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Background: CRISPR-based programmable transcriptional activators (PTAs) are used in plants for rewiring gene
networks. Better tuning of their activity in a time and dose-dependent manner should allow precise control of gene
expression. Here, we report the optimization of a Copper Inducible system called Cl-switch for conditional gene acti-
vation in Nicotiana benthamiana. In the presence of copper, the copper-responsive factor CUP2 undergoes a confor-
mational change and binds a DNA motif named copper-binding site (CBS).

Results: In this study, we tested several activation domains fused to CUP2 and found that the non-viral Gal4 domain
results in strong activation of a reporter gene equipped with a minimal promoter, offering advantages over previ-
ous designs. To connect copper regulation with downstream programmable elements, several copper-dependent
configurations of the strong dCasEV2.1 PTA were assayed, aiming at maximizing activation range, while minimiz-

ing undesired background expression. The best configuration involved a dual copper regulation of the two protein
components of the PTA, namely dCas9:EDLL and MS2:VPR, and a constitutive RNA pol lll-driven expression of the third
component, a guide RNA with anchoring sites for the MS2 RNA-binding domain. With these optimizations, the CI/
dCasEV2.1 system resulted in copper-dependent activation rates of 2,600-fold and 245-fold for the endogenous N.
benthamiana DFR and PAL2 genes, respectively, with negligible expression in the absence of the trigger.

Conclusions: The tight regulation of copper over Cl/dCasEV2.1 makes this system ideal for the conditional produc-
tion of plant-derived metabolites and recombinant proteins in the field.
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Background

Synthetic biology offers the opportunity to overcome
intrinsic limitations of biological systems for biotechno-
logical applications by precisely rewiring genetic circuits.
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Standardization and modularization of DNA elements
lead to the creation of synthetic circuits that can orches-
trate the endogenous circuitry in the plant [18, 24]. The
implementation of effective synthetic circuits relies on
universal devices that incorporate properly character-
ized genetic elements. Transcriptional regulation based
on CRISPR/Cas9 technology has become a popular tool
for controlling gene expression in eukaryotes [14, 33, 42].
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CRISPR-based genetic circuits provide a precise solu-
tion for connecting synthetic devices with endogenous
networks and pathways. The binding-ability customiza-
tion of the nuclease-inactivated Cas9 protein (dCas9) by
tailoring guide RNAs allows targeting DNA sequences
with high precision [41]. The customizable dCas9 can
be linked to transcriptional activation domains lead-
ing to the so-called programmable transcriptional acti-
vators (PTAs). The use of these synthetic PTAs leads to
advanced control over gene expression across diverse
plant systems [27].

We previously developed a potent PTA named dCa-
sEV2.1 [31]. This PTA comprises two transcriptional
units (TUs) for expressing two protein components and
a third TU for the guide RNAs expression cassette. The
first protein component is the dCas9 fused to the EDLL
transcriptional activation domain [36]. The second com-
ponent is a fusion protein made of the MS2 phage coat
protein and a VPR activation domain. VPR is a syn-
thetic cluster of viral activators that further recruits the
cell machinery for initiating transcription [7]. The third
component of the dCasEV2.1 system is the guide RNA
(gRNA) that targets the dCas9 to a specific position in
the DNA and includes two aptamers in its scaffold for
the binding of MS2 [17]. Together, EDLL and VPR, have
a synergic effect on the activation of the targeted gene
leading to high expression levels [31].

Metabolic engineering and molecular farming usually
aim at maximizing the expression levels of genes of inter-
est. However, this maximization is often accompanied
by serious detrimental effects such as toxicity or devel-
opmental defects, which can be mitigated by engineering
tight control systems [2]. The implementation of genetic
switches actuating over PTAs would permit the creation
of inducible activation circuits thus resulting in a fine-
tuned regulation of genetic networks [21]. Inducers act as
stimuli for sensor proteins. Several sensors can addition-
ally act as transmitters and convert a particular stimulus
into a transcriptional signal that leads to the activation of
a downstream gene. Depending on the type of stimulus,
different inducible PTA systems can be established that
allow the expression of the dCas9 activator under a spe-
cific condition. Traditional inducible systems to control
transcription in plants are based on stimuli like chemi-
cals, light, temperature, hormones, stress and wound
[34]. Most of these inducers can trigger deleterious pleio-
tropic effects in the plant chassis and are complicated
to apply and monitor in large crop fields [9]. However,
among chemical inducers, micronutrients such as copper
represent an innocuous and inexpensive group.

Copper is commonly applied to crops as copper sulfate
(CuSO,) not only like an essential micronutrient but also
like fungicide. Copper sulfate can be easily taken up by
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plants, it is low-cost, easy to apply, and it is already reg-
istered for field use as a fungicide [16]. Accordingly, cop-
per represents a potentially advantageous inducer for
programmable transcriptional activation systems. Mett
et al. [22] developed a gene expression system inducible
by copper based on the copper-metallothionein regula-
tory system from yeast. This regulatory system stands
on a Cu’'-regulated transcription factor from Saccha-
romyces cerevisiae [4]. In the presence of the trigger, the
yeast copper responsive factor CUP2 (also known as
ACE1) undergoes a conformational change that enables
it to specifically bind a DNA operator sequence known
as Metal Responsive Element (MRE) or Copper Binding
Site (CBS). The binding of CUP2 to a CBS adjoining a
minimal promoter leads to the transcriptional activation
of the downstream gene. The copper-inducible system
initially described by Mett et al. [22] was later optimized
by Saijo & Nagasawa [29]. This optimization consisted
of the concatenation of four repetitions of the CBS for
recruiting more molecules of CUP2. Also, a minimum
sequence of the 35S promoter was reported to reduce the
leaky expression of the targeted gene. Finally, the viral
transcription activator VP16 was fused to CUP2 to boost
the activation capacity of CUP2. This renewed system
worked in planta and overcame the copper-inducible
gene expression results reported earlier.

Here we show an optimized Copper-Inducible gene
expression system named CI-switch, which incorporates
the Gal4 yeast activator domain fused to CUP2. The CI-
switch is free of viral elements and shows considerably
reduced background expression in the absence of cop-
per. Moreover, we show the implementation of a small
copper-triggered customizable activation cascade that
connects the CI-switch to the expression of dCas9EV2.1,
with the subsequent activation of either reporters or
endogenous genes as downstream elements in Nicotiana
benthamiana.

