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Abstract

Sucrose non-fermenting 1 (SNF1)-related protein kinase 1.1 (SnRK1.1; also known as KIN10 or SnRK1a) has been
identified as the catalytic subunit of the complex SnRK1, the Arabidopsis thaliana homologue of a central integrator
of energy and stress signalling in eukaryotes dubbed AMPK/Snf1/SnRK1. A nuclear localization of SnRK1.1 has been
previously described and is in line with its function as an integrator of energy and stress signals. Here, using two bio-
logical models (Nicotiana benthamiana and Arabidopsis thaliana), native regulatory sequences, different microscopy
techniques, and manipulations of cellular energy status, it was found that ShnRK1.1 is localized dynamically between
the nucleus and endoplasmic reticulum (ER). This distribution was confirmed at a spatial and temporal level by co-
localization studies with two different fluorescent ER markers, one of them being the SnRK1.1 phosphorylation target
HMGR. The ER and nuclear localization displayed a dynamic behaviour in response to perturbations of the plastidic
electron transport chain. These results suggest that an ER-associated SnRK1.1 fraction might be sensing the cellular
energy status, being a point of crosstalk with other ER stress regulatory pathways.

Keywords: Arabidopsis, chloroplast, dual localization, endoplasmic reticulum (ER), ER localization, energy status, Nicotiana
benthamiana, nuclear localization, retrograde signalling, SnRK1.1.

Introduction

Plant cells harbour two distinct membrane-enclosed endosym-
biotic organelles, mitochondria and chloroplasts. Environmental
changes are sensed by these organelles, and their functional
status is communicated to the nucleus to alter gene expression
for a variety of cellular functions through processes known as
retrograde signalling pathways (Ng ef al.,2014; Chan et al.,2016;
Crawford et al., 2018). Both chloroplasts and mitochondria act
as environmental sensors due to the direct effect of fluctuating

external conditions on the various biochemical functions
hosted by them, such as high-light-mediated photoinhibition of
PSII function, or cold/salt stress impairment of mitochondrial
function. In addition, mitochondria and chloroplasts are both
involved in energy production in the cell, operating in opposite
ways (consumption and production of reducing equivalents, re-
spectively), which means that these energy organelles have to
operate in a co-operative manner under non-limiting as well
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as suboptimal growth conditions (Yoshida ef al., 2011; Aratjo
et al.,2014).The direct impact of changes in external conditions
on photosynthetic energy production is revealed by the dy-
namic functioning and composition of the photosynthetic elec-
tron transport chain (PETC) and the multiple photoprotective
mechanisms that maintain its operative status (Rochaix, 2011;
Allahverdiyeva et al., 2015b). To establish equilibrium between
cellular energy-producing processes, environmental conditions,
and optimal growth, plant cells needs to sense the rates of en-
ergy production. Although part of the whole regulatory scheme
has been studied in recent years (Allahverdiyeva et al., 20154),
the mechanisms sustaining this intricate energy homeostasis are
far from being understood.

One of the components that has been characterized as an es-
sential part of the plant energy homeostasis system in plants is
the SnRK1 [sucrose non-fermenting 1- (SNF1) related protein
kinase1] complex. This protein complex has emerged as a cen-
tral integrator of energy and stress signals, more precisely co-
ordinating the response to conditions that produce a decrease
in cellular energy levels (Baena-Gonzilez and Hanson, 2017).
SnRKT1 is a plant heterotrimeric kinase complex orthologous to
the mammalian AMP-activated protein kinase (AMPK) com-
plex and the SNF1 complex in yeast. It has been proposed that
AMPK/SNF1/SnRK1 complexes sense the cellular energy
status and maintain energy homeostasis through the control of
the balance between anabolic and catabolic metabolism (Hardie
et al., 2016). In plants, the o subunit, also known as SnRK1.1,
KIN10, or SnRK1aq, is the catalytic and main regulatory sub-
unit of the complex (Crozet et al., 2014; Emanuelle ef al., 2016).
Among the broad set of signalling pathways and developmental
processes that are co-ordinated by SnRK1.1, chloroplast and
mitochondrial retrograde signalling routes have been proposed
as candidates for the source of energy signals to be integrated in
this regulatory network (Hartl and Finkemeier, 2012; Ng ef al.,
2013a; Kleine and Leister, 2016).

In the nucleus, the clear role of SnRK1.1 as a regulator of
nuclear gene expression has been revealed by the identification
of several SnRK1.1-interacting proteins including transcription
factors (TFs) (Nietzsche et al., 2014, 2016; Mair et al., 2015;
Cho et al., 2016; Nukarinen et al., 2016). The regulation of
many developmental and adaptive processes has been assigned
to SnRK1.1 (Baena-Gonzilez and Hanson, 2017), but how and
where SnRK1 might be acting as a sensor of the cellular en-
ergy status remains unclear (Emanuelle et al., 2016). A second
intracellular position of SnRK1.1 outside the nucleus has also
been widely reported, but the exact nature and significance of
this non-nuclear localization is yet to be defined. Fluorescence
puncta have been frequently visualized when fluorescent-tagged
SnRK1.1 is expressed in Nicotiana benthamiana and Arabidopsis
(Lopez-Paz et al., 2009; Bitrian et al., 2011;Tsai and Gazzarrini,
2012; Williams et al., 2014; O’Brien et al., 2015). Recently, ex-
periments on co-localization with FCS-like zinc finger proteins
suggested a non-nuclear localization of SnRK1.1 associated
with the endoplasmic reticulum (ER) of onion epidermal cells
(Jamsheer et al., 2018a, b). However, apart from these reports,
most of the research has been focused on understanding the
function of the nuclear SnRK1.1 fraction. The relationship of
the localization/function of the non-nuclear subpopulation has
not been studied in detail, and how this kinase is able to regulate

such a number and diversity of processes remains uncharacter-
ized (Emanuelle ef al., 2016).

