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Abstract

Ligand inducible proteins that enable precise and reversible control of nuclear

translocation of passenger proteins have broad applications ranging from genetic

studies in mammals to therapeutics that target diseases such as cancer and diabetes.

One of the drawbacks of the current translocation systems is that the ligands used to

control nuclear localization are either toxic or prone to crosstalk with endogenous

protein cascades within live animals. We sought to take advantage of salicylic acid

(SA), a small molecule that has been extensively used in humans. In plants, SA

functions as a hormone that can mediate immunity and is sensed by the non-

expressor of pathogenesis‐related (NPR) proteins. Although it is well recognized that

nuclear translocation of NPR1 is essential to promoting immunity in plants, the exact

subdomain of Arabidopsis thaliana NPR1 (AtNPR1) essential for SA‐mediated nuclear

translocation is controversial. Here, we utilized the fluorescent protein mCherry as

the reporter to investigate the ability of SA to induce nuclear translocation of the

full‐length NPR1 protein or its C‐terminal transactivation (TAD) domain using

HEK293 cells as a heterologous system. HEK293 cells lack accessory plant proteins

including NPR3/NPR4 and are thus ideally suited for studying the impact of

SA‐induced changes in NPR1. Our results obtained using a stable expression system

show that the TAD of AtNPR1 is sufficient to enable the reversible SA‐mediated

nuclear translocation of mCherry. Our studies advance a basic understanding of

nuclear translocation mediated by the TAD of AtNPR1 and uncover a biotechnolo-

gical tool for SA‐mediated nuclear localization.

K E YWORD S
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1 | INTRODUCTION

Inducible control of nuclear localization is a fundamental mechanism

naturally employed by cells to enable posttranscriptional control of

cellular function and fate. At the molecular level, the change in pro-

tein localization is typically facilitated by a change in protein

conformation upon ligand binding that exposes a nuclear localization

signal (NLS), enabling transport to the nucleus. Identifying proteins or

their subdomains responsible for the nucleocytoplasmic shuttling in a

ligand‐dependent manner has provided tools for diverse applications:

(a) basic biology: conditional knockout to study gene functions in

specific tissues by fusion to the Cre recombinase (Feil et al., 1996);
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(b) synthetic biology: inducible CRISPR/Cas9 switches for transcrip-

tional activation and genome editing (Zhang et al., 2019; Zhao et al.,

2018); and (c) cell therapies: inducible apoptosis to eliminate ther-

apeutic cells on demand (Liu et al., 2018). Two major systems have

been widely utilized to control the inducible translocation of proteins

of interest: (a) the estrogen receptor and its ligand tamoxifen (Feil

et al., 1996; Fuhrmann‐Benzakein et al., 2000), and (b) rapamycin‐

induced dimerization of the FK506 binding protein (FKBP) and the

FKBP12‐rapamycin‐binding (FRB) domain of mammalian target of

rapamycin (mTOR; Liu et al., 2018; Xu et al., 2010). These systems are

however not without their drawbacks especially for therapeutic ap-

plications; tamoxifen, as an estrogen modulator has an impact on cells

throughout the body, and rapamycin (and its analogs, rapalogs), can

have a direct impact on the essential mTOR pathway in multiple cell

types (Di Ventura & Kuhlman, 2016). We sought to identify protein

or protein subdomains that can facilitate inducible nuclear translo-

cation in response to small molecules well studied for administration

to mammals/humans.

Salicylic acid (SA), derived from plants, has been used medicinally

in humans since antiquity. This extensive history of the safety of

human use of SA prompted us to investigate proteins or subdomains

that can enable nucleocytoplasmic shuttling in response to SA.

Within plants, SA is a hormone that plays a key role in innate im-

munity via the induction of systemic acquired resistance (SAR).

Studies suggest that pathogen infection results in the accumulation

of SA in infected tissues and distal leaves of the plant and this pre-

cedes the upregulation of pathogenesis‐related genes (PR genes;

Malamy et al., 1990; Métraux et al., 1990; Tsuda et al., 2009). In

Arabidopsis thaliana, both the nonexpressor of PR genes 1 (NPR1)

protein and NPR3/4 proteins function as SA receptors (Fu

et al., 2012; Wu et al., 2012). NPR1 functions as a transcriptional co‐

activator whereas NPR3/4 function as transcriptional co‐repressors

of the expression of genes associated with plant immunity (Ding

et al., 2018). Although the function of NPR1/3/4 as SA receptors is

established, the exact nature and outcome of the molecular inter-

action between NPR1 and SA remain controversial. Many different

roles have been proposed for this interaction between SA and NPR1

including influencing the oligomerization state, nuclear translocation,

and promoting the interaction between NPR1 and NPR3/4 (Kinkema

et al., 2000; Rochon et al., 2006; Tada et al., 2008).