Results

Optimization of a copper responsive genetic switch

for efficient reporter gene activation in N. benthamiana

To develop an agronomically compatible system for
switching on transcription, we explored the optimi-
zation of a copper-dependent system in N. bentha-
miana. Four repeats (4x) of the Copper Binding Site
(CBS) operator were assembled upstream a minimal
promoter of the Solanum Ilycopersicurn NADPH-
dependent dihydroflavonol reductase (DFR) gene
for assessing the transcriptional activation of Firefly
luciferase (FLuc) reporter gene (Fig. 1la). This mini-
mal promoter spans the 62 bp upstream of the TSS
and the 5 UTR of the DFR promoter, which is char-
acterized by a low and non-variable expression [31].
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Fig. 1 Copper-inducible reporter gene activation in transient expression in Nicotiana benthamiana. a Schematic representation of the
copper-inducible gene expression system. The CUP2 fused to an activation domain such as Gal4 changes its conformation upon copper binding
and binds a Copper Binding Site (CBS) operator allowing transcription of the downstream gene (green arrow). b Copper-mediated activation of
Firefly Luciferase (FLuc) reporter gene by different activation domains (Gal4, VP16, VPR, and TV) fused to CUP2 after 5 mM copper sulfate application.
¢ Copper-mediated activation of FLuc by different concentrations of copper sulfate. The construct CUP2:Gal4 was used as the copper-dependent
transcriptional factor. d Pictures of leaves 2 days after treatment with different concentrations of copper sulfate. For b and ¢, activation is expressed
as Normalized FLuc/RLuc ratios of N. benthamiana leaves transiently expressing the genetic constructs. All FLuc/RLuc ratios were normalized using
the FLuc/RLuc ratios of N. benthamiana leaves expressing a constitutive pNOS:Fluc reporter. Error bars indicate SD (n > 3). Statistical analyses were
performed using one-way ANOVA (Tukey’s multiple comparisons test, P-Value < 0.05). Variables within the same statistical groups are marked with
the same letters. The figure includes images from Biorender (biorender.com)
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This promoter is hereafter referred as CBS:minDFR.
The copper responsive transcription factor CUP2 was
expressed under the constitutive Nopaline synthase
promoter (pNOS) and fused to different transcrip-
tional activation domains. We compared the perfor-
mance of the yeast Gal4 activation domain with the
activation provided by the viral-based domains VP16,
VPR (VP64-p65-Rta), and TV (6 x TAL, 4 x VP64),
commonly used as strong activation elements in plants
[6]. Copper sulfate 5 mM was sprayed onto the leaves
to induce the transiently expressed system. Lumines-
cence assays showed that the basal expression of the
reporter gene in the absence of copper resulted in neg-
ligible levels in all tested activation fusions (Fig. 1b).
The relative transcriptional activities (RTAs) conferred
by the CBS:minDFR promoter after copper-mediated
activation ranged from 4.5+ 1.5 to 13.5+6.2, as com-
pared with the expression levels conferred by a pNOS
promoter in the same assay conditions [39]. VPR was
reported as the strongest activator, but also as the most
variable one. The RTAs obtained with Gal4, VP16, and
TV in the presence of copper were not statistically sig-
nificant between each other. Therefore, Gal4 resulted
as a suitable alternative to viral domains in the copper-
responsive genetic switch. We named this novel com-
bination of the copper-responsive factor CUP2:Gal4
and the 4xCBS operator upstream the minimal DFR
promoter as CI-switch.

Next, we optimized the copper concentrations used
for the CI-switch. For this, the sprayed CuSO, volume
per leaf was set to 5 ml and different concentrations
of CuSO, were tested. Also, the FLuc activity used as
standard reference was analyzed at two time points,
one- and two days post-copper-application (dpca), to
determine whether the system could result in higher
activations rates at times longer than 24 h. Figure 1c
shows the dose-dependent response in the system when
applying different concentrations of CuSO,. The basal
expression of the system without copper was virtually
null, thus leakiness of the CI-switch was not observed.
The system was not activated with 0.1 mM copper, but
higher levels of Fluc expression were induced with
increasing CuSO, concentration. Maximum RTA values
of 2.34+0.4 were obtained with 10 mM CuSO, How-
ever, at this concentration necrosis symptoms in the
leaf tissue were noticeable (Fig. 1d). To avoid any poten-
tial phytotoxic effect, we selected 5 mM for subsequent
experiments. Differences in FLuc activity between one-
and two-days post-copper application (dpca) were not
statistically significant at any of the assessed concentra-
tions except for the detrimental 10 mM. Therefore, the
system does not require more than one day to reach its
maximum functionality.

Page 4 of 13

Optimization of dCasEV2.1 copper-mediated regulation

in N. benthamiana

To assess the modulation that copper can offer in the reg-
ulation of transcriptional gene circuits, we connected the
copper switch to the three-component dCasEV2.1 PTA
and tested the performance of the resulting genetic device
using a transient luciferase assay in N. benthamiana. The
CI/dCasEV2.1 tool comprised the CUP2:Gal4 TU, the 3X
TUs dCasEV2.1 complex (dCas9:EDLL, MS2:VPR, and
the adapted gRNA) (Fig. 2a, b), and a FLuc reporter TU
that contains the S. lycopersicum DEFR promoter targeted
by the gRNA. We employed two different copper-regu-
lated synthetic promoters, namely CBS:min35S (carrying
the 4xCBS box next to a minimal 35S promoter), and the
previously tested CBS:minDFR. In our first optimization
steps, the CUP2:Gal4 and the gRNA TUs were constitu-
tively expressed (driven by pNOS and Arabidopsis thali-
ana U6-26 respectively), and the remaining elements
were assayed under different copper inducible configu-
rations. In the Cu/Cs configuration, only dCas9:EDLL
TU was under copper regulation, whereas MS2:VPR TU
was constitutively expressed (Fig. 2b). In the Cu/Cu con-
figuration, both TUs were put under copper-regulated
promoters. Both Cu/Cs and Cu/Cu configurations were
assayed using the two synthetic promoters described
above. As can be observed in Fig. 2c, when the minDFR
element was present, the single Cu configuration (Cu/Cs)
showed moderate background levels (0.16 +0.04), which
were almost completely abolished when dual copper
regulation (Cu/Cu) was implemented (0.01 £0.05). Fur-
thermore, dual regulation offered higher activation rates
of FLuc reporter than single regulation, reaching average
RTAs of 1.43 £1.00 (Fig. 2c).

The same analysis was performed using the
CBS:min35S synthetic promoter [29]. As shown in
Fig. 2d, the RTAs achieved by using min35S-containing
constructs were consistently higher than those obtained
with minDFR and even slightly higher than with the con-
stitutive version, Cs/Cs (Fig. 2d). However, constructs
employing min35S resulted in higher basal expression
and there is no statistically significant difference in the
activation provided by the constitutive dCasEV2.1 and
the Cu/Cu configuration when copper is not present.