This work presents the results of a thorough investigation of
the localization of SnRK1.1 in plant cells using two different
biological systems under physiological conditions (N. bentha-
miana and Arabidopsis), different imaging techniques (epi-
fluorescence microscopy combined with a structured light
illumination device, spinning disc, and laser scanning confocal
microscopy), and spatio-temporal co-localization studies with
intracellular markers. In addition, we evaluated the effect of per-
turbations of the chloroplasts on SnRK1.1 distribution. These
studies showed that under physiological conditions, SnRK1.1
is partitioned between the nucleus and a non-nuclear fraction
associated with the ER. When the plants were treated with
inhibitors to perturb plastid energy production, this dual distri-
bution was affected, supporting a role for SnRK1.1 as a sensor
of cellular energy status integrating signals from chloroplasts.

Materials and methods

Vector construction and Agrobacterium strains

Using genomic DNA as template, the regulatory and the coding se-
quence of SnRK1.1 was amplified starting at position —739 from the
initial ATG belonging to splicing form At3g01090.1 of SnRK1.1. The
resulting fragment covers the whole intergenic region before the up-
stream  gene (HYP1, At3G01100), and allows the formation of a
C-terminal fusion with the enhanced green fluorescent protein (eGFP)
coding sequence of pSITE2NB (Chakrabarty et al., 2007). The pri-
mers used to clone this genomic fragment into pDONR207 are
SnRK1.1 Fw 5 GGGGACAAGTTTGTACAAAAAAGCAGGCT
ATGATGACTAGATGCCACGTCC and SnRK1.1 Rv
5'GGGGACCACTTTGTACAAGAAAGCTGGGT
GGAGGACTCGGAGCTGAGCAAG (with the attB flanking region
underlined in the primer sequences). Two consecutive reactions using BP
clonase and LR clonase Gateway® (Invitrogen) generated the final vector
containing SnRK1.1-GFP. Agrobacterium tumefaciens [GV3101(pMP90)] was
transformed with this plasmid, an ER marker fused to mCherry (ER-rb)
(Nelson et al., 2007), and nuclear-targeted histone 2b fused to the red fluor-
escent protein tag of the pSITE-4CA binary vector (H2b—RFP) (kindly
provided by Edoard Pesquet). The ER marker (ER-rb) is a chimeric protein
containing the signal peptide of AfWAK2 (Arabidopsis thaliana wall-associ-
ated kinase 2) at the N-terminus of the RFP and the ER retention signal
His-Asp-Glu-Leu at its C-terminus. The fusion protein is encoded on a
vector containing resistance to BASTA for selection in plants (Nelson ef al.,
2007). All Agrobacterium strains were grown on YEB plates using selection
antibiotics rifampicin (50 pug ml™), gentamycin (20 pg ml™), and spectino-
mycin (100 pg ml™) or kanamycin (50 pug ml™). Colonies were grown for
48 h in a 28 °C chamber and used for infiltration of N. benthamiana leaves or
stable transtormation of Arabidopsis by floral dip and sexual crosses.

Plant growth conditions

Nicotiana benthamiana plants were grown for 4-8 weeks in a growth
chamber under a 16 h 180 umol photon m™*s™'/8 h dark regime with
temperatures of 23 °C/21 °C. Arabidopsis lines were selected on half-
strength Murashige and Skoog (1/2 MS) supplemented with 35 ug ml™
kanamycin for initial selection of SnRK1.1-GFP transgenic lines, and a
further 5 pg ml™" Basta for the selection of mutants expressing ER-rb.

Twelve-day-old plants were transferred to soil to complete the life cycle.

Agrobacterium infiltration of N. benthamiana leaves

Agrobacterium infiltration was carried out into young leaves (4—8 weeks)
of N. benthamiana based on previously described protocols (Sparkes
et al., 2006; de Felippes and Weigel 2010), with the following modifi-
cations: each strain carrying an organelle fluorescence marker and/or
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SnRK1.1-GFP-expressing vector was diluted in freshly prepared infiltra-
tion medium (10 mM MES pH 5.8, 10 mM MgCl,, and 150 pM aceto-
syringone) to ODg(,=0.3-0.5. Agrobacterium suspensions were incubated
in darkness for at least 3 h. During this incubation time, N. benthamiana
plants were well watered to favour the spreading of the infiltration mix
across the leaves. After incubation, leaves were infiltrated at only one pos-
ition of the leaf on the abaxial side, and only leaves that had internalized
Agrobacterium suspension across the whole leaf surface were further evalu-
ated. Sections were collected maximally after 48 h post-infiltration from
the opposite blade side to the infiltration point of healthy leaves to avoid
any mechanical stress artefacts.

Cell energy perturbation treatments

To conduct cell energy perturbation experiments, we selected infiltrated
plants growing in chambers for maximally 48 h after infiltration in the
case of the preliminary studies in N. benthamiana. Similar canopy fully ex-
panded adult leaves were sprayed with control solution (water or a dilution
of DMSO) and 50 uM DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylu-
rea] or 100 pM DBMIB (2,5-dibromo-3-methyl-6-isopropyl-p-benzo-
quinone) (to perturb electron transfer reactions in chloroplasts) before
imaging. In the case of DBMIB, spraying treatments were repeated hourly
to overcome instability of the compounds (Blanco ef al.,2014). Stability of
DCMU was previously evaluated and only one treatment was conducted
per experiment (Kindgren ef al.,2012). Final observations were conducted
in transgenic Arabidopsis lines expressing ER -rb and SnRK1.1-GFP.

Fluorescence microscopy imaging

Sections of corresponding infiltrated leaves were analysed by epifluores-
cence microscopy with the Axiolmager.Z2 with APOTOME?2 system
based on structured illumination, and laser scanning confocal microscopy
(LSCM) using the system Zeiss LSM 780 and 880 Axio Observer with
an upright microscope stand. For imaging, in the first case an Objective
Plan-Apochromat X63/1.40 oil DIC M27 was used and the LSM 880
was configured with a Plan-Apochromat X20/0.8 M27, also used for
DIC (differential interference contrast) during bright field acquisition.
For GFP detection with the Zeiss LSM 880, a 488 nm excitation laser
line was used and the emission was collected between at 490 nm and
526 nm. For mCherry/RFP detection, the imaging settings were exci-
tation at 543 nm and emission detection in the range of 575-606 nm.
Finally, autofluorescence of chlorophyll was indirectly observed in the
GFP channel during the epifluorescence microscopy imaging. For LSCM
imaging, the excitation was conducted at 543 nm and the emission was
collected 690—-710 nm. The images with Axio Imager.Z2 were obtained
by excitation with a metal-halide lamp HXP 120 C and Filter Cubes for
GFP (38 GFP BP EX 470/40 nm BS FT 495 EM BP 525/50 nm) and
mCherry/RFP (63 HE BP EX 572/25 nm BS FT 590 EM 629/62 nm)
using an Axiocam 506.

