression of mRFP expression with CRISPRi were achieved with different inducer
concentrations (0-5 mM m-toluic acid) in the inducible-dCas9 strain (right). The inducible-dCas9 strain yielded 3-fold activation with CRISPRa or 7-fold repression
with CRISPRi at 1 mM m-toluic acid compared to the no-inducer control. Fold-changes compared to the off-target control were 4-fold and 5-fold, respectively. The
constitutively expressed dCas9 strain (left) showed little to no response to inducer concentration. Values in panel A and B represent the mean =+ standard deviation

calculated from n = 3 independent biological replicates.
3.5. Mevalonate pathway activation

We next tested if CRISPRa could be used to produce mevalonic acid,
a precursor to terpenoid natural products including fine chemicals,
biofuels, and therapeutics (Anthony et al., 2009; Jervis et al., 2019;
Peralta-Yahya et al., 2011). Mevalonate has previously been produced in
P. putida using two genes, mvaE and mvasS, expressed in a single operon
under the control of LacI-Ptrc (Fig. 7A) (Kim et al., 2019). We placed the
mvaES operon under the control of J3-BBa_J23117 synthetic promoter
(Fig. 7B). The constitutively-active CRISPRa-regulated mevalonate
production strain was cultured side-by-side with the LacI-Ptrc regulated
mvaES strain as a control. We observed that the CRISPRa strain yielded
402 + 21 mg/L mevalonate, which is similar to the highest mevalonate
titer of 459 mg/L obtained with LacI-Ptrc after IPTG induction (Fig. 7C).
The CRISPRa-regulated mvaES operon enables tight control of mevalo-
nate production, with basal mevalonate production from the off-target
CRISPRa control strain indistinguishable from the empty plasmid con-
trol (Fig. 7C). In contrast, the uninduced LacI-Ptrc strain produced
mevalonate levels up to 214 £+ 57 mg/L and yielded highly variable
mevalonate levels in every IPTG concentration (ranging from 66 to 459
mg/L). We also observed highly variable IPTG-induced mRFP expres-
sion, suggesting that expression from the Lacl-Ptrc promoter may be
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unstable in P. putida (Fig. S10C). Taken together, our results demon-
strate that we can effectively activate multi-gene biosynthesis pathways
using a single operon (>40-fold increase in mevalonate biosynthesis,
Fig. 7) or with each enzyme produced from a separate transcriptional
unit with its own CRISPRa-responsive promoter (5-fold increase in BH2
production, Fig. 6).

To determine if an inducible CRISPRa system could effectively
regulate mevalonate production, we tested a strain with toluic acid-
inducible CRISPRa machinery (dCas9, MCP-SoxS, or both). In the
absence of inducer we observed 84 + 11 mg/L mevalonate from the
inducible dCas9 strain. With inducer added to this strain (0.01-1.0 mM),
we observed a similar mevalonate level to that with constitutively
expressed dCas9 (345-397 mg/L and 402 + 21 mg/L, respectively)
(Fig. 7). The inducible MCP-SoxS strain appeared to be leaky in the
absence of inducer (112 + 2 mg/L) and gave a lower mevalonate titer
when induced (254 + 9 mg/L). The double-inducible strain, with both
dCas9 and MCP-SoxS controlled by XylS-Pm, had no significant leaky
production in the absence of inducer but yielded the lowest mevalonate
titer (199 + 20 mg/L). The off-target scRNA yielded a level of mevalo-
nate indistinguishable from the empty plasmid controls (less than 10
mg/L in Fig. S14). The inducible CRISPRa system provides an additional
layer of control that can be switched on at different growth phases and
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could be coupled with an inducible CRISPRi system for multi-gene
programs with both activation and repression. Compared to the Lacl-
Ptrc regulated mvaES strain, which showed significant leaky produc-
tion, the inducible dCas9 CRISPRa-regulated mvaES strain had minimal
leakage and could provide advantages in situations where leaky meta-
bolic gene expression could be toxic or burdensome to the cell.

4. Conclusions
In this work, we have ported a CRISPRa system from E. coli to

P. putida. We optimized the expression methods of dCas9, MCP-SoxS,
and scRNA in P. putida and demonstrated that the criteria for effective
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CRISPRa target sites in P. putida are similar to that in E. coli. We antic-
ipate that a similar process of optimizing expression systems will enable
effective CRISPRa-regulated gene expression in a wide range of bacterial
species to enable complex CRISPR-based transcriptional programming
in other industrially-relevant microbes.

As reported previously in E. coli and in many eukaryotic systems,
CRISPRa and CRISPRi can be used to target multiple genes simulta-
neously for activation or repression. Further, the CRISPRa system can be
induced with small molecules, which will enable dynamic control of
heterologous pathway activation. In P. putida, we applied CRISPRa to
metabolic pathway engineering for tetrahydrobiopterin and mevalonate
biosynthesis, providing a proof-of-concept that CRISPRa-mediated gene
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regulation can be used to activate heterologous biosynthetic pathways.

In future work, we expect that an inducible CRISPR-Cas transcrip-
tional control system will enable the rapid exploration of large combi-
natorial spaces of gene expression levels. A key advantage of CRISPR-
Cas-mediated control is that, in principle, each gene of interest can be
targeted by an orthogonal guide RNA and its expression level can be
independently tuned. We can target endogenous genes for both activa-
tion and repression to redirect metabolic flux towards the desired
pathway precursors, and we can tunably activate heterologous pathways
to optimal expression levels to maximize the production of desired
biosynthetic products. By learning the design principles for how to
rewire metabolic networks, we expect to enable more efficient biosyn-
thetic production pathways for valuable chemical products.
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