In this study, we utilized the fluorescent protein mCherry as the

reporter to investigate the ability of SA to induce nuclear transloca-

tion of the full‐length NPR1 protein or its C‐terminal transactivation

(TAD) domain using a heterologous system. Our rationale for using

the mammalian expression system, HEK293 cells, was that all the

other accessory proteins including NPR3/NPR4 are absent in these

cells, and is thus ideally suited for directly studying the impact of SA

induced conformation changes in NPR1. Our results illustrate that the

C‐terminal TAD of NPR1 is sufficient to enable the SA‐mediated

nuclear translocation of mCherry. Systematic analyses show that

fusion proteins containing either full‐length NPR1 or NPR1‐TAD are

capable of nuclear translocation in response to SA. The response to

SA is reversible and the proteins revert to their basal localization

upon withdrawal of SA. Our studies advance a basic understanding

of nuclear translocation mediated by theTAD of NPR1 and provide a

biotechnological tool for ligand‐induced reversible nuclear localization.

2 | EXPERIMENTAL METHODS

2.1 | Molecular cloning using pcDNA3.4 vector

We obtained the gene fragments coding for mCherry, mCherry‐NLS,

and mCherry‐NPR1‐TAD by PCR. For the construction of the

mCherry‐NLS, the NLS sequence from the simian vacuolating virus

(SV40) was fused to the mCherry gene at the C‐terminus. The gene

fragment coding for NPR1 was purchased from Integrated DNA

Technologies. The plasmid containing the mCherry gene was a kind

gift from Dr. Xinping Fu (University of Houston). We amplified the

gene encoding mCherry‐NPR1‐TAD by PCR using primers designed

to encode a His8 tag (3ʹ), in addition to the restriction enzyme re-

cognition sites (5ʹ and 3ʹ). Primers for mCherry and mCherry‐NLS

constructs were designed without the His8 tag. Genetic fusion of

mCherry to NPR1‐TAD was accomplished via overlap extension PCR

(OE‐PCR). We digested the PCR products and pcDNA3.4 using

Bsu36I‐HF and AgeI‐HF at 37°C for 3 h and ligated them using T4

DNA ligase at 16°C overnight. We transformed the plasmids into

Escherichia coli MC1061 cells by electroporation and verified the

sequences by standard Sanger sequencing (Genewiz). Next, single

colonies for each of the mCherry, mCherry‐NLS, and mCherry‐NPR1‐

TAD constructs were inoculated in 100ml of Lysogeny broth (LB)

medium supplemented with 200 µg/ml ampicillin in separate flasks.

We grew the cells at 37°C overnight in an orbital shaker. Plasmid

DNAs were isolated using QIAGEN Plasmid Maxi Kit and QIAvac 24

Plus Vacuum Manifold (Qiagen Inc.).

2.2 | Molecular cloning using dCAS9_VP64_GFP
lentiviral backbone

We used Gibson assembly for the cloning of the constructs mCherry‐

NPR1‐TAD, NPR1‐TAD‐mCherry, mCherry‐linker‐NPR1, and NPR1‐

linker‐mCherry using the backbone of dCAS9_VP64 _GFP (Addgene,

plasmid #61422). The linker used in these constructs was

(SGGG)1(SGGGG)2. The constructs were transformed by heat shock

into E. coli E cloni chemical competent cells following the protocol

described by the manufacturer (Lucigen). We isolated the plasmids

and confirmed their sequence by Sanger sequencing.

2.3 | Transfection into HEK293T cells

We used low‐passage HEK293T cells with greater than 90%

viability for transient transfection of the plasmid constructs using

Lipofectamine LTX reagent (Thermo Fisher Scientific). The cells

were trypsinized and counted using trypan blue (STEMCELL

200 | SADEGHI ET AL.
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Technologies). 5 × 105 cells were seeded into a six‐well plate, the

day before transfection in 3 ml R10 (RPMI‐1640 supplemented

with 10% fetal bovine serum and L‐glutamine) growth medium to

50%–80% confluency. On the day of transfection, 2 µg of the

plasmid along with 2 µl PLUS reagent from the Lipofectamine LTX

Transfection Kit (Invitrogen) was added to 200 µl of the opti‐

MEM media (Invitrogen). Next, 4 µl of the Lipofectamine LTX

reagent was diluted in 200 µl of the same media, and each re-

action mix was incubated separately. After 5 min, the two tube

contents were mixed to allow the DNA‐Lipofectamine complex

to form. After 30 min of incubation, the mixture was added to

the cells, and 4 h later the media was replaced with 3 ml of

fresh R10.

2.4 | Generation of the stable cell line

5 × 106 of HEK293 cells were seeded into a T25 flask with 5 mL

DMEM F12 media the day before transfection. On the day of

transfection, 6 µg of the target plasmid, 5 µg of the psPAX plas-

mid, and 3 µg of the MD2G plasmid were transfected into

HEK293 cells using Lipofectamine transfection protocol. One day

after transfection, the media was removed and replaced with

10 ml of fresh R10 medium. We harvested the supernatant from

the cells after 72 h and concentrated the supernatants using

Amicon Ultra‐15 filters. These viral particles were used to infect

6 × 106 HEK293 cells. Next, the mCherry‐expressing HEK293

cells were sorted (FACSAria Fusion, MDACC) 1 week after

transduction. Sorted cells were propagated using R10 medium,

and used for subsequent experiments.