Regarding the specimens used for imaging, in all cases more than three
independent transformation experiments were used for imaging control
conditions in the N. benthamiana system. Images were obtained from sec-
tions of independent leaves, either infiltrated or belonging to Arabidopsis
stable lines. Several independent stable lines were initially evaluated, and
detailed imaging was performed for three stable lines. Initial imaging of
the DCMU and DBMIB treatments was done on the Arabidopsis lines
expressing only SnRK1.1-GFP, and at least two independent experi-
mental repetitions were conducted in Arabidopsis lines expressing both
SnRK1.1-GFP and the ER marker, exhibiting the same pattern.

Subcellular fractionation and western blotting of total, soluble,
and microsomal fractions

Nicotiana benthamiana infiltrated leaves and Arabidopsis transgenic lines
together with mock-infiltrated and control Arabidopsis lines were used
to separate soluble protein and the microsomal fraction.The protocol was
adapted from Kriechbaumer (2016) and(Cecchini et al. (2015). Briefly,
2 g of leaves were ground in liquid nitrogen and homogenized in 4 ml
of buffer A (50 mM Tris—HCI, pH 7.5; 0.33 M sucrose; 5 mM EDTA;

Dual and dynamic localization of SnRK1.1 | 2327

150 mM NaCl,and 1X complete protease inhibitor cocktail from Roche).
The total protein extract was obtained by filtering the crude extract
through two layers of Miracloth and centrifuged at 10 000 g for 10 min.
Afterwards a second centrifugation at 93 000 g for 90 min (swing-out
rotor; SW41), with a cushion of buffer A with 0.5 M sucrose, was con-
ducted to obtain the cytosolic fraction (supernatant). The pellet was re-
suspended in 250 pl of bufter A, leading to the microsomal fraction. Total,
microsomal, and cytosolic fractions were separated on a 10% (v/v) SDS—
polyacrylamide gel, transferred to a polyvinylidene difluoride (PVDF)
membrane, and probed with anti-GFP -specific antibodies (1:400) and
anti-SnRK1.1 antibodies (1:500, Agrisera) for all fractions. The mem-
brane was further incubated with anti-rabbit immunoglobulin G con-
jugated with horseradish peroxidase (HRP) and the signal was detected
with A ChemiDoc (Touch) Biorad Scanner using Chemiluminescence
mode with Super Sigal West femto (Thermo Scientific).

Results
SnRK1.1 localization prediction

Previous in vivolocalization studies have not unequivocally iden-
tified the intracellular localization of SnRK1.1. Supplementary
Table S1 at JXB online summarizes in vivo studies that have been
conducted directly or indirectly to establish the localization of
SnRK1.1. A clear localization in the nucleus is accepted by all
the studies, but the presence of SnRK1.1 in a second location
remains inconclusive. The non-nuclear fraction of SnRK1.1
has been found in the cytoplasm and/or in fluorescent struc-
tures such as puncta. One critical aspect in previous studies has
been the choice of the SnRK1.1 splicing forms used for the
analysis. Public databases contain three different spliced forms
(At3g01090.1, 2, and 3) with 10 common exons, and a differ-
ential exon at the N-terminal end. Based on RNA sequencing
(RNAseq) data of a study centred on alternative splicing pro-
cesses under light conditions in leaves (Mancini et al., 2016),
At3g01090.1 is the form most highly expressed in illuminated
leaves and was selected to predict localization (Supplementary
Fig. S1A). Using the Bio-Analytic Resources for Plant Biology
platform, we evaluated SnRK1.1 through SUBA4, a database
that houses information on protein interaction and localiza-
tion based on bioinformatics predictions (Hooper et al., 2017).
The results, displayed in an electronic fluorescent pictograph,
indicate the cytosol, mitochondrion, and nucleus as possible
intracellular locations for SnRK1.1 (Supplementary Fig. S1B)
(Winter et al.,2007). A subsequent analysis by using individual
algorithms led to similar results. AdaBoost, EpiLoc, MultiLoc2,
WoLF PSORT, and YLoc predicted a cytosolic localization;
SubLoc, PProwler, and SLPFA reported protein targeting to
mitochondria; and BaCelLo, Plant-mPloc, and SLP-Local in-
dicated a nuclear localization, the latter also predicting a cyto-
solic distribution. Furthermore, only the recently published
LOCALISER 1.0.2 (Sperschneider et al.,2017) predicted one
nuclear localization signal (Supplementary Fig. S1C).This soft-
ware has been specially designed to detect targeting sequences
to mitochondria and plastids, in plant proteins and pathogen
effector proteins. The lack of detection of a targeting sequence
with this computational prediction method, together with the
other inconclusive results of bioinformatics, provides evidence
against the presence of any targeting sequence in SnRK1.1.
The absence of a clear bioinformatics prediction led us to
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perform a detailed localization study in planta using the model
system of N. benthamiana and Arabidopsis thaliana.

