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Genetically encoded voltage-sensitive fluorescent proteins (VSFPs) are being used
in neurobiology as non-invasive tools to study synchronous electrical activities in
specific groups of nerve cells. Here we discuss our efforts to adapt this “light-based
electrophysiology” for use in plant systems. We describe the production of transgenic
plants engineered to express different versions of VSFPs that are targeted to the plasma
membrane and internal membranes of root cells. The aim is to optically record concurrent
changes in plasma membrane potential in populations of cells and at multiple membrane
systems within single cells in response to various stimuli in living plants. Such coordinated
electrical changes may globally orchestrate cell behavior to elicit successful reactions of
the root as a whole to varying and unpredictable environments. Findings from membrane
“potential-omics” can eventually be fused with data sets from other “omics” approaches
to forge the integrated and comprehensive understanding that underpins the concept of

edu.tw systems biology.
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INTRODUCTION

Systems biology aims to integrate multiple, large-scale “omics”
data sets to create a holistic understanding of the functional
principles and dynamics of complex biological systems (Zhang
etal., 2010). Plant scientists are using many “omics” platforms,
such as transcriptomics, proteomics, and metabolomics, to for-
mulate systems-level descriptions of living plants at different
developmental stages and under a variety of environmental condi-
tions (Fukushima etal., 2009; Heyndrickx and Vandepoele, 2012;
Keurentjes et al., 2013; Kleessen et al., 2013). Although not yet con-
sidered among “omics” approaches, the transmembrane electrical
potential is an essential and universal feature of living cells and
hence must be considered in any multi-scale representation of the
living state (Noble, 2013). Simultaneous monitoring of membrane
potential changes in populations of cells would provide a quan-
tifiable characteristic to evaluate together with global changes in
gene expression, protein abundances, and metabolite levels in sys-
tems biology research. Measurement of membrane potential has
not traditionally been amenable to high-throughput analysis but
recent technical advances are bringing this possibility closer to
reality.

In this article, we describe progress toward adapting a technol-
ogy, used originally on animal nerve cells, to record simultaneous
changes in membrane potential in populations of root cells in
living Arabidopsis thaliana (Arabidopsis) seedlings. The method
relies on genome-encoded voltage-sensitive fluorescent proteins
(VSFPs), which are able to undergo voltage-induced changes in
fluorescence. In principle, VSEPs allow optical imaging of changes
in membrane potential in single cells, layers of cells, and whole
organisms (Peterka etal., 2011; Perron etal., 2012), thus bringing
electrophysiological monitoring into the realm of systems biology.

We describe the production of transgenic plants expressing various
types of VSFPs targeted to different membranes in cells of roots,
which are non-photosynthetic and have a low background fluo-
rescence compared to most other plant organs. We discuss the
possibilities and challenges of using genetically encoded voltage
indicators in plants to study coordinated changes of the plasma
membrane potential in cell populations and at multiple membrane
systems within single cells.

VOLTAGE-SENSITIVE FLUORESCENT PROTEINS

Classical methods for recording membrane potentials have
generally relied on invasive tools such as microelectrodes. Moti-
vated by the desire to carry out functional analyses of selected
groups of nerve cells in the brain, neurophysiologists have been
developing over the last decade experimental methods for non-
invasive and synchronous monitoring of electrical activity from
populations of neurons. Foremost among the tools arising from
these efforts are VSFPs, which can be stably expressed in specific
cell types determined by the promoter used to drive transcrip-
tion and localized to distinct subcellular compartments by using
appropriate targeting signals (Mutoh and Knoepfel, 2013). The
technology is steadily improving and the potential for VSFPs to
offer fast and sensitive optical monitoring of electrical activity in
cells of living organisms led to their being declared a “Method to
Watch” by Nature Methods in January 2012 (Pastrana, 2012).

The basic idea behind VSFPs is to fuse a voltage-sensing domain
of a membrane protein to a single fluorescent protein or a tan-
dem pair of fluorescent proteins and use, respectively, either
changes in fluorescence intensity or FRET (Forster resonance
energy transfer) to report shifts in membrane potential (Perron
etal., 2009a; Mutoh and Knoepfel, 2013). The voltage-sensing
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domain used in the latest versions of VSFPs is derived from the
voltage sensor-containing phosphatase of the sea squirt Ciona
intestinalis (Ci-VSP; Murata etal., 2005). The transmembrane
motifs S1 to S4 of Ci-VSP are thought to coordinately operate
as the voltage-sensing domain. A history of the development
of VSFPs is available in recent reviews (Perron etal., 2012;
Mutoh and Knoepfel, 2013).