2.5 | Staining and microscopy

Cells expressing the protein of interest were harvested by spinning

down at 350g for 5min and washed with 1× phosphate‐buffered

saline (PBS) three times. 1 × 106 cells were resuspended in 1ml of 1×

PBS, and 10 µg/ml of the Hoechst 33342 dye (Thermo Fisher Sci-

entific) was added to the cells and incubated at 37°C for 20min.

Next, 4 × 105 cells were loaded into a 35‐mm petri dish, and

mCherry‐positive cells were imaged using a 100× (oil) 1.49 NA ob-

jective on A1/TiE inverted confocal microscope (Nikon Instruments

Inc.). Image analysis was performed on at least thirty cells that were

positive for both mCherry protein and Hoechst dye. N/C/D analysis

was performed by visualization. Translocation was considered to be

“predominantly in the nucleus”(N) if no mCherry signal was seen in

other cellular compartments. The same decision‐making trend was

applied to “predominantly in the cytoplasm”(C) and “distributed all

over the cell”(D) conditions. To track the localization of single‐cells,

we loaded 100 µl of stained cells at a density of 1 × 106/ml into a

micromesh array with a 50‐µm depth size (microsurfaces). The

Pearson's co‐localization coefficient was calculated using JaCop

plugin on ImageJ.

2.6 | SA dose optimization assay

SA was added to cells at final concentrations of 1 µM, 10 µM,

100 µM, 500 µM, 1 mM, and 2.5 mM. Cells were imaged before

addition of SA and 24 h after addition of SA. The relative change

on average PCC at different concentrations with respect to no

addition of SA was calculated using the formula

( )X X( − ) ± SEM + SEMc 0 c
2

0
2 , where XC and X0 are mean PCC va-

lues and SEMC and SEM0 are corresponding standard error of the

mean(SEM) at SA concentration C and 0, respectively. The re-

lative change in PCC was plotted against SA concentration and

linear regression was performed in Graphpad Prism.

2.7 | Reversibility assay

We recorded an initial image of the cells in the absence of SA.

Next, we added SA at a final concentration of 2.5 mM, and the

reversibility potential of the NPR1 variants was determined by

monitoring the co‐localization for up to 30 h after the addition of

SA. At this time, the media containing SA was carefully decanted

and replaced with fresh R10 media. The cells were placed in the

incubator for 18 more hours (48 h from time zero) and images

were captured using a confocal microscope.

2.8 | Structure prediction of AtNPR1

The structure of AtNPR1 was predicted using the Phyre2 web portal

for protein modeling, prediction, and analysis (Kelley et al., 2015). The

predicted model was visualized and edited using the EzMol inter-

face (Reynolds et al., 2018).

3 | RESULTS

3.1 | NPR1‐TAD is sufficient for translocation of
mCherry

To establish controls and determine the dynamic range for nuclear

localization, we cloned mCherry and mCherry fused to a C‐terminal

NLS (mCherry‐NLS) into a pcDNA based plasmid. The plasmids were

individually transfected into HEK293 cells (Figure 1a). The cells were

stained with the nuclear stain, DAPI, and visualized by fluorescent

confocal microscopy (Figure 1b). We quantified the degree of loca-

lization by subcategorizing cells expressing cargo mCherry as N

(predominantly in the nucleus), C (predominantly in the cytoplasm),

and D (distributed all over the cell). As expected, 97% of HEK293

cells transfected with mCherry showed diffuse staining indicating

that the protein was present both in the cytoplasm and the nucleus

(Figure 1b,d). By contrast, 52% of cells transfected with mCherry‐NLS

showed predominant nuclear localization (Figure 1b,d). We quantified
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the degree of nuclear co‐localization by computing Pearson's corre-

lation coefficient (PCC; Figure 1c). PCC values close to one imply

nuclear localization of mCherry while a value close to −1 implies

nuclear exclusion of mCherry (Figure S2). These results also con-

firmed that cells expressing mCherry‐NLS showed an enrichment of

the protein in the nucleus compared to cells expressing mCherry.

It has been proposed that the TAD domain of A. thaliana

NPR1 (AtNPR1), amino acids 513–593, harbors the SA‐binding

domain and the NLS fragment (Figure 1e; Wu et al., 2012).

The NLS is of AtNPR1 is an 18‐aa long peptide located in

between amino acids 537–554 with the complete sequence of

KRLQKKQRYMEIQETLKK (UniProtKB‐P93002 [NPR1‐ARATH]).