SnRK1.1 co-localizes with nuclear and ER markers in
the N. benthamiana transient expression system

To determine the in planta localization of SnRK1.1, the en-
tire genomic sequence of SnRK1.1 including the native
promoter and 5'-untranslated region (UTR) were cloned in
frame to the N-terminus of eGFP in vectors of the pSITE
series (Chakrabarty ef al., 2007) and used to infiltrate young
and healthy leaves of N. benthamiana. This cloning strategy
covers the expression of any alternative splicing variants by
using eGFP fused to the common C-terminal domain of
the three different variants. Initially, imaging was performed
using epifluorescence microscopy (EF) with the aim of cap-
turing higher amounts of fluorescence signal compared with
LSCM. The APOTOME system allowed optical sectioning
using structured illumination (SIM) (Weigel et al., 2009). The
images obtained of N. benthamiana leaves, co-infiltrated with
SnRK1.1-GFP and a nuclear fluorescent marker (H2b—R FP),
are presented in Fig. 1. Confirming previously reported results,
SnRK1.1-GFP was observed in the nucleus, co-localizing
with H2b—RFP (Fig. 1A—]). Although both fluorescent-tagged
proteins were found to co-localize at the nucleus position,
SnRK1.1-GFP and H2b—RFP did not exhibit the exact same
signal pattern (Fig. 1A—E, F-J). These differences were also
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visualized in images obtained along the z-axis (Supplementary
Fig. S2A, B). The imaging along the z-axis provided spatial
information that confirmed the presence of SnRK1.1 both
inside and outside the nucleus, taking as reference for the nu-
clear compartment the H2b—RFP distribution. Interestingly,
the pattern of SnRK1.1 fluorescence signal was frequently
observed in ring-like structures surrounding the H2b—RFP
signal, possibly delineating the nuclear envelope, and as discrete
structures inside the nucleus. These fluorescent nuclear bodies
were previously identified as subnuclear foci, positions where
SnRK1.1 interacts with DUF581 proteins, and which show
similarities with nuclear bodies or speckles in animals (Mao
et al., 2011; Nietzsche et al.,2014).

As well as the nucleus-associated fraction, a second fraction
of SnRK1.1-GFP was distributed in a non-nuclear intracel-
lular location [Fig. 1A—E, dotted-line region of interest (ROI);
magnified in Fig. 1IK—O]. Here, the SnRK1.1-GFP signal ex-
hibited a pattern of tubules and discrete sheets in a network-like
structure, in some parts closely associated with or surrounding
the position of chloroplasts. This pattern of SnRK1.1-GFP was
also observed using LSCM in N. benthamiana (Supplementary
Fig. S3) and in primary Arabidopsis transformants expressing
SnRK1.1-GFP (Supplementary Fig. S4) in pavement cells of
adult leaves and also in the vascular tissue, an area that has high
levels of expression of SnRK1.1 (Williams et al., 2014).

Specific features of this non-nuclear SnRK1.1-GFP signal
pattern observed in both stable Arabidopsis lines and transient
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Fig. 1. Nuclear localization of SnRK1.1 in epidermal N. benthamiana cells. Images obtained by EF-SIM of leaves transiently expressing SnRK1.1-

GFP and H2b-RFP. (A-E) Images of DIC, green channel (SnRK1.1-GFP), red channel (H2b—RFP), the merged signal of fluorescence channels, and

all channels merged, respectively. Red arrows indicate the position of the nucleus and green arrows show the position of the plastid. Two regions of
interests (ROIs) are centred at the position of the nucleus (continuous-line square, ROI 1) and on the network-like structure confining chloroplasts (dotted-
line square, ROI 2). (F-J and K-O) Zoomed-in images of ROI 1 and 2, with the same distribution of channels and merged images as in (A-E). Scale bars:

20 pm (A-E), 5 pm (K=O).
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N. benthamiana infiltrated leaves have similarities to ER morph-
ology. ER morphology in leaves has been described as network
shaped in tubular and planar sheet structures, in some cases
around chloroplasts (Stefano et al.,2014; Hawes et al., 2015).To
reveal the identity of the non-nuclear SnRK1.1 structures, co-
localization experiments were conducted using an ER marker,
hereinafter referred to as ER-rb [ER marker fused to mCherry
red fluorescent protein selectable for BASTA resistance, as it is
named in the original work (Nelson ef al., 2007); details of the
construct are given in the Materials and methods]. The overlap
between ER-rb and SnRK1.1-GFP signals was observed both
by LSCM and EF-SIM in N. benthamiana-co-infiltrated leaves
when imaging was performed along the z-axis perpendicular
to the leaf surface (Fig. 2 and Supplementary Fig. S5, respect-
ively). By imaging a z-stack series using both types of fluor-
escence microscopy, we observed tubules and sheet structures
at the cortical level (magenta ovals in Fig. 2) and structures
surrounding chloroplasts (red ovals in Fig. 2). In addition, the
SnRK1.1 signal also overlaps with the ER perinuclear ring, a
distinctive hallmark of the spatial ER morphology (Fig. 2N-P)
(Sparkes et al., 2009q). Altogether, this evidence suggests that
SnRK1.1 co-localizes with both nuclear- and ER-targeted
fluorescence markers.

The analysis of the SnRK1.1 distribution across the
whole cell in 3D reconstructions rendered using z-stack
(Supplementary Video S1) showed that the co-localization of
SnRK1.1 with ER-rb was clear in the ER structures com-
posed of long strands and in the perinuclear zone. The overlap
in cortical zones was less pronounced (i.e. in the tubules of the
cortical ER) (Fig. 2; Supplementary Fig. S5; Supplementary
Video S1; Supplementary Table S2). Higher co-localization
values were observed in ER zones close to the nucleus than
in cortical zones (tM2 values indicate the co-localization of
SnRK1.1-GFP signal when ER-1b signal is above a threshold).
In all cases the ‘thresholding’ method was according to Costes’
approach and P-values=1 indicated the highest degree of sig-
nificance in the co-localization values (Bolte and Cordeliéres,
2006).To evaluate if this uneven SnRK1.1 distribution among
the different ER domains was a consequence of the dynamic
feature of the non-nuclear fraction of SnRK1.1, experiments
of imaging in time were conducted using spinning disc con-
focal microscopy and a second set of fluorescent markers.
Imaging was conducted in N. benthamiana leaves co-expressing
3-hydroxy-3-methylglutaryl CoA reductase (HMGR) tused to
GFP (Leivar et al.,2005; Ferrero et al.,2015), as a marker of the
ER, and SnRK1.1 fused to RFP (Chakrabarty et al., 2007).
HMGR has been previously reported as a target protein of
the kinase activity of SnRK1.1 (Rodriguez-Concepcion and
Boronat, 2015). Using the same approach as before, a series of
images were obtained along the z-axis with focal planes lo-
calized at the cortical zone of epidermal cells of co-infiltrated
N. benthamiana leaves (Fig. 3). The obtained images indicated
that SnRK1.1-RFP and HMGR—-GFP co-localize at the cor-
tical zone of epidermal cells. The stability of co-localization
between HMGR and SnRK1.1 was further evaluated by im-
aging a selected plane in a time course for 30 s (Supplementary
Fig. S6). The whole time series of images is presented in
Supplementary Video S2. These sets of images show that
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SnRK1.1 co-localization with proteins targeted to the ER is
stable over a time frame of minutes and also exhibits a dynamic
similar to ER structures.