Effect of gRNA regulation on copper-inducible dCasEV2.1
activation

Once the regulation of the dCasEV2.1 protein compo-
nents was optimized, we aimed to further explore the
control of the gRNA expression with copper and etha-
nol. The choice of a second inducer for gRNA expression
aims at enabling the activation of different sets of genes
under different stimuli. CRISPR/Cas9 guide RNAs are
usually transcribed under a RNA polymerase III (pol-III)
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promoter, like the U6-26 [8, 20]. However, most minimal
promoters coupled to inducible operators rely on poly-
merase II (pol-1I) transcription [13]. As pol-II transcripts
are altered with a 5’ cap and poly-A tail and exported
from the nucleus, the efficiency of a gRNA expressed
under pol-II would be highly compromised. Thus, we
flanked the sequence of the gRNAs by the A. thaliana
tRNACY sequence [40] to ensure the post-transcriptional
processing of the 5 and 3’ ends generated after pol-II
action. To assemble pol-II gRNA expression cassettes
using the type IIS DNA assembly system GoldenBraid, we
followed the strategy previously described by Vazquez-
Vilar et al., [38] for pol-III gRNAs. In this strategy, the
gRNA unit is assembled in a BsmBI restriction-ligation
reaction as a Level 0 part incorporating the protospacer
sequence as a primer dimer with unique 4-bp overhangs,
and the 5’ and 3’ sequences flanking the protospacer are
provided from another vector. This vector carries (i) the
tRNACSY sequence and (ii) the scaffold-tRNASY sequence,

both flanked by BsmBI restriction sites and unique over-
hangs for their assembly upstream and downstream the
protospacer sequence, respectively. In the next step, the
gRNA unit is assembled between a Pol-II promoter and
a transcriptional terminator in a Bsal restriction-ligation
reaction (Fig. 3a). A new webtool has been developed
during this work to design and assemble tailored Pol-II
polycistronic gRNA constructs for gene regulation with
(d)Cas9  (https://gbcloning.upv.es/tools/cas9multiplex-
ing_inducible_regulation/).

To assess the feasibility of expressing gRNAs by the
pol-II, two constitutive promoters for the pol-1I, pNOS
and p35S, were tested upstream of the tRNA-proto-
spacer-scaffold-tRNA. To evaluate the regulation capa-
bility over the pol-1I-synthesized gRNAs, the synthetic
CBS:minDFR promoter was used for copper-regula-
tion. In parallel, ethanol regulation was attempted as
well, using AlcR as the ethanol-responsive transcrip-
tional factor that binds to AlcA operator in presence
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of ethanol [28]. All the constructs for Pol-II-synthe-
sized gRNAs contained, like in previous experiments,
a protospacer targeting a DFR promoter upstream of
the reporter FLuc gene. The different gRNA constructs
were co-infiltrated with the construct for the constitu-
tive expression of dCasEV2.1, the reporter construct,
and the copper responsive-transcription factor in the
plant. When pNOS and p35S were used for gRNA syn-
thesis, activation of FLuc by dCasEV2.1 reached RTAs
of 2.6+£0.6 and 3.1£1.1 respectively (Fig. 3b). How-
ever, this activation is significantly lower (approxi-
mately 3.5-fold) than the activation obtained when
the gRNA was synthesized under the pol-III promoter
U6-26. Unfortunately, when gRNAs were controlled by
CBS or AlcA operators, FLuc reporter activity reached
similar rates both in the presence and absence of cop-
per/ethanol, probably indicating leaky expression of the
gRNA in the absence of the trigger.

Our results indicated that the chemical induction of
the gRNA component of dCasEV2.1 alone was not suf-
ficient to regulate downstream gene expression. A pos-
sible explanation is that gRNA differential expression,
if leaky, may be masked by the high and constitutive
expression of the other two components in the system.
For this reason, we explored the performance of a triple-
controlled system combining the dual copper-inducible
dCasEV2.1 with either a CBS:minDFR:gRNA:Tnos
or an AlcA:minDFR:gRNA:Tnos. In all combinations
assayed, reporter activation in presence of the inducer
was observed. However, as expected, transient-expres-
sion assays showed that triple regulation (Cu/Cu/EtOH
or Cu/Cu/Cu) gave similar results to those observed
with the dCasEV2.1 Cu/Cu conformation, as no differ-
ences were found when gRNAs were expressed under
the constitutive U6-26 promoter or the copper- or
ethanol-inducible promoters (Fig. 3c). Therefore, we
concluded that the most efficient way to regulate the
dCasEV2.1 system is via the regulation of its two pro-
tein components dCas9:EDLL and MS2:VPR.
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Copper-regulated dCasEV2.1-mediated activation

of endogenous genes

Using dCasEV2.1 as an intermediate operator to the cop-
per-responsive factor offers the possibility of transferring
copper regulation to any endogenous gene of interest
in the plant (Fig. 4a) only by reprogramming the gRNA
component of the dCasEV2.1 complex. To show this, we
programmed dCasEV2.1 to target two genes of N. bentha-
miana, the DFR (NbDFR) gene and the phenylalanine
ammonia-lyase 2 (NbPAL2) gene. These two genes codify
for enzymes involved in the flavonoid biosynthetic path-
way in plants. DFR plays an important role in the syn-
thesis of anthocyanins [35], while PAL is the key enzyme
catalyzing the conversion of aromatic amino acids into
secondary metabolites [25]. A dCasEV2.1 construct in
Cu/Cu conformation (CBS4:minDFR:dCas9:EDLL:tNOS-
CBS4:minDFR:MS2:VPR:tNOS) was targeted with a
pol-III expressed multiplexing gRNA to three positions
of either the NbDFR promoter [31] or the NbPAL2 pro-
moter [32]. A gRNA targeting the S. lycopersicurn MTB
gene was included as a negative control of the activation.
The constitutively expressed dCasEV2.1 was used as a
positive control for maximum activation levels. Spray-
ing leaves with 5 mM CuSO, resulted in a remarkable
2600-fold activation of NbDFR mRNA levels and a 245-
fold activation of NbPAL2 mRNA levels (Fig. 4b). The
expression of both NbDFR and NbPAL2 was negligible
in absence of copper, an indication of the highly reduced
background levels achieved with the optimization of the
copper-responsive genetic tool developed in this work.