Although the structure of AtNPR1 is not available, the predicted

structure based on modeling indicated that NPR1 comprises sets

of helix bundles and that the TAD is a part of one such bundle

(Figure 1f). We thus hypothesized that the NPR1‐TAD is suffi-

cient for the ligand‐induced nuclear translocation of passenger

proteins. We tested this hypothesis using a heterologous ex-

pression platform in mammalian cells with the reasoning that any

other plant‐specific, NPR1 associated accessory proteins needed

for translocation are absent in mammalian cells. Accordingly, we

cloned the mCherry‐NPR1‐TAD fusion protein into the same

F IGURE 1 Fusion to NPR1‐TAD facilitates translocation of the mCherry reporter protein. (a) Constructs depicting mCherry and mCherry‐
NLS under CMV promoter in a pcDNA‐based vector. (b) Microscopy images representing intracellular localization of mCherry and mCherry‐NLS.
HEK 293T cells were stained with DAPI after transient transfection with mCherry and mCherry‐NLS. mCherry‐NLS protein is significantly
localized in the nucleus as opposed to the more diffuse mCherry protein as indicated by (c) PCC and (d) Percentage of N, C, and D distributions.
At least 30 single cells from one of three representative experiments are shown. A t‐test was used for comparing the two distributions.
***p < 0.001. (e) Domain architecture of NPR1 illustrates that the NLS is incorporated in the C‐terminal TAD domain. (f) The modeled structure
of the NPR1 predicts six helix bundles in the full‐length protein. (g) The design strategy of pcDNA‐based plasmid vector expressing NPR1‐TAD
under CMV promoter for transient transfection experiments. (h) Work‐flow showing SA‐induced protein translocation after transient
expression in HEK 293T mammalian cells. (i) Representative confocal microscopy images of DAPI (nucleus), mCherry, and the merged channels
showing an increased diffuse expression of mCherry after SA treatment. (j) Bargraph illustrating the percentage of cells with nuclear (N),
cytoplasmic (C), or distributed (D) protein. Treatment of mCherry‐NPR1‐TAD with SA altered the behavior of this fusion protein from
predominantly cytoplasmic to diffuse localization. The error bars represent the SEM of three independent trials. (k) Pearson's coefficients
were computed for mCherry‐NPR1‐TAD in the absence and presence of SA confirming its SA‐dependent translocation. The error bars
represent the SEM. At least 30 single cells from one of three representative experiments are shown. A t‐test was used for comparing the
two distributions. p < 0.0001

202 | SADEGHI ET AL.

 10970290, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bit.27966 by U

niversity O
f H

ouston Library C
entral C

am
pus, W

iley O
nline Library on [12/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



pcDNA backbone (Figure 1g). We transiently transfected the

plasmid into HEK293 cells and imaged the localization of mCherry

before and after the addition of 1 mM SA (Wu et al., 2012;

Figure 1h). In the absence of SA, 57% of the cells expressing

mCherry‐NPR1‐TAD showed predominant cytoplasmic staining

(Figure 1i,j). Twenty‐four hours after the addition of 1 mM SA,

only 8% of cells showed predominant cytoplasmic staining

(Figure 1i,j). This change was also reflected in the nuclear locali-

zation of the proteins within the same cells. The frequency of

cells expressing mCherry in the nucleus (D & N staining) increased

from 43% to 92% (Figure 1j). We quantified the overlap of the

mCherry signal with the nuclear stain using PCC. Consistent with

the subcellular classification, 57% of the cells showed a negative

correlation in the absence of SA, indicative of cytoplasmic ex-

pression. In the presence of SA 92% of cells showed a significant

nuclear correlation (Figure 1k; 0.18 ± 0.03 vs. 0.56 ± 0.09,

p < 0.0001). Collectively, these results using transient transfec-

tions, established that the NPR1‐TAD is sufficient for SA‐induced

nuclear translocation of mCherry in human cells. The magnitude

of cells with increased nuclear localization upon the addition of

ligand compares favorably to the tamoxifen inducible estrogen

receptor alpha system (Zhao et al., 2018).

3.2 | Differential subcellular localization of NPR1
fusion proteins

In our initial experiments, we fused the NPR1‐TAD at the C‐terminus

of mCherry since this is consistent with the localization of TAD within

NPR1. Having established that the NPR1‐TAD can mediate the nu-

clear translocation of mCherry, our next aim was to systematically

investigate whether (a) TAD can function at both N and C termini,

and (b) if the translocation mediated by full‐length NPR1 behaved

differently to the translocation mediated by the NPR1‐TAD.

Accordingly, we designed four separate constructs with mCherry

as the reporter protein: mCherry‐NPR1‐TAD, NPR1‐TAD‐mCherry,

mCherry‐NPR1, and NPR1‐mCherry (Figure 2a). Flexible Glycine‐

Serine linkers were inserted in constructs harboring full‐length NPR1

to allow for the mobility of the connecting domains (Chen

et al., 2013). We cloned the constructs downstream of the EF‐1α

promoter, transduced them into HEK293 cells, and flow‐sorted based

on mCherry fluorescence to generate stable cell lines (Figure 2b,c).