In summary, the results obtained through the usage of three
alternative microscopy approaches and two different sets of
fluorescence markers showed that SnRK1.1 is present in the
nucleus and also co-localizes with ER -targeted proteins in the
N. benthamiana system.

Dual localization of SnRK1.1 in stable transgenic
Arabidopsis lines

After the set of SnRK1.1 co-localization experiments in
N. benthamiana including nuclear and ER markers, we evalu-
ated whether the original signal pattern observed in transgenic
Arabidopsis lines expressing SnRK1.1 also displayed co-locali-
zation with the ER. For this purpose, we generated transgenic
stable lines co-expressing SnRK1.1-GFP and ER-rb (Nelson
et al., 2007). As in the transient system, SnRK1.1-GFP and
ER-1b exhibited a similar intracellular distribution (Fig.4).Serial
imaging along the z-axis showed the presence of SnRK1.1-
GFP in laminar and tubular structures co-localizing with
ER-rb (magenta ovals, Fig. 4A-D). SnRK1.1 was also found
in the nucleus of Arabidopsis transgenic lines (white squares,
Fig. 4E—Q).A 3D reconstruction of intracellular SnRK1.1 and
ER-rb distribution in transgenic Arabidopsis lines using the
fluorescent channel images of a z-stack covering ~9.13 nm of’
depth is shown in Supplementary Fig. S7 and Supplementary
Video S3. During the original screening, in addition to the
pavement cells of leaves of Arabidopsis, vascular tissue also ex-
hibited detectable expression of SnRK1.1-GFP signal driven
by the endogenous promoter (Williams ef al., 2014). When this
tissue was imaged in the stable Arabidopsis lines expressing
both markers, a similar co-localization of SnRK1.1-GFP and
ER-rb signals was observed (Supplementary Fig. S7).

The results of the studies on co-localization in leaves of
stable A. thaliana transgenic lines confirmed the previous ana-
lysis in N. benthamiana. They demonstrate that the partitioning
of A. thaliana SnRK1.1 between the ER and nucleus occurs in
its native context (i.e. the Arabidopsis regulatory context) and
at physiological levels (use of a native promoter to drive the ex-
pression of the fusion protein) for tissues with photosynthetic
activity. These observations exclude side effects intrinsic to the
heterologous expression system, such as mechanical wounding
or artefacts linked to overexpression of alien proteins (O’Brien

et al.,2015).

SnRK1.1-GFP is detected in microsomal and soluble
fractions

In order to obtain complementary evidence of the associ-
ation of SnRK1.1-GFP with the ER, we isolated different
intracellular fractions from leaf tissue expressing this fusion
protein followed by immunodetection. Total, soluble, and
microsomal fractions of infiltrated N. benthamiana leaves tran-
siently expressing SnRK1.1-GFP and stable Arabidopsis lines
transformed with the same construct were studied using anti-
bodies against SnRK1.1 and GFP. For total protein extracts,
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A SnRK1.1-GFP

Z~5.06 um

Z~7.59um

Fig. 2. ER localization of SnRK1.1 in epidermal N. benthamiana cells. SnRK1.1 and the ER-marker (ER-rb) expressed transiently in N. benthamiana.
Images obtained by LSCM of N. benthamiana leaf sections simultaneously expressing ShnRK1.1-GFP (green channel) and ER-rb (red channel).

The type of fluorescence signal or the merging conditions used are indicated at the top of the columns. All fluorescent channels include chlorophyll
autofluorescence signal (blue). Each vertical set of images belongs to a specific consecutive optical plane separated by ~2.53 nm and obtained
transversally to the z-axis. The upper set of images were obtained from the adaxial plane in the zone of the cortical ER (A-D) (marked with magenta
ovals), and the following sets include the ER perinuclear ring and strands from the upper to the lower nuclear position, with (M—P) being the the most
internal section of the z-stack. The position of the nucleus (white continuous line square, | and M) was determined by the position of the ER perinuclear
ring structure. Red ovals show chloroplasts surrounded by ER structures. Scale bars: 20 um.

two different bands were observed in infiltrated N. benthami-
ana leaves with SnRK1.1-GFP for both antibodies (Fig. 5A;
Supplementary Fig. S8A), of which one corresponds to the
expected size of the fusion protein (~90 kDa, filled arrow). The
identity of the second band cannot be determined (>100 kDa,
open arrow), though it seems not to be unspecific back-
ground, as it was not observed in mock-transformed plants.
In extracts from Arabidopsis, besides unspecific bands also ob-
served in the wild type, a similar pattern was obtained in the

total extract from Arabidopsis transgenic stable lines (Fig. 5B;
Supplementary Fig. S8B).Total protein extract was further sep-
arated into a fraction containing ER -enriched microsomes and
a soluble part containing other organelles including nuclei by
ultracentrifugation based on the protocols of Cecchini ef al.
(2015) and Kriechbaumer et al. (2015). The identity of the
microsomal fraction was confirmed using antibodies against
binding immunoglobulin protein (BiP) (Supplementary Fig.
S8C). From the comparison of the signal pattern obtained for
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Fig. 3. Co-localization of SnRK1.1 with the ER resident protein 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR). Images were obtained
by fluorescence microscopy using a spinning disc unit device at the cortical area of epidermal cells of N. benthamiana expressing HMGR-eGFP and
SnRK1.1-mCherry. Panels show images corresponding to individual and merged channels along the z-axis, with optical planes separated by ~0.91 nm.

Scale bars: 10 um.

soluble and microsomal fractions for both N. benthamiana and
Arabidopsis, we could indeed detect a signal in the microsomal
fraction, which would support that SNRKT1 is associated with
the ER. Additionally, we observed a differential distribution of
the different SnRK1.1 forms in each subcellular preparation.
In Arabidopsis protein extracts, only one discrete band was de-
tected by western blot in microsomal fractions, consistent with
the expected molecular weight (filled arrow, Fig. 5B).