Discussion

CRISPR-based PTAs are becoming extensively used for
endogenous genes activation in plants due to their high
specificity and their effectiveness in boosting transcrip-
tional activation [14, 33] [42]. The exploitation of their
full potential as tools for the activation on-demand of
metabolic and signalling networks relies on their tight
regulation. In plants, several chemical inducible systems

(See figure on next page.)
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Fig. 3 Reporter gene activation by chemically inducible pol-Il expressed guide RNAs in combination with dCasEV2.1. a Schematic representation
of cloning strategy and post-transcriptional processing of guide RNA (gRNA). The tRNA and scaffold-tRNA sequences are excised from a Level -1
plasmid and assembled together with the protospacer in a Level 0 plasmid. The tRNA-protospacer-scaffold-tRNA unit is transferred to a Level 1
vector to generate the gRNA expression cassette. b Reporter gene activation with constitutive dCasEV2.1 and differently expressed gRNAs. The
pDFR:FLuc reporter was activated by a constitutive dCasEV2.1 under two 35S promoter (Cs/Cs dCasEV2.1) combined with differently expressed
gRNAs targeting the DFR promoter of the FLuc reporter. U6-26 is a constitutive promoter for polymerase Ill, and pNOS and p35S are constitutive
promoters for polymerase II. CBS is the operator for copper induction and AlcA is the operator for ethanol induction. Both CBS and AlcA are
assembled next to a minimal DFR promoter. ¢ Triple induction of dCasEV2.1 components to activate gene expression. The pDFR:FLuc reporter
was activated by a dually induced dCasEV2.1 using a minDFR promoter (Cu/Cu dCasEV2.1) in combination with differently expressed gRNAs
targeting the DFR promoter of the FLuc reporter. Activation is expressed as Normalized FLuc/RLuc ratios obtained for the N. benthamiana leaves
transiently expressing the genetic constructs. All FLuc/RLuc ratios were normalized using the FLuc/RLuc ratios of N. benthamiana leaves expressing
a constitutive pNOS:Fluc reporter. Error bars indicate SD (n = 3). Statistical analyses were performed using one-way ANOVA (Tukey'’s multiple
comparisons test, P-Value < 0.05). Variables within the same statistical groups are marked with the same letters. The figure includes images from
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have been used for controlled gene expression. These
systems are triggered by different compounds including
antibiotics, ethanol, steroids, or copper [1]. The main
advantages of using copper as an inductor for plants are
that copper sulfate is cheap and represents a friendly

substance in agriculture. Thus, we optimized a copper-
inducible system named Cl-switch to regulate the pro-
grammable transcriptional activator dCasEV2.1 [31].
Ku et al. [15], showed that 40 mM and 80 mM CuSO,
applied to N. benthamiana by watering was associated
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with a marked decrease in protein content and water def-
icit in tobacco shoots. However, they did not significantly
report these detrimental effects in the plant with 20 mM
CuSO,. The concentrations tested for our system were
below 20 mM and CuSO, was not applied by watering
but by spraying intending to diminish any possible sys-
temic copper toxicity. We reported that 10 mM CuSO,
application was associated with necrosis symptoms on
the treated leaf. Possibly, 10 mM CuSO, directly reaching
the leaf cells is too high for the homeostasis cell machin-
ery to modulate the redox-active properties of copper in
the cytoplasm [5, 10]. An important consideration was
that only treated leaves presented necrosis symptoms but
not the untreated leaves of the same plant. Possibly, the
local toxicity was not declining the global plant growth.
Eventually, we selected 5 mM as the CuSO, concentra-
tion to apply to our system because treated leaves did not
show necrosis symptoms during the 5 days after CuSO,
application. However, further study is required to under-
stand whether the proposed application of copper can
affect plant viability in the long term. Lower applicable
concentrations such as the tested 1 mM CuSO, might be
an alternative to mitigate long-term toxic effects at the
expense of slightly decreasing gene activation.

Since the first report on the use of the Cu*"-regulated
transcription factor CUP2 for gene activation in plants
[22], the system has been adapted for different applica-
tions. However, most of these applications were not
effective enough because of poor induction [3, 11, 23],
variability between plants, and leakiness [12]. Saijo &
Nagasawa [29] boosted the initial system by fusing the
viral activation domain VP16 to CUP2 and by incorporat-
ing 4 repetitions of the Copper Binding Site (CBS) opera-
tor next to a minimal 35S promoter upstream the gene of
interest. With this improved system, they reported a high
transcription activation of GFP in transgenic lines as well
as the induction of flowering in Arabidopsis thaliana. In
this work, we tested different activation domains in com-
bination with CUP2 to explore a higher activation capac-
ity of the system. Contrary to Saijo & Nagasawa [29], in
our hands, the use of VP16 did not confer a significant
improvement to the system. Most interesting, Gal4
fusion resulted in a potent activator and consequently
our CI-switch incorporates this domain. According to
current regulations [37], the application of the eukaryotic
Gal4 domain at the open field would be more straight-
forward than the application of the viral VP16. Ulti-
mately, the goal of this work is to provide transcriptional
switches which can be realistically deployed in the field,
and therefore we decided to continue our characteriza-
tion with Gal4. We are aware that, despite the choice
of Gal4, the system described in this work is not com-
pletely free of viral domains, as dCasEV2.1 contains the
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VPR domain, a tandem of activation domains containing
viral sequences (VP64-p65-Rta). While VPR showed the
highest activation rates and therefore was the domain of
choice for building the dCasEV2.1 tool, other non-viral
domains, namely EDLL, ERF2 and P300, were success-
fully assayed during dCasEV2.1 optimization which are
available in the GoldenBraid collection and the Addgene
repository [31]. Although for the optimization experi-
ments described here we chose the use of dCasEV2.1,
the alternative non-viral domains are likely to yield simi-
lar responses although probably with smaller activation
rates. Recently, Pan et al. reported that the fusion of two
copies of the transcription activator-like effector (TALE)
TAL Activation Domain (TAD) to MS2 resulted in strong
activation [26]. An alternative configuration for our dCa-
sEV2.1 incorporating TAD may be convenient for devel-
oping a free-viral tool to combine with our CI-switch.
When connecting an inducible switch to a potent tran-
scriptional activator, such as dCasEV2.1, it is important
to consider that the signal is highly amplified and a mini-
mal leakiness in the inducible system can result in a non-
desired activation of the gene of interest in the absence
of inductor. Therefore, for the novel application of cop-
per to regulate a PTA, we explored the single and dual
regulation of both transcriptional units that make up
dCasEV2.1. We also investigated two different minimal
promoters, DFR, characterized for its low basal expres-
sion, and 35S, used in previous studies for copper regu-
lation. The results obtained in this work showed that
dual regulation presented lower leakiness and resulted
in a higher activation than the single regulation. In the
case of dual regulation, 110- and 5.18-fold increments
of reporter activity were obtained with the minimal DFR
and minimal 35S, respectively. To overturn leakiness in
the system, minimal DFR resulted as the most suitable
promoter to use since the basal expression is practically
null. However, if the goal of the activation is reaching a
higher expression rate, a minimal 35S promoter would
be more promising despite the leakiness. For supplying
an extra regulation point to dCasEV2.1 activation, we
attempted regulation of the guide RNA. For this regu-
lation, we flanked the gRNA of interest by two tRNASY
sequences and we tested different pol-II promoters. How-
ever, this extra regulation did not lead to efficient control
over the activation of the reporter gene. These results are
consistent with those reported by Knapp et al. [13] show-
ing that tRNAs can generate functional gRNAs that are
constitutively and promoter-independently expressed.
Knapp et al. [13] designed a tRNAP™ scaffold (A, AC55A,
and AC55G) with minimized promoter strength without
affecting the processing activity of the tRNA. It would be
interesting to explore alternative approaches for gRNA
regulation that could include the implementation of these
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tailored tRNAs or to test the regulation of gRNAs free of
tRNA structures.