To study potential nucleocytoplasmic shuttling, we quantified

the localization of mCherry in these stable cell lines in the presence

and absence of SA using confocal microscopy. As a control, we cul-

tured the cells without addition of SA for 24 h and verified that the

F IGURE 2 Generation of stable mCherry NPR1 fusion proteins in HEK 293T cells. (a) Schematics of the constructs designed for stable
expression of mCherry‐NPR1‐TAD, mCherry‐Linker‐NPR1, NPR1‐TAD‐mCherry, and NPR1‐Linker‐mCherry under EF‐1α promoter.
(b) Stable expression of NPR1 fusion proteins was obtained by lentiviral transduction of HEK 293T cells. The infected cells were collected and
sorted for the cells containing mCherry fluorescent protein. (c) Representative histograms confirming successful stable transfection of the
NPR1 proteins (red line) versus the uninfected HEK 293T cells (black line)

SADEGHI ET AL. | 203
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localization of mCherry was invariant with time (Figure S3). Next, we

performed SA dose optimization studies for cells stably expressing

mCherry‐NPR1‐TAD, NPR1‐TAD‐mCherry, and NPR1‐mCherry at

concentrations varying from 1 µM to 2.5 mM. We observed a linear

correlation between increase on average PCC values and SA con-

centration for all three constructs (Figure S4). Although we used SA

at 1mM concentration in transient transfection experiments, we

increased the final SA concentration to 2.5 mM based on our dose

optimization experiments (Figure S4). Consistent with the data

we obtained with transient transfections, only 4% of cells expressing

mCherry‐NPR1‐TAD showed nuclear localization (D & N) in the ab-

sence of SA (Figure 3a,d,g). Upon the addition of SA, 32% of cells

showed nuclear localization of mCherry (Figure 3d) and this was also

reflected in significant increase in nuclear colocalization by PCC

(−0.26 ± 0.04 vs. −0.06 ± 0.01; p = 0.006). By comparison, 24% of

HEK293 cells expressing the construct with full‐length NPR1 at the

C‐terminus, mCherry‐NPR1, showed nuclear localization (D & N) in

the absence of SA (Figure S1) and this number was unaltered by the

addition of SA (Figure S1b). PCC was also consistent with a lack of

change in protein localization in these cells upon the addition of SA

(Figure S1c; −0.03 ± 0.01 vs. −0.08 ± 0.02). Collectively these results

showed that while both NPR1 and NPR1‐TAD when fused to the

C‐terminus of mCherry facilitate efficient nuclear exclusion, only

NPR1‐TAD is capable of nuclear translocation in the presence of SA.

We next investigated the two constructs with NPR1 domains at

the N‐terminus. HEK293 cells expressing NPR1‐TAD‐mCherry

showed a different distribution of mCherry proteins compared to

mCherry‐NPR1‐TAD. 100% of the cells showed nuclear expression

(D & N) of mCherry in the presence or absence of SA (Figure 3b,e,h).

47% of the cells had predominant nuclear localization in the absence

of SA and the addition of SA increased this frequency to 73%. Thus,

the frequency of cells showing only nuclear localization of mCherry

increased in the presence of SA and this also led to the significantly

increased nuclear colocalization by PCC (0.67 ± 0.11 vs. 0.77 ± 0.14;

F IGURE 3 SA inducible translocation of mCherry NPR1 fusion proteins. Representative microscopy images of DAPI (nucleus), mCherry,
and the merged channels in the absence and presence of 2.5 mM SA for (a) mCherry‐NPR1‐TAD, (b) NPR1‐TAD‐mCherry, and
(c) NPR1‐mCherry confirming SA‐dependent translocation of the NPR1 constructs. Bar graphs reporting the percentage of cells with N, C, or D
localization for (d) mCherry‐NPR1‐TAD, (e) NPR1‐TAD‐mCherry, and (f) NPR1‐mCherry. PCC values for the overlap of mCherry with
the nucleus for (g) mCherry‐NPR1‐TAD, (h) NPR1‐TAD‐mCherry, and (i) NPR1‐mCherry. The PCC numbers are computed using JaCop
plugin on ImageJ. At least 30 single cells from one of three representative experiments are shown. A t‐test was used for comparing the two
distributions. *p < 0.05, and **p < 0.01. For panels (d–i), the error bars represent the SEM from three independent experiments
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p = 0.018). Similar to the NPR1‐TAD‐mCherry construct, 100% of

HEK cells expressing NPR1‐mCherry showed nuclear expression (D &

N) of mCherry in the presence or absence of SA (Figure 3c,f,i). 7% of

these cells had predominant nuclear localization in the absence of SA

and the addition of SA increased this frequency to 41%. Thus, the

frequency of cells showing predominant nuclear localization of

mCherry increased in the presence of SA and this also led to the

significantly increased nuclear colocalization by PCC (Figure 3i;

0.34 ± 0.06 vs. 0.45 ± 0.07; p = 0.026). Collectively these results

showed that both NPR1 and NPR1‐TAD when fused to the

N‐terminus of mCherry facilitate basal nuclear translocation in the

absence of SA but the translocation is significantly increased in re-

sponse to SA. The major difference between the two constructs was

that NPR1‐mCherry showed lower nuclear colocalization compared

to NPR1‐TAD‐mCherry both in the presence and absence of SA

(Figure 3e,f).