The finding of different electrophoretic mobility forms detected
by either anti-SnRK1.1 or anti-GFP antibodies revealed the exist-
ence of different post-translational modifications of electrophoretic
mobility of SnRK1.1-GFP. These modifications have been pro-
posed to affect kinase activity, stability, and subcellular localization

(Crozet et al.,2014).The unique signal observed in the microsomal
fraction might be indicative of a specific function depending on a
particular modification associated with ER membranes. For the
[ subunits 1 and 2 (SnRKP1 and 2), a correlation between post-
translational modification (myristoylation) and intracellular distri-
bution has been demonstrated (Pierre et al., 2007).

Changes in SnRK1.1-GFP intracellular distribution by
perturbation of the cellular energy status

Our findings showed that the non-nuclear fraction of SnRK1.1
is associated with the ER, and that it co-localizes with po-
tential target proteins at the ER within short time periods,
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SnRK1.1-GFPEB

Fig. 4. SnRK1.1 and the ER marker (ER-rb) expressed in stable transgenic Arabidopsis lines. Images obtained by LSCM of Arabidopsis stable transgenic
lines simultaneously expressing SnRK1.1-GFP (green channel) and ER-rb (red channel). The type of fluorescence signal or the merging conditions used
are indicated at the top of the columns. All fluorescent channels include chlorophyll autofluorescence signal (blue). Each vertical set of images belongs

to a specific consecutive optical plane separated by ~1.40 nm and obtained transversally to the z-axis. The upper set of images were obtained from

the most adaxial plane in the zone of cortical ER (A-D) (marked with a magenta oval), and the following sets include the ER perinuclear ring and strands
from the upper to the lower nuclear position, with (M-Q) being the most internal section of the z-stack. The position of the nucleus (white continuous line
square, E, I, and M) was determined by the position of the ER perinuclear ring. Scale bars: 20 um.

thus exhibiting a dynamic behaviour (Supplementary Fig. S6;
Supplementary Video S2). This supports that ER association
of SnRK1.1 is of functional significance and, in turn, consid-
ering the presence of two fractions (nuclear and non-nuclear)
puts forward the idea of a dynamic behaviour to connect both
intracellular compartments. To explore whether SnRK1.1 has a
dynamic behaviour that might be involved in its proposed role
as an energy sensor (Baena-Gonzalez and Hanson, 2017), we
analysed the spatial SnRK1.1 distribution in response to the
chloroplast redox status. Treatments with DCMU and DBMIB

were employed to perturb the cellular energy status directly
by selective inhibition of the PETC in chloroplasts. DCMU
treatments had originally been used to trigger the SnRK1.1-
mediated low-energy response by blocking the plastoquinone-
binding site of PSII (Baena-Gonzalez et al., 2007). In the case
of DBMIB, the imposed imbalance at the PETC is similar
to conditions of excess energy, suich as, for instance, high-
intensity illumination (Blanco et al., 2014). The treatments
were conducted during 2 h and 3 h, respectively, in leaves of
Arabidopsis lines expressing SnRK1.1-GFP and ER-rb with
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Fig. 5. Immunoblot analysis of subcellular fractions of infiltrated

N. benthamiana leaves (A) and Arabidopsis stable transgenic lines
expressing SnRK1.1 (B). Total, cytosolic (Cyt), and microsomal (Micr)
fractions of N. benthamiana leaves and Arabidopsis transgenic lines
expressing SNRK1.1-GFP proteins were immunoanalysed to detect this
transgenic protein using different antibodies. Antibodies against GFP
(upper panels in A and B) and SnRK1.1 (lower panels) were used to detect
the SnRK1.1-GFP protein against the same extract. Black arrows at the
right side of the corners indicate immunoreactive signals of the expected
molecular weight, and empty arrows indicate extra electrophoretic forms.
(This figure is available in colour at JXB online.)

inhibitor concentrations that provoked a complete blockage of
the PETC as previously reported in studies of plastidic retro-
grade signals (Blanco ef al., 2014).

The effect of treatments on intracellular SnRK1.1 distribu-
tion was visualized by the use of maximum intensity projection

Dual and dynamic localization of SnRK1.1 | 2333

on images obtained along the z-axis (covering ~5 um) of trans-
genic Arabidopsis leaves expressing SnRK1.1 and ER-rb (Fig.
6A—-C, E-G, I-K) and by 3D reconstruction based on these
sets of images (Fig. 6D, H, L). The over-reduction of the plasto-
quinone pool mediated by DBMIB provoked the appearance
of SnRK1.1-GFP aggregates concomitantly with the loss of
the SnRK1.1-GFP signal localized to tubule-shaped structures
(Fig. 6E, G, H). In addition to these changes, ER morphology
was also affected by DBMIB treatment, with a lower propor-
tion of tubules compared with small sheet-like structures (Fig.
6F also observed in the images merged with SnRK1.1-GFP
signal). On the other hand, DCMU treatment affected the
SnRK1.1 and ER-rb distribution to a lesser degree than the
DBMIB treatment. SnRK1.1 non-nuclear signal was more dif-
fuse than in control conditions, as visible both in the maximum
intensity projection images and in the 3D reconstruction (Fig.
61-L in comparison with A—D). The DCMU results do not
show an SnRK1.1-mediated low-energy response through an
intracellular change in its distribution in epidermal cells. To
address the reasons for this situation, we evaluated the distri-
bution of SnRK1.1 in vascular tissue of the same Arabidopsis
transgenic lines. Under the same treatment conditions, we de-
tected a profound change in the distribution of SnRK1.1, with
an increase of the signal of the nuclear SnRK1.1 fraction com-
pared with the non-nuclear signal (Fig. 7). The treatment also
affected the ER status, by the appearance of a discrete number
of ER bodies, which are revealed by an intense accumulation
of ER-rb signal in cigar-shaped forms (Fig. 7E, F).

In summary, the DCMU and DBMIB treatments revealed
the sensitivity of the intracellular SnRK1.1 distribution to
changes in cellular energy status caused by imbalances at the
PETC. These observations reinforce the idea of the ER as a
connecting network integrating information about other or-
ganelles, such as, for instance, the chloroplast energy status.