CONSTRUCTS FOR EXPRESSING VSFPs IN PLANTS

We have assembled constructs for expression of three different
VSEPs for use in plants (Figure 1). Two of these are from the
second generation of VSFPs (VSFP2) and monitor changes in
membrane potential through a FRET-based mechanism using
a pair of fluorescent proteins. The third is derived from third
generation VSFPs (VSFP3) and is based on voltage-dependent
alterations in fluorescence intensity of a single fluorescent pro-
tein (Figure 2; Perron etal., 2009a, 2012; Mutoh and Knoepfel,
2013). The VSFP constructs were obtained from their devel-
oper, Thomas Knoepfel, and as described below, introduced into
Arabidopsis plants under the control of various plant promoters
and different subcellular localization signals. Careful selection of
transcriptional regulatory signals is important because expression
must be sufficiently strong to detect fluorescent signals but not
so high as to promote aggregation of the fluorescent fusion pro-
teins or interfere with membrane localization (Mutoh etal., 2011;
Perron etal., 2012).

FRET-BASED VSFPs

The FRET-based mechanism of VSFP2 proteins depends on
voltage-dependent alterations in protein conformation such that
energy transfer between the two chromophores is reversibly mod-
ulated by changes of membrane voltage (Figure 2). The two VSFP2
probes we have adapted for plants each contain a different pair of
donor and acceptor fluorescent proteins fused with the Ci-VSP
(Akemann etal., 2010). VSFP2.3 contains cyan-emitting fluores-
cent protein (monomeric) mCerulean and the yellow-emitting
fluorescent protein citrine as donor and acceptor, respectively.
VSFP2.4 contains (monomeric) mCitrine as a donor and mKate2,
amonomeric far-red-emitting fluorescent protein (Shcherbo et al.,
2009), as acceptor (Figure 2). Experiments with neurons have
demonstrated the usefulness of testing different pairs of fluo-
rescent protein because the species of fluorescent protein can
influence the efficiency of membrane deposition and signal ampli-
tude (Perron et al., 2009b; Mutoh and Knoepfel, 2013). The choice
of which VSFP variant to use for a given purpose thus needs to be
determined empirically and will depend on the cell type, degree of
background fluorescence, and membrane to be targeted (Mutoh
etal., 2011).

We have placed the respective constructs encoding VSFP2.3 and
VSFEP2.4 under the control of two distinct promoters (Figure 1)
that display in our hands somewhat different patterns of expres-
sion in the root. The RPS5 promoter (Weijers etal., 2001)
drives expression primarily in meristem region and the elonga-
tion zone (Figure 3). The ubiquitin-10 promoter (Grefen etal,,
2010) drives lower expression in the meristem region but higher
expression in the elongation and maturation zones including
root hairs (Figure 4). Transgenic Arabidopsis lines homozygous

VSFP2.3

RPSBpro | VSFP23 3¢
RPS5pro R VSFP23 3c
VSFP2.3 3%
e g  VsFP23 [ ac

VSFP2.4
RPSSpro | VSFP2.4 B
RPS5pro VSFP24 3c
VSFP2.4 3c
Rl ohlad  VsFP24 | ac

VSFP3.1 TagRFP
ERL N vsFra TagrFP| ac

85 R ool VSFP3.1 TagRFP | 3¢

FIGURE 1 | Constructs for expressing VSFPs in plants. Genes encoding
voltage-sensitive fluorescent proteins VSFP2.3, VSFP2.4 (color of donor
chromophore shown), and VSFP3.1 TagRFP (Figure 2) were placed under
the control of either the Arabidopsis RPS5 promoter (RPS5pro; Weijers
etal., 2001) or ubiquitin-10 promoter (Ubi-10 pro; Grefen etal., 2010), both
of which are active in root cells, and the 3C transcriptional terminator from
the pea rbcS3C gene (Benfey etal., 1989). Constructs were also made that
included a WPP domain containing a localization signal for the outer nuclear
membrane (Deal and Henikoff, 2011). The constructs were introduced into
Arabidopsis plants using standard techniques. Around 10-20 transformed
lines were obtained with each construct and screened for single locus
insertions. Only lines that displayed stable and long-term expression of
VSFPs in roots were retained. Images from representative lines are shown
in Figures 3, 4,5, and 7. Constructs not drawn to scale.