The strict control of an inducible gene expression sys-
tem is essential when studying signalling networks or
when producing recombinant proteins with toxic effects
in plants. Thus, our optimization steps of a copper-induc-
ible PTA aimed to get maximum expression levels while
keeping low basal expression. Altogether, our results
showed that the best configuration for the Copper-Induc-
ible switch consists of a constitutive CUP2:Gal4 tran-
scription factor able to bind and activate the expression
of the two protein components of the dCasEV2.1 from a
CBS operator and minDFR promoter in the presence of
5 mM copper sulfate. The gRNA targeting the PTA to the
gene of interest can be expressed constitutively from a
pol III promoter.

We confirmed the robustness of our tool with the acti-
vation of two N. benthamiana endogenous genes, NbDFR
and NbPAL2, which resulted in 2600-fold and 245-fold
transcriptional activation rates, respectively, after copper
application. Moreover, no leaky activation was reported
for our tool in any of the two endogenous activations.
The stable transformation of the copper-inducible PTA
developed in this work along with user-designed gRNAs
would result in a highly specific spatial/temporal expres-
sion of the genes of interest, either native or transgenes,
in the plant. Furthermore, the application possibilities of
the system may be expanded with a regulated expression
of the gRNAs. This could be achieved either by the incor-
poration of tRNAs with minimized promoter strength, as
discussed previously, or with tissue-specific promoters.
The feasibility of regulating gRNA synthesis would open
the possibility of creating AND-logic gates to tightly con-
trol endogenous gene activation on-demand.

Conclusions

In this study, we achieved tight control over gene
expression in N. benthamiana using copper as the
inductor. The comparison of different activation
domains fused to CUP2 showed that Gal4 gives potent
activation, and it is the most promising domain for
open field use. The application of 5 mM copper sulfate
results in good activation levels without severe phyto-
toxic effects. Alternative configurations for connect-
ing the CI-switch to the PTA dCasEV2.1 were tested
to get maximum expression levels while keeping low
basal expression. Our results showed that dual regula-
tion of both transcriptional units that make up dCa-
sEV2.1 driven by four repeats of CBS operator and a
minDFR promoter is the most competent configura-
tion. The use of the minDFR promoter is essential for
preventing leaky gene expression. When applying the
copper-inducible PTA for N. benthamiana DFR and
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PAL2 genes activation, we obtained a 2600-fold and a
245-fold, respectively, transcriptional activation after
copper application.

Methods

Cloning and assembly of the GoldenBraid constructs

The constructs used in this work were assembled using
the GoldenBraid (GB) cloning system [30, 39]. This sys-
tem is based on subsequent Type IIS-restriction-ligation
reactions to clone the desired TUs or combinations of
TUs in destination vectors. Shortly, in the GoldenBraid
hierarchy, basic DNA parts such as promoters, termi-
nators, and coding sequences of genes of interest are
considered as level 0 DNA parts. These level 0 parts are
cloned in the pUPD2 plasmid via a BsmBI-mediated
restriction-ligation reaction. Transcriptional units repre-
sent level 1 and they are assembled via a Bsal-mediated
restriction-ligation reaction using a pDGB3 a as desti-
nation vector. The transcriptional units are combined
to create complex genetic modules in level >1, by using
Bsal- and BsmBl-mediated assembly reactions into
pDGB3 o and pDGB3 Q destination vectors. All the con-
structs used in this work are listed in Additional file 1:
Table S1, as well as their identification numbers to track
their sequence and their assembly history at the Golden-
Braid repository (https://gbcloning.upv.es/).

Agroinfiltration experiments

Transient expression of the genetic constructs was per-
formed in wild-type Nicotiana benthamiana (obtained
from Wageningen University & Research seeds collec-
tion and grown in-house). Agrobacterium tumefaciens
strain C58 harboring the expression vectors were grown
in LB medium supplemented with 50 pg/ml kanamycin
or spectinomycin and 50 pg/ml rifampicin for 16 h at
28°C/250 rpm. Subsequently, the bacteria were pelleted,
transferred to infiltration buffer (10 mM MES, 10 mM
MgCl,, and 200 uM acetosyringone, pH 5.6), and incu-
bated for 2 h at room temperature in a rolling mixer.
After this incubation step, the ODg, of the cultures was
adjusted to 0.1. For plant co-expression of more than one
GB element, the different Agrobacterium cultures were
mixed and co-infiltrated in three young fully expanded
leaves of five weeks-old N. benthamiana plants. The
plants were maintained in a growing chamber at 24 °C
(light)/20 °C (darkness) 16 h-light/8 h dark photoperiod.
Infiltrated leaves were treated either with 0.1-10 mM
copper sulfate, 20% ethanol, or water in combination
with 0.05% fluvius by spray at three days post infiltration
(dpi). The spray was applied to both the adaxial and abax-
ial surfaces of the leaf.
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Quantification of reporter gene expression

One 8 mm-diameter disc per infiltrated leaf was col-
lected at 4 dpi and stored at —80°C. For analysis, the
samples were homogenized, extracted in 180 pl Passive
Lysis Buffer (Promega), and centrifugated for 15 min at
14,000 x g and 4 °C. An aliquot of 10 pl from the result-
ant supernatant was transferred to a 96-well plate. As the
reporter gene that we used to determine gene expression
was the Firefly Luciferase (FLuc), quantification of gene
expression was done by measuring the luminescence
generated by FLuc. For this measurement, the Dual-Glo®
Luciferase Assay System (Promega) was used. The 10 pl
of crude extract were mixed with 40 pl of LARII and
the FLuc activity was measured by a GloMax 96 Micro-
plate Luminometer (Promega), setting a 2-s delay and a
10-s measurement. After measuring, 40 pl of Stop&Glo
reagent were added per sample and Renilla Luciferase
(RLuc) activity was quantified with the same protocol.
FLuc/RLuc ratios were calculated as the mean value of
the three agroinfiltrated leaves from the same plant. Rela-
tive transcriptional activities were expressed as the FLuc/
RLuc ratios in each sample and normalized to the FLuc/
RLuc ratios of a reference reporter (GB1116 in Addi-
tional file 1: Table S1).