Discussion

SnRK1 is one of the most studied kinase complexes in plants
due to the wide range of metabolic reactions and physiological
processes that are linked to it. The heterotrimeric SnRK1 com-
plex has been directly identified as a key player in responses
regulated by energy status, though the underlying mechanisms
are not fully understood (Broeckx et al.,2016; Baena-Gonzilez
and Hanson, 2017). The function, activity, and regulation of
its catalytic subunit SnRK1.1 (also known as AKIN10 or
SnRK10) have been addressed in several studies with the
aim of gaining insight into the mechanisms that contribute to
maintaining cellular energy homeostasis. Most of the evidence
has been obtained by linking the function of a TF directly re-
lated to a developmental process with the nuclear fraction of
SnRK1.1 (reviewed in Baena-Gonzalez and Hanson, 2017).
In almost all cases, the presented intracellular localization data
of SnRK1.1 have not focused on the non-nuclear localization
of this kinase (Supplementary Table S1). Only recently, it was
shown by yeast two-hybrid experiments that the 18 members
of the Arabidopis FCS-like zinc finger protein (FLZ) family
interact promiscuously with SnRK1.1. Moreover, 10 of them
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Fig. 6. Changes in SnRK1.1 and ER-rb marker distribution in response to perturbations in PETC. Study of leaf sections belonging to Arabidopsis stable
transgenic lines simultaneously expressing SnRK1.1-GFP (green channel) and ER-rb (red channel) in response to DBMIB and DCMU treatments. Leaves
were treated with the inhibitors of the PETC: 100 uM DBMIB (E-H) for 3 h and 50 uM DCMU (I-L) for 2h, and later analysed by LSCM. (A-C), (E-G),

and (I-K) show the maximum intensity projection images of a 10 image z-stack series (Az-axis ~0.49 um) containing SnRK1.1 signal distribution, ER-rb
signal, and both fluorescent signals merged for control and treated plants. (D, H, and L) 3D render reconstruction of the original z-stack images. The 3D

reconstruction was generated using Fiji software. Scale bars: 20 pm.

were able to co-localize with ER-rb during bimolecular fluor-
escence complementation (BiFC) experiments with SnRK1.1
in onion epidermal cells (Jamsheer ef al., 20184, b). FLZ pro-
teins have been interpreted to be scaffolds or adaptors to fa-
cilitate the assembly of the complexes containing SnRK1.1
(Jamsheer et al., 2018b). However, no functional meaning of
the assembly of these complexes at the ER has been presented.
In addition, these preliminary localization studies were con-
ducted in heterologous systems and specialized tissues that lack
functional chloroplasts.

In our current work, we use high-quality 3D imaging tech-
niques and showed that SnRK1.1 is found in the nucleus as
well as associated with the ER, mainly along ER strands and at
the ER perinuclear ring. This was demonstrated by co-localiza-
tion with two different ER markers, under physiological con-
ditions in photosynthetic tissue. We used both N. benthaminana
as well as stable expression in A. thaliana transgenic lines and
the native regulatory sequence, which was crucial to avoid any
artefacts affecting the imaging process. Considering the sol-
uble character of SnRK1.1 itself, the lack of a predicted trans-
membrane domain in its sequence, and our localization results,
we conclude that most probably the non-nuclear SnRK1.1
fraction is either bound to and/or interacting with proteins

at the cytosolic face of the ER membrane. The strength of
the association with the ER is also shown by the presence
of SnRK1.1-GFP signal in the intracellular microsomal frac-
tion. This fraction represents a subcellular pool of vesicles de-
rived from the ER, providing extra evidence of the stability
of the association with this organelle in both N. benthamiana
and Arabidopsis. Moreover, co-localization experiments with
ER-localized HMGR (Leivar et al., 2005; Ferrero et al., 2015;
Rodriguez-Concepcién and Boronat, 2015), which was con-
ducted across a time series, demonstrated the stability of the
association with the ER at least during a short time period. In
these experiments, a highly dynamic behaviour characteristic
of the HMGR and SnRK1.1 as ER-associated proteins was
clearly observed.

HMGR is a well-known phosphorylation target of SnRK1.1
and catalyses the first committed step in the mevalonic acid
biosynthetic pathway (Rodriguez-Concepcién and Boronat,
2015).The SnRK1.1-mediated inactivation of HMGR is trig-
gered by phosphorylation of a conserved serine residue located
in the catalytic domain at the cytosolic face of the ER mem-
brane-bound HMGR (Leivar et al., 2005; Antolin-Llovera
et al., 2011; Ferrero et al., 2015; Robertlee et al., 2017). This
co-localization therefore not only confirms ER association of
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Fig. 7. Changes in SnRK1.1 distribution in response to perturbations at the PETC by DCMU. Panels present the 3D reconstruction of the z-stack image
series of vascular tissue belonging to leaf sections of Arabidopsis stable transgenic lines simultaneously expressing SnRK1.1-GFP (green channel) and
ER-rb (red channel). Treatments are similar to those in Fig. 6. The corresponding fluorescence channel or the image merging conditions are indicated at
the top of the row. 3D reconstruction was generated by the Zen Zeiss 2012 (blue edition) software.

SnRK1.1 but also shows a potential direct functional output of
this kinase at this organelle (Antolin-Llovera et al., 2011).

In the frame of a model that places SnRK1 as a central in-
tegrator of stress and energy signals, SnRK1.1 has frequently
been addressed as a gauge of central cellular energy status,
integrating the functional status of the cellular powerhouses,
chloroplasts and mitochondria (Hartl and Finkemeier 2012;
Ng et al., 2014; Kleine and Leister 2016). Following this hy-
pothesis, it is tempting to hypothesize that the physical prox-
imity between these organelles and the ER could facilitate
the sensing of chloroplast and mitochondrial status by the
ER-localized SnRK1.1 fraction (Prinz, 2014; Griffing et al.,
2017). For chloroplasts, different processes such as stromule
formation, and exchange of metabolites including lipids and
products of carotenoids have demonstrated the importance of
the association between the ER and the plastid (Schattat ef al.,
2011; Mehrshahi et al., 2013; Grifiing ef al.,2017; Barton et al.,
2018). One experimental example of such a structural and
functional relationship between chloroplasts and the ER was
the discovery of the transient changes in movement, behaviour,
and aggregation status of ER -localized proteins in response to
photostimulation of the chloroplast—-ER interface (Griffing,
2011). To explore a link between SnRK1.1 localization and
chloroplast status, we perturbed the photosynthetic electron
flow with DCMU and DBMIB. Our aim was to mimic con-
ditions of low- and high-energy status, respectively, and to re-
veal how these fluctuations might be sensed or perceived by
the non-nuclear fraction of SnRK1.1. The observed dramatic
changes in the distribution of the ER marker ER-rb, a pro-
tein in the ER, and in SnRK1.1 distribution in response to