In aggregate, data from all four of these constructs illustrated

that regardless of responsiveness to SA, C‐terminal NPR1 fusions

facilitate cytoplasmic expression (cells are predominantly either C or

D) whereas N‐terminal NPR1 fusions facilitate nuclear expression

(cells are predominantly either N or D).

3.3 | Single‐cell SA‐dependent protein localization
using mesh microarray system

Since we established that three constructs; mCherry‐NPR1‐TAD,

NPR1‐TAD‐mCherry, and NPR1‐mCherry showed translocation of

mCherry mediated by SA, we prioritized these for further char-

acterization. We utilized a mesh microarray system to understand the

kinetics of translocation at the single‐cell level and to enable tracking

of the same individual cells. The micromesh array contains nanoliter

wells that allowed us to image protein translocation dynamically

(Figure 4a).

Cells that stably express mCherry‐NPR1‐TAD, NPR1‐mCherry,

and NPR1‐TAD‐mCherry were loaded on the mesh with 100 µm

depth and imaged using a confocal microscope. Cells were imaged

7 and 24 h after the addition of SA (Figure 4b–d). Single‐cell tracking

experiments confirmed the previously observed behaviors with each

of the constructs: cells expressing mCherry‐NPR1‐TAD transitioned

from predominantly cytoplasmic expression (C at 0 h: 88%, C at 7 h:

52%, and C at 24 h: 24%) to more diffuse expression (D at 0 h:12%, D

at 7 h: 48%, and D at 24 h: 76%; Figure 4e). These results are also

reflected the time‐dependent increase in PCC upon addition of SA

(Figure 4h). We observed that cells expressing the two N‐terminal

fusions, NPR1‐mCherry, and NPR1‐TAD‐mCherry, showed an in-

creased frequency of cells expressing mCherry predominantly in the

nucleus in response to the addition of SA (Figure 4f,g). This was

reflected in a time‐dependent increase in PCC upon the addition of

SA (Figure 4i,j). The magnitude of protein translocation was most

pronounced for mCherry‐NPR1‐TAD and least for NPR1‐TAD‐

mCherry. Collectively, these results established that the translocation

of the NPR1 fusion proteins is completed within 24 h.

3.4 | Reversibility of the NPR1 fusion proteins

After extensively characterizing the SA‐mediated nucleocytoplasmic

shuttling of mCherry constructs, we next investigated whether re-

moving SA would reverse the nuclear translocation of mCherry. We

examined the reversibility of mCherry localization at three stages:

(a) basal, before the addition of SA (0 h); (b) induced, at 20 h and 30 h

after the addition of SA; and (c) reversed, at 48 h, wherein after 30 h

the media containing SA was removed and replaced with SA free

media (Figure 5a). After the removal of SA, the cells expressing

mCherry‐NPR1‐TAD transitioned from diffuse (D = 37%, C = 63% at

30 h) to cytoplasmic localization (D = 20%, C = 80% at 48 h;

Figure 5b,e). Tracking the PCC confirmed nuclear translocation of

mCherry from the basal to the induced states (−0.05 ± 0.005 vs.

0.11 ± 0.01; p < 0.0001) and reversal after the withdrawal of SA

(Figure 5h; −0.05 ± 0.005 vs. −0.05 ± 0.005).

We observed similar behavior with both constructs expressing

NPR1 or NPR1‐TAD at the N‐terminus. The frequency of cells ex-

pressing NPR1‐TAD‐mCherry displaying predominant nuclear locali-

zation increased upon the addition of SA (43%–91%; Figure 5f). Upon

the removal of SA, the percentage of cells exhibiting predominant

nuclear localization reduced to 64% at 48 h (Figure 5f). This behavior

was also captured in the PCC data (Figure 5i; 0.66 ± 0.07 at t = 0 h vs.

0.77 ± 0.08 at t = 30 h; p < 0.0001 and 0.66 ± 0.07 at t = 0 h vs.

0.62 ± 0.07 at t = 48 h, p = 0.26). Although the frequency of cells with

predominant nuclear localization was lower with cells expressing

NPR1‐mCherry compared to NPR1‐TAD‐mCherry, the inducible and

reversible behavior was largely conserved (Figure 5j; 0.29 ± 0.03 at

t = 0 h vs. 0.43 ± 0.05 at t = 30 h; p < 0.0001 and 0.29 ± 0.03 at t = 0 h

vs. 0.31 ± 0.03 at t = 48 h, p = 0.63). Consistent with our single‐cell

tracking experiments, protein translocation and reversibility were

most pronounced for mCherry‐NPR1‐TAD and least for NPR1‐TAD‐

mCherry. Collectively, our data suggest that translocation mediated

by SA is both inducible and reversible.

4 | DISCUSSION

Ligand‐induced translocation of proteins is a versatile tool in bio-

technology for applications ranging from understanding tissue‐

specific conditional expression to adoptive cell therapies. The most

well‐characterized proteins used for these applications are derived

from mammalian proteins and hence the administration of the ligands

can cause an off‐target response from the activation of endogenous

genes. Bacterial‐based systems on other hand are both immunogenic

and the ligands such as tetracycline and doxycycline can promote

antibiotic resistance (Grossman, 2016). There is a compelling need for

identifying orthogonal systems that are responsive to small‐molecule

ligands that are well suited for application in mammals.