Real-time quantitative PCR analysis

Total RNA was isolated from 100 mg of fresh leaf tis-
sue harvested at 5 dpi by using the GeneJET Plant RNA
Purification Kit (Thermo Fisher Scientific). The RNA was
treated with rDNase (Invitrogen) before cDNA synthe-
sis. The cDNA was synthesized from 1 ug of total RNA
using the PrimeScript’ RT-PCR Kit (Takara). Three
technical replicates were measured for gene expression
levels in each cDNA sample. The SYBR® fluorescent dye
(TB Green® Premix Ex Taq ", Takara) was employed for
reporting the amplification of cDNA in the Applied bio-
system 7500 Fast Real-Time PCR system with specific
primer pairs for either DFR or PAL2 genes (Additional
file 1: Table S2). F-BOX gene was amplified as an inter-
nal reference (Liu et al, 2012) for determining DFR/
PAL2 gene expression in each sample (ACt). The dif-
ferential DFR/PAL2 gene expression levels were calcu-
lated according to the comparative AACt method as the
ratio between the samples agroinfiltrated with the dCa-
sEV2.1 and a gRNA targeting the DFR/PAL2 promoter
(gNbDFR/gNbPAL2) and those including the same con-
struct but an unrelated gRNA (gMTB), both for copper
and water treatments [19].

Abbreviations
PTA: Programmable transcriptional activators; Cl-switch: Copper inducible-
switch (CUP2:Gal4); CuSO,: Copper sulfate; dCas9: Nuclease-inactivated Cas9
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dCasEV2.1: Copper inducible dCasEV2.1; CBS: Copper binding site; CUP2:
Copper responsive factor; TU: Transcriptional unit; DFR: NADPH-dependent
dihydroflavonol reductase; PAL: Phenylalanine ammonia-lyase; FLuc: Firefly
luciferase; RLuc: Renilla luciferase; tRNA: Transfer RNA; RTA: Relative transcrip-
tional activity; gRT-PCR: Quantitative real-time PCR; Pol-Il: RNA polymerase II;
AlcR: Ethanol-responsive transcriptional factor; Cs: Constitutive transcription;
Cu: Copper-regulated transcription.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512896-022-00741-x.

Additional file 1. Supplementary Table 1: GB level T and >1 transcrip-
tional units and modules. Sequences can be found at http://www.gbclo
ning.upv.es/ using the GB number or GB name. Supplementary Table 2:
Primer pairs for RT-qPCR.

Authors’ contributions

E.G-P, B.D-M, A.Q-R, M. V-V. designed the experiments. E. G-P, B. D-M., A.
Q-R, E.M-G, S.S. conducted the experiments. E. G-P, M. V-V, D. O. drafted the
manuscript. All the authors revised and approved the final manuscript.

Funding

This work has been funded by EU Horizon 2020 Project Newcotiana Grant
760331, PID2019-108203RB-100 Plan Nacional |+ D, Spanish Ministry of
Economy and Competitiveness and ‘ERACoBioTech' Project SUSPHIRE Grant
No. 722361. Vazquez-Vilar, M. is recipient of APOSTD/2020/096 (Generalitat
Valenciana and Fondo Social Europeo post-doctoral grant). Garcia-Perez, E.
is recipient of ACIF-2020 fellowship (Generalitat Valenciana). Diego-Martin, B.
and Moreno-Gimenez, E. are recipients of FPU fellowships. Selma, S. is recipi-
ent of FPI fellowship.

Availability of data and materials

The materials generated during the current study are available from the cor-
responding author on reasonable request. Furthermore, genetic constructs
can be requested at https://gbcloning.upv.es/order/. The dataset generated
and analysed during the current study are available in the Zenodo repository,
https://doi.org/10.5281/zenod0.6256318.

Declarations

Ethics approval and consent to participate

This study complies with institutional biosafety and biocontainment guide-
lines. This article does not contain any studies with human participants or
animals performed by any of the authors.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'Instituto Biologfa Molecular de Plantas, CSIC-UPV, Valencia, Spain. 2Institute
for Protein Design, University of Washington, Seattle, WA, USA.

Received: 8 September 2021 Accepted: 11 March 2022
Published online: 24 March 2022

References

1. Andres J, Blomeier T, Zurbriggen MD. Synthetic switches and regulatory
circuits in plants. Plant Physiol. 2019;179(3):862. https://doi.org/10.1104/
pp.18.01362.


https://doi.org/10.1186/s12896-022-00741-x
https://doi.org/10.1186/s12896-022-00741-x
http://www.gbcloning.upv.es/
http://www.gbcloning.upv.es/
https://gbcloning.upv.es/order/
https://doi.org/10.5281/zenodo.6256318
https://doi.org/10.1104/pp.18.01362
https://doi.org/10.1104/pp.18.01362

Garcia-Perez et al. BMIC Biotechnology

20.

21.

(2022) 22:12

Bernabé-Orts JM, Quijano-Rubio A, Vazquez-Vilar M, Manchefio-Bonillo
J, Moles-Casas V, Selma S, Gianoglio S, Granell A, Orzaez D. A memory
switch for plant synthetic biology based on the phage ¢C31 integration
system. Nucleic Acids Res. 2020. https://doi.org/10.1093/nar/gkaa104.
Boetti H, Chevalier L, Denmat LA, Thomas D, Thomasset B. Efficiency
of physical (light) or chemical (ABA, tetracycline, CuSO4 or 2-CBSU)-
stimulus-dependent gus gene expression in tobacco cell suspensions.
Biotechnol Bioeng. 1999;64(1):1-13. https://doi.org/10.1002/(SIC)1097-
0290(19990705)64:1%3c1::AID-BIT1%3e3.0.CO;2-E.

Buchman C, Skroch P, Welch J, Fogel S, Karin M. The CUP2 gene
product, regulator of yeast metallothionein expression, is a copper-
activated DNA-binding protein. Mol Cell Biol. 1989;9(9):4091-5. https://
doi.org/10.1128/mcb.9.9.4091-4095.1989.

Burkhead JL, Gogolin Reynolds KA, Abdel-Ghany SE, Cohu CM, Pilon
M. Copper homeostasis. New Phytol. 2009;182(4):799-816. https://doi.
org/10.1111/j.1469-8137.2009.02846 X.

Casas-Mollano JA, Zinselmeier MH, Erickson SE, Smanski MJ. CRISPR-
cas activators for engineering gene expression in higher eukaryotes.
CRISPR J. 2020;3(5):350-64. https://doi.org/10.1089/crispr.2020.0064.
Chavez A, Scheiman J, Vora S, Pruitt BW, Tuttle M, lyer E, Lin S, Kiani

S, Guzman CD, Wiegand DJ, Ter-Ovanesyan D, Braff JL, Davidsohn N,
Housden BE, Perrimon N, Weiss R, Aach J, Collins JJ, Church GM. Highly
efficient Cas9-mediated transcriptional programming. Nat Methods.
2015;12(4):326-8. https://doi.org/10.1038/nmeth.3312.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang
W, Marraffini LA, Zhang F. Multiplex genome engineering using
CRISPR/Cas systems. Science. 2013;339(6121):819-23. https://doi.org/
10.1126/science.1231143.