DBMIB, including the appearance of aggregates, was similar
to the effect of chloroplast photostimulation (Griffing, 2011).
On the other hand, a complete blockage of the electron flow
via the plastoquinone pool by DCMU provoked variations in
the intracellular distribution of SnRK1.1, with a strong rela-
tive increase in the nuclear fraction observed in vascular tissue.
The DCMU treatment, leading to an overoxidized plastoqui-
none pool, affected the ER morphology in a different way,
leading to spindle-shaped structures that resemble ER bodies.
These structures have previously been associated with chloro-
plast perturbations, being induced specifically by the plastidial
metabolite methylerythritol cyclodiphosphate (MEcPP), a
precursor of plastidial isoprenoids (Wang et al., 2017). These
results revealed a link between fluctuations in plastid status
and the ER proteome, and suggest a potential transduction of
the plastidic energy status to ER-associated proteins including
SnRK1.1. Moreover, the effect at the ER is not general but
specific to the nature of the plastid imbalance.

The link between the plastid redox state and the function
of the ER-associated SnRK1.1 can be orchestrated through
redox-sensitive post-translational modification of this kinase
(Wurzinger et al., 2018). Based on the in vitro model presented
by Wurzinger and collaborators, highly reductive plastids, such
as the plastids following DBMIB treatments or when plants
are exposed to high-light conditions, generate conditions that
might favour the monomeric SnRK1.1 forms. Following
the same rationale, under reductive conditions, SnRK1.1
is more active and phosphorylates targets such as bZIP63
(Wurzinger et al.,2018). It would be interesting to evaluate the
above-mentioned SnRK1.1 intracellular distribution changes
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in response to plastid perturbations in planta using SnRK1.1
mutants insensitive to redox-based post-translational modifica-
tions. So far,among the SnRK1 subunits, a correlation between
post-translational modification (myristoylation) and intracel-
lular distribution has only been demonstrated for the 3 subunit
1 and 2 (SnRKf1 and 2) (Pierre et al., 2007). However, there
is mounting evidence that the activity of SnRK1.1 is regu-
lated by multiple post-translational modifications (Crozet et al.,
2014). In addition, the herein characterized dual localization of
SnRK1.1 might be indicating how a compartmentalization—
function relationship can be regulated via these modifications
(Emanuelle ef al., 2016). Possible interactors that could play a
role in this regulatory mechanism are for instance GRIK2/1
(Shen et al., 2009), SnAK1/2 (Glab et al., 2017), and ABI1/
PP2C (Rodrigues et al., 2013), which control the phosphoryl-
ation status of SnRK1.1.

The ER is a dynamic network formed by tubules and planar
structures ideally arranged to act as a communication net-
work throughout the cell connecting organelles such as mito-
chondria, chloroplasts, and the nucleus in an actin-dependent
manner (Sparkes ef al., 2009b; Stefano et al., 2014; Grifhing et al.,
2017).This complex morphology turns the ER into an excel-
lent candidate site as a hub for signal inputs from the whole cell
and to convey this information to the nucleus to orchestrate
an ad hoc response (Griffing et al.,2017).The co-occurrence of
other central stress signalling pathways with their key compo-
nents (NACO013, NACO017, and Irel) at the ER is part of the
evidence supporting this concept (Koizumi et al., 2001; De
Clercq et al.,2013; Ng et al., 2013b). The finding of a dynamic
ER-localized SnRK1.1-GFP fraction in close interaction
with chloroplasts as shown by our localization studies under-
pins the idea of the ER as a hub of different signalling routes,
including retrograde signals originating in the endosymbiotic
organelles, and the potential involvement of SnRK1.1. The
presence of SnRK1.1 at the ER, including in ER subdomains
such as the perinuclear ring, might be essential for input and
output of information of cellular energy status. The finding of
RAPTORI1B, a component of the SnRK1-antagonist target
of rapamycin (TOR) complex (Baena-Gonzilez and Hanson,
2017), co-localizing with SnRK1.1 in the ER perinuclear ring,
is highly interesting in this context (Nukarinen et al., 2016).To
probe the potential crosstalk between SnRK1 and TOR, inte-
grated studies of the spatio-temporal distribution of the com-
ponents of these complexes are challenges for the future.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. SnRK1.1 localization aspects
bioinformatics tools.

Fig. S2. Nuclear localization of SnRK1.1 along the z-axis.

Fig. S3. SnRK1.1 localization in epidermal N. benthamiana
cells using LSCM.

Fig. S4. Distribution of SnRK1.1 in vascular tissue of
Arabidopsis stable transgenic lines expressing SnRK1.1.

Fig. S5. Spatial distribution of SnRK1.1 and ER-rb in
N. benthamiana cells.

obtained by

Fig. S6. Co-localization of SnRK1.1 with the ER resident
protein 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGR).

Fig. S7. 3D reconstruction of the original z-stack images set
of Fig. 4 generated using Fiji software.

Fig. S8. Loading controls and confirmation of the identity of
the microsomal fraction.

Table S1. Summary of previous reports indicating SnRK1.1
localization.

Table S2. Co-localization by intensity correlation coeffi-
cient-based analysis in the cortical and nuclear zone.

Video S1. Spatial reconstruction of SnRK1.1-GFP and
ER-1b signals by a fluorescent 3D model in N. benthamiana.

Video S2.Time frame sequence of the merged images of
HMGR-GFP and SnRK1.1-mCherry corresponding to
Supplementary Fig. S6.

Video S3. Spatial reconstruction of SnRK1.1 distribution
with respect to ER by a fluorescent 3D model in Arabidopsis.
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