We aimed to develop an SA‐based inducible protein transloca-

tion in mammalian cells. SA is the major metabolite of aspirin, and the

safety, pharmacokinetics, and pharmacodynamics have been ex-

tensively characterized in humans. To identify SA‐based sensors, we
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F IGURE 4 Tracking the dynamics of SA‐mediated protein translocation at the single‐cell level. (a) Illustration of assay procedure including
the addition of transfected cells into the nanoliter mesh microarray followed by imaging of individual wells before and after SA treatment.
Representative images of DAPI (nucleus), mCherry, and the merged channels of a single cell captured at time 0, 7, and 24 h after SA addition for
(b) mCherry‐NPR1‐TAD, (c) NPR1‐TAD‐mCherry, and (d) NPR1‐mCherry. (e) The percentage of fusion proteins with predominantly cytoplasmic
expression decreased in mCherry‐NPR1‐TAD. Predominantly nuclear localization was increased in (f) NPR1‐TAD‐mCherry and (g) NPR1‐
mCherry fusion proteins. Time‐dependent increase in PCC was observed in (h) mCherry‐NPR1‐TAD, (i) NPR1‐TAD‐mCherry, (j) NPR1‐mCherry.
The PCC was computed for the overlap of mCherry and the nucleus. ANOVA was used for comparing the distributions. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. For panels (e–j), the error bars represent the SEM from three independent experiments
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focused on plants since SA is known to be a hormone essential for

innate immunity. Although it is well known that the NPR1/3/4 pro-

teins are sensors of SA, the exact affinity and roles of these different

proteins in SA sensing are controversial. A. thaliana (At) NPR4 is a

high‐affinity sensor of SA (KD = 24 nM) whereas the affinity of NPR1

for SA is 130–200 nM (; Ding et al., 2018; Wu et al., 2012). Com-

parative studies with both AtNPR1 and Nicotiana tobacco NtNPR1

have shown that the N‐terminal domains of these proteins (amino

acids 1–315) harbor a strong SA inducible transactivation do-

main (Han, 2019). Both AtNPR1 and NtNPR1 are activated by SA but

F IGURE 5 SA‐mediated translocation of NPR1 fusion proteins is reversible. (a) Reversibility was investigated by treatment of the transfected
cells with SA for 30 h followed by withdrawal of SA. Cells were imaged 18 h post removal of SA. Single‐cell images of DAPI (nucleus), mCherry,
and the merged channels at 0, 20, 30, and 48 h (18 h after removal of SA) of (b) mCherry‐NPR1‐TAD, (c) NPR1‐TAD‐mCherry, and (d) NPR1‐
mCherry. Removal of SA at 48 h led to (e) increase in predominantly cytoplasmic expression in mCherry‐NPR1‐TAD from 30 to 18 h post
removal of SA. Decrease in nuclear localization in (f) NPR1‐TAD‐mCherry and (g) NPR1‐mCherry. The error bars represent the SEM from three
independent experiments. Time‐dependent increase in PCC was observed in (h) mCherry‐NPR1‐TAD, (i) NPR1‐TAD‐mCherry, and (j) NPR1‐
mCherry. The PCC was computed for the overlap of mCherry and the nucleus. At least 30 single cells from one of two representative
experiments are shown. ANOVA was used for comparing the distributions. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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NtNPR1 accumulates predominantly in the nucleus even in the ab-

sence of SA (Maier et al., 2011). AtNPR1 on the other hand is present

in the cytoplasm (likely in an oligomeric form) and upon the addition

of SA undergoes reduction/conformation change exposing a bipartite

NLS that facilitates transport to the nucleus. The C‐terminal trans-

activation domain of AtNPR1 (aa 513–593) has been shown to bind

directly to SA with a KD of 1.49 μM (Wu et al., 2012). This however is

controversial since the putative SA binding domain of NPR1s is

predicted to be the conserved 429LENRV433 motif (AtNPR1 num-

bering; Maier et al., 2011).

To map the SA‐mediated translocation domain of AtNPR1, we

employed a heterologous expression system using HEK293 cells. This

system isolates the SA binding activity of NPR1 and is not subjected

to interference from plant defense compounds or signaling cascades.

We employed a stable expression system mediated by viral trans-

duction and used mCherry as the live‐cell reporter. Our results in-

dicate that the AtNPR1 protein, upon the addition of SA, mediates

nuclear translocation in HEK293 mammalian cells without the re-

quirement for any accessory plant‐derived proteins. At SA con-

centrations of 1–2.5 mM, we observed that the TAD of NPR1 was

sufficient to render the protein in the nucleus upon the addition of

the SA. When NPR1 or NPR1‐TAD was fused at the C‐terminus of

mCherry they showed strong nuclear exclusion but translocation

mediated by SA was only accomplished with NPR1‐TAD. This sug-

gests that the N‐terminus of NPR1, if present, must be free to enable

SA responsive translocation. By contrast, when NPR1 or NPR1‐TAD

was fused at the N‐terminus of mCherry both constructs showed SA

responsive translocation but also basal nuclear expression in the

absence of SA.