Corrado G, Karali M. Inducible gene expression systems and plant
biotechnology. Biotechnol Adv. 2009;27(6):733-43. https://doi.org/10.
1016/j.biotechadv.2009.05.006.

. DalCorso G, Manara A, Piasentin S, Furini A. Nutrient metal elements

in plants. Metallomics. 2014;6(10):1770-88. https://doi.org/10.1039/
C4MTO00173G.

. Granger CL, Cyr RJ. Microtubule reorganization in tobacco BY-2 cells

stably expressing GFP-MBD. Planta. 2000;210(3):502-9. https://doi.org/
10.1007/5004250050037.

. Granger CL, Cyr RJ. Characterization of the yeast copper-inducible pro-

moter system in Arabidopsis thaliana. Plant Cell Rep. 2001;20(3):227-34.
https://doi.org/10.1007/5002990000308.

. Knapp DJHF, Michaels YS, Jamilly M, Ferry QRV, Barbosa H, Milne

TA, Fulga TA. Decoupling tRNA promoter and processing activities
enables specific Pol-Il Cas9 guide RNA expression. Nat Commun.
2019;10(1):1490. https://doi.org/10.1038/541467-019-09148-3.

. Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO, Bar-

cena C, Hsu PD, Habib N, Gootenberg JS, Nishimasu H, Nureki O, Zhang
F. Genome-scale transcriptional activation by an engineered CRISPR-
Cas9 complex. Nature. 2015. https://doi.org/10.1038/nature14136.

. KuH-M, Tan C-W, Su Y-S, Chiu C-Y, Chen C-T, Jan F-J. The effect of

water deficit and excess copper on proline metabolism in Nicotiana
benthamiana. Biol Plant. 2012;56(2):337-43. https://doi.org/10.1007/
$10535-012-0095-1.

. KumarV, Pandita S, Sharma A. Copper bioavailability, uptake, toxicity

and tolerance in plants: a comprehensive review. Chemosphere.
2021;262:127810. https://doi.org/10.1016/j.chemosphere.2020.127810.

. Kunii A, Hara Y, Takenaga M, Hattori N, Fukazawa T, Ushijima T, Yama-

moto T, Sakuma T. Three-component repurposed technology for
enhanced expression: highly accumulable transcriptional activators
via branched tag arrays. CRISPR J. 2018;1(5):337-47. https://doi.org/10.
1089/crispr.2018.0009.

. LiuW, Stewart N. Plant synthetic biology. Trends Plant Sci.

2015;20(5):309-17. https://doi.org/10.1016/j.tplants.2015.02.004.

. Livak KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods (San Diego, Calif). 2001;25(4):402-8. https://doi.org/10.1006/
meth.2001.1262.

Mali P, Esvelt KM, Church GM. Cas9 as a versatile tool for engineering
biology. Nat Methods. 2013;10(10):957-63. https://doi.org/10.1038/
nmeth.2649.

Mandegar MA, Huebsch N, Frolov EB. CRISPR interference efficiently
induces specific and reversible gene silencing in human iPSCs. Cell

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Page 12 of 13

Stem Cell. 2016;18(4):541-53. https://doi.org/10.1016/j.stem.2016.01.
022.

Mett VL, Lochhead LP, Reynolds PH. Copper-controllable gene expres-
sion system for whole plants. Proc Natl Acad Sci. 1993;90(10):4567-71.
Mohamed R, Meilan R, Strauss SH. Complex behavior of a copper-
inducible gene expression system in transgenic poplar. Int J For Genet.
2001; https://agris.fac.org/agris-search/search.do?recordlD=SK200
1000875

Nandagopal N, Elowitz MB. Synthetic biology: integrated gene circuits.
Science. 2011;333(6047):1244-8. https://doi.org/10.1126/science.12070
84.

Olsen KM, Lea US, Slimestad R, Verheul M, Lillo C. Differential expres-
sion of four Arabidopsis PAL genes; PAL1 and PAL2 have functional
specialization in abiotic environmental-triggered flavonoid synthesis.
J Plant Physiol. 2008;165(14):1491-9. https://doi.org/10.1016/j,jplph.
2007.11.005.

Pan C, Wu X, Markel K, Malzahn AA, Kundagrami N, Sretenovic S, Zhang
Y, Cheng Y, Shih PM, Qi Y. CRISPR-Act30 for highly efficient multiplexed
gene activation in plants. Nat Plants. 2021;7(7):942-53. https://doi.org/
10.1038/541477-021-00953-7.

Pickar-Oliver A, Gersbach CA. The next generation of CRISPR-Cas tech-
nologies and applications. Nat Rev Mol Cell Biol. 2019;20(8):490-507.
https://doi.org/10.1038/541580-019-0131-5.

Roslan HA, Salter MG, Wood CD, White MRH, Croft KP, Robson F, Cou-
pland G, Doonan J, Laufs P, Tomsett AB, Caddick MX. Characterization
of the ethanol-inducible alc gene-expression system in Arabidopsis
thaliana. Plant J. 2001;28(2):225-35. https://doi.org/10.1046/j.1365-
313X.2001.01146.x.

Saijo T, Nagasawa A. Development of a tightly regulated and highly
responsive copper-inducible gene expression system and its applica-
tion to control of flowering time. Plant Cell Rep. 2014;33(1):47-59.
https://doi.org/10.1007/500299-013-1511-5.

Sarrion-Perdigones A, Vazquez-Vilar M, Palaci J, Castelijns B, Forment

J, Ziarsolo P, Blanca J, Granell A, Orzaez D. GoldenBraid 20: a compre-
hensive DNA assembly framework for plant synthetic biology. Plant
Physiol. 2013;162(3):1618-31. https://doi.org/10.1104/pp.113.217661.
Selma S, Bernabé-Orts JM, Vazquez-Vilar M, Diego-Martin B, Ajenjo

M, Garcia-Carpintero V, Granell A, Orzaez D. Strong gene activation in
plants with genome-wide specificity using a new orthogonal CRISPR/
Cas9-based programmable transcriptional activator. Plant Biotechnol J.
2019;17(9):1703-5. https://doi.org/10.1111/pbi.13138.

Selma'S, Sanmartin N, Espinosa-Ruiz A, Gianoglio S, Lopez-Gresa M,
Vazquez-Vilar M, Flors V, Granell A, Orzaez D. Custom-made design of
metabolite composition in N. benthamiana leaves using CRISPR activa-
tors. Synth Biol. 2021;1:1. https://doi.org/10.1101/2021.07.12.452005.
Tanenbaum ME, Gilbert LA, Qi LS, Weissman JS, Vale RD. A protein-tag-
ging system for signal amplification in gene expression and fluores-
cence imaging. Cell. 2014. https://doi.org/10.1016/j.cel.2014.09.039.
Tang W, Luo X, Samuels V. Regulated gene expression with promoters
responding to inducers. Plant Sci. 2004;166(4):827-34. https://doi.org/
10.1016/j.plantsci.2003.12.003.