With respect to the molecular mechanisms of translocation of

NPR1 mediated by SA, our results show that the 80 amino acid

TAD can mediate nuclear translocation of passenger proteins in

the presence of SA and does not require the interaction with the

N‐terminus of NPR1 to facilitate translocation. As we show, this

property is also reversible upon the withdrawal of SA and the

proteins revert to their original localization within the cells. It is

important to note that unlike the full‐length AtNPR1, the

AtNPR1‐TAD lacks both Cys82 and Cys216 that have been re-

ported to be essential for oligomer monomer transition and

subsequent nuclear localization (Table 1). Second, since mCherry‐

NPR1‐TAD is only ~36 kDa it is anticipated that passive diffusion

through the nuclear pores can enable nuclear translocation.

Despite this observation, mCherry‐NPR1‐TAD shows strong nu-

clear exclusion in the absence of SA (Table 1). We used

the NetNES1.1 server for predicting nuclear export signals within

full‐length At‐NPR1 and the program identified the leucine‐rich
561LELGNSSL568 as a putative NES within the TAD (Cour

et al., 2004). Broadly, our results are consistent with the afore-

mentioned study that showed that the TAD can directly bind to

SA and advances it further by illustrating that they can mediate

SA‐induced translocation. At first glance, our results are not

consistent with the known SA binding motif of NPR1 and the

TABLE 1 Summary of results obtained from SA‐mediated translocation studies in HEK293 cells

Construct
Size
(kDa)

Predicted
transport Subcellular localization

SA‐mediated
change?

NPR1 has
a free N
or C‐term?

Cys82 and
Cys216 of
NPR1
present? Reversible? Comment

No SA With SA

mCherry‐NPR1 ~93 Active C = 100 C = 100 No translocation C Yes N/A Strong nuclear
exclusion in the
absence of SA:
no translocation

PCC = 0.03 PCC = 0.08

mCherry‐
NPR1‐TAD

~36 Passive/

active

C = 98 C = 63 ↑Diffuse/

nuclear

C No Yes Strong nuclear

exclusion in the
absence of SA

D = 2 D = 37 C = 80,
D = 20

PCC = 0.05 PCC = 0.11 PCC = 0.05

NPR1‐TAD‐
mCherry

~36 Passive/

active

D = 57 D = 9 ↑Nuclear N No Yes Strong nuclear

localization
after the
addition of SA

N = 43 N = 91 N = 64,
D = 36

PCC = 0.66 PCC = 0.77 PCC = 0.62

NPR1‐mCherry ~93 Active D = 82 D = 69 ↑Nuclear N Yes Yes Increase in cells
with exclusive

nuclear
localization

N = 18 N = 31 N = 15,

D = 80

PCC = 0.29 PCC = 0.43 PCC = 0.31

Note: C denotes predominant cytoplasmic expression, D denotes diffuse (both cytoplasmic and nuclear), and N denotes predominant nuclear localization.
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recently solved crystal structure of NPR4 bound to SA (Wang

et al., 2020). Unlike our results with the TAD, the other studies

implicate amino acids 400‐500 as the key SA binding regions of

NPR1 with Arg432 playing an indispensable role (Hermann et al.,

2013; Maier et al., 2011; Wang et al., 2020). A more careful

comparison allows us to posit that our results obtained with high

concentrations of SA only show that theTAD can mediate nuclear

translocation in response to SA but that the true high affinity

nanomolar binding region might still be present within amino

acids 400–500. As our results with full‐length NPR1 illustrate, the

presence of the full‐length protein does not improve SA mediated

nuclear translocation of passenger proteins.

From a biotechnological perspective, the NPR1‐TAD is attractive

as an SA‐mediated nuclear translocator with the best translocator,

mCherry‐NPR1‐TAD performing nuclear translocation as efficiently

as widely utilized the estrogen receptor alpha system (Zhao

et al., 2018). There are several advantages to this system. The small

size of the TAD minimizes the metabolic load of protein expression.

Second, since it is of nonmammalian origin, it is likely immunogenic

but again the small size decreases the number of available epitopes.

Third, since it is not of microbial origin, it is not likely to be com-

promised by pre‐existing immunity (Auslander & Fussenegger, 2016;

Gu et al., 2018; Stanton et al., 2014). From an application standpoint,

when fused at the C‐terminus of the passenger protein, the basal

state is strong nuclear exclusion and hence might be appropriate for

DNAse based kill switches in adoptive cell therapy or Cas9 based

inducible editors. When fused at the N‐terminus of the passenger

protein, the induced state is strong nuclear localization and hence this

might be attractive for transactivation of gene expression. We re-

cognize however that these are conceptual frameworks and our

study has only illustrated these behaviors with mCherry. None-

theless, the availability of small protein domains like the NPR1‐TAD

that can facilitate SA‐mediated nuclear translocation in mammalian

cells has strong potential for translational applications within living

organisms.
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