Tian J, Chen M, Zhang J, Li K, Song T, Zhang X, Yao Y. Characteristics

of dihydroflavonol 4-reductase gene promoters from different leaf
colored Malus crabapple cultivars. Horticult Res. 2017;4(1):17070.
https://doi.org/10.1038/hortres.2017.70.

Tiwari SB, Belachew A, Ma SF, Young M, Ade J, Shen Y, Marion CM,
Holtan HE, Bailey A, Stone JK, Edwards L, Wallace AD, Canales RD, Adam
L, Ratcliffe OJ, Repetti PP. The EDLL motif: a potent plant transcrip-
tional activation domain from AP2/ERF transcription factors. Plant J.
2012;70(5):855-65. https://doi.org/10.1111/j.1365-313X.2012.04935 x.
Turnbull C, Lillemo M, Hvoslef-Eide TAK. Global regulation of geneti-
cally modified crops amid the gene edited crop boom—a review.
Front Plant Sci. 2021. https://doi.org/10.3389/fpls.2021.630396.
Vazquez-Vilar M, Bernabé-Orts JM, Fernandez-del-Carmen A, Ziarsolo
P, Blanca J, Granell A, Orzaez D. A modular toolbox for gRNA-

Cas9 genome engineering in plants based on the GoldenBraid
standard. Plant Methods. 2016;12(1):10. https://doi.org/10.1186/
$13007-016-0101-2.

Vazquez-Vilar M, Quijano-Rubio A, Fernandez-Del-Carmen A, Sarrion-
Perdigones A, Ochoa-Fernandez R, Ziarsolo P, Blanca J, Granell A,
Orzaez D. GB3.0: a platform for plant bio-design that connects


https://doi.org/10.1093/nar/gkaa104
https://doi.org/10.1002/(SICI)1097-0290(19990705)64:1%3c1::AID-BIT1%3e3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-0290(19990705)64:1%3c1::AID-BIT1%3e3.0.CO;2-E
https://doi.org/10.1128/mcb.9.9.4091-4095.1989
https://doi.org/10.1128/mcb.9.9.4091-4095.1989
https://doi.org/10.1111/j.1469-8137.2009.02846.x
https://doi.org/10.1111/j.1469-8137.2009.02846.x
https://doi.org/10.1089/crispr.2020.0064
https://doi.org/10.1038/nmeth.3312
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1231143
https://doi.org/10.1016/j.biotechadv.2009.05.006
https://doi.org/10.1016/j.biotechadv.2009.05.006
https://doi.org/10.1039/C4MT00173G
https://doi.org/10.1039/C4MT00173G
https://doi.org/10.1007/s004250050037
https://doi.org/10.1007/s004250050037
https://doi.org/10.1007/s002990000308
https://doi.org/10.1038/s41467-019-09148-3
https://doi.org/10.1038/nature14136
https://doi.org/10.1007/s10535-012-0095-1
https://doi.org/10.1007/s10535-012-0095-1
https://doi.org/10.1016/j.chemosphere.2020.127810
https://doi.org/10.1089/crispr.2018.0009
https://doi.org/10.1089/crispr.2018.0009
https://doi.org/10.1016/j.tplants.2015.02.004
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nmeth.2649
https://doi.org/10.1038/nmeth.2649
https://doi.org/10.1016/j.stem.2016.01.022
https://doi.org/10.1016/j.stem.2016.01.022
https://agris.fao.org/agris-search/search.do?recordID=SK2001000875
https://agris.fao.org/agris-search/search.do?recordID=SK2001000875
https://doi.org/10.1126/science.1207084
https://doi.org/10.1126/science.1207084
https://doi.org/10.1016/j.jplph.2007.11.005
https://doi.org/10.1016/j.jplph.2007.11.005
https://doi.org/10.1038/s41477-021-00953-7
https://doi.org/10.1038/s41477-021-00953-7
https://doi.org/10.1038/s41580-019-0131-5
https://doi.org/10.1046/j.1365-313X.2001.01146.x
https://doi.org/10.1046/j.1365-313X.2001.01146.x
https://doi.org/10.1007/s00299-013-1511-5
https://doi.org/10.1104/pp.113.217661
https://doi.org/10.1111/pbi.13138
https://doi.org/10.1101/2021.07.12.452005
https://doi.org/10.1016/j.cell.2014.09.039
https://doi.org/10.1016/j.plantsci.2003.12.003
https://doi.org/10.1016/j.plantsci.2003.12.003
https://doi.org/10.1038/hortres.2017.70
https://doi.org/10.1111/j.1365-313X.2012.04935.x
https://doi.org/10.3389/fpls.2021.630396
https://doi.org/10.1186/s13007-016-0101-2
https://doi.org/10.1186/s13007-016-0101-2

Garcia-Perez et al. BMC Biotechnology (2022) 22:12 Page 13 of 13

functional DNA elements with associated biological data. Nucleic
Acids Res. 2017;45(4):2196-209. https://doi.org/10.1093/nar/gkw1326.

40. Xie K, Minkenberg B, Yang Y. Boosting CRISPR/Cas9 multiplex editing
capability with the endogenous tRNA-processing system. Proc Natl
Acad Sci USA. 2015;112(11):3570-5. https://doi.org/10.1073/pnas.
1420294112.

41. Zhang F. Development of CRISPR-Cas systems for genome editing and
beyond. Q Rev Biophys. 2019. https://doi.org/10.1017/5003358351
9000052.

42. Zhang Y, Butelli E, Alseekh S, Tohge T, Rallapalli G, Luo J, Kawar PG, Hill
L, Santino A, Fernie AR, Martin C. Multi-level engineering facilitates the
production of phenylpropanoid compounds in tomato. Nat Commun.
2015;6:1-11. https://doi.org/10.1038/ncomms9635.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1093/nar/gkw1326
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1017/S0033583519000052
https://doi.org/10.1017/S0033583519000052
https://doi.org/10.1038/ncomms9635

	A copper switch for inducing CRISPRCas9-based transcriptional activation tightly regulates gene expression in Nicotiana benthamiana
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Optimization of a copper responsive genetic switch for efficient reporter gene activation in N. benthamiana
	Optimization of dCasEV2.1 copper-mediated regulation in N. benthamiana
	Effect of gRNA regulation on copper-inducible dCasEV2.1 activation
	Copper-regulated dCasEV2.1-mediated activation of endogenous genes

	Discussion
	Conclusions
	Methods
	Cloning and assembly of the GoldenBraid constructs
	Agroinfiltration experiments
	Quantification of reporter gene expression
	Real-time quantitative PCR analysis

	References