for each construct have been generated and screened for the
desired expression properties. In root cells, which also exhibit
the aforementioned low background fluorescence, these lines
display approximately equal and uniform fluorescent signals from
the tandem FRET pair when imaged with the respective excita-
tion and emission wavelengths of the individual chromophores
(Figure 3). In mammalian cells, VSFPs based on the Ci-VSP
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FIGURE 2 | VSFP probes of membrane potential. Different variants of
VSFPs contain a combination of a voltage-sensing domain and either a pair of
donor and acceptor fluorescent proteins for FRET-based monitoring or a
single fluorescent protein for intensity-based recording. One fluorescent
protein is attached to the fourth transmembrane segment (gray rectangles, nr.
4) of the C. intestinalis voltage sensorcontaining phosphatase (Ci-VSP), which
comprises transmembrane motifs S1 to S4 that coordinately operate as the
voltage-sensing domain. (A,B) In the two FRET-based systems, VSFP2.3 and
VSFP2.4, illumination with the excitation wavelength of the donor protein
results in fluorescence primarily at the donor wavelength under resting
conditions (left). A change in the membrane potential (AV) allows energy
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transfer between the two fluorescent proteins, perhaps by aligning them
more favorably, such that increased fluorescence of the acceptor protein is
observed concomitantly with decreased fluorescence of the donor protein
(right). In VSFP2.3, the donor and acceptor fluorescent proteins are
mCerulean and citrine, respectively. In VSFP2.4, the donor and acceptor
fluorescent proteins are mCitrine and mKate2, respectively (Akemann etal.,
2010). The approximate excitation and emission wavelengths of these proteins
are shown. (C) In the intensity-based probe, VSFP3.1TagRFP a decrease in
membrane potential leads to an enhancement of fluorescence intensity from
the fluorescent protein, in this case monomeric TagRFP The figure is based on
previously published ones (Perron etal., 2012; Mutoh and Knoepfel, 2013).

voltage-sensing domain are efficiently targeted to the plasma
membrane (Mutoh and Knoepfel, 2013) and this domain appears
to work well for plasma membrane localization in root cells in
the absence of a targeting signal for a specific internal membrane
system (Figures 3A-D and 4A,B,E,F). Long-term expression of
VSEFPs in the Arabidopsis lines we have produced does not seem to
have any obvious adverse effects on plant growth, development,
or reproduction.

INTENSITY-BASED VSFPs

VSFP3 probes are based on a single fluorescent protein that
responds to voltage changes by a variation in fluorescence intensity
through a mechanism that is not yet completely understood
(Figure 2; Perron etal., 2009a,b, 2012). We have adapted a
VSFP3.1TagRFP construct for expression in plants by placing it
under the control of the ubiquitin-10 promoter (Figure 1; Grefen
etal., 2010). The TagRFP protein is a monomeric red fluorescent

www.frontiersin.org

August 2013 | Volume 4 | Article 311 | 3


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Systems_Biology/archive

Matzke and Matzke

Genetically encoded voltage sensors in plants

A

VSFP2.3
RPS5 pro

Cc

VSFP2.4
RPS5 pro

FIGURE 3 | Expression of VSFP2s from the RPS5 promoter in root tips.
(A,B) VSFP2.3, mCerulean fluorescence (left) and citrine fluorescence (right).
(C,D) VSFP2.4, mCitrine fluorescence (left) and mKate2 fluorescence (right).
Each image was made using the respective excitation and emission
wavelengths for the individual chromophores (see below). Note the plasma
membrane localization and the relatively uniform and equal signals from the

mCerulean

mCitrine

B

VSFP2.3
RPS5 pro

Citrine
D)

VSFP2.4
RPS5 pro

two fluorescent proteins of each FRET pair in this region of the root. In both
cases, plants are homozygous for the respective VSFP2-encoding construct.
Images shown are fluorescence wide field images acquired after focusing on
the top cell layers of the root. Excitation (ex) and emission (em) wavelengths
(in nm) of the filter cubes used for this image: mCerulean (ex 436/em

480 nm); citrine (ex 500/em 535 nm); mKate (ex 560/em 645 nm).

protein that is characterized by bright fluorescence, prolonged
fluorescence lifetime, high pH stability and reduced tendency to
form oligomers (Merzlyak etal., 2007). In an Arabidopsis line
transformed with the VSFP3.1TagRFP construct, fluorescence sig-
nals are localized to the plasma membrane in cells of the root
maturation zone (Figure 5A).

TARGETING VSFPs TO THE NUCLEAR MEMBRANES

We have a long standing interest in using potential-sensitive probes
to study electrical potentials at the nuclear membranes of the
nuclear envelope (Matzke and Matzke, 1986, 1991; Matzke et al.,
1988,2010). Although the nuclear envelope is not often considered
from an electrophysiological perspective, its electrical properties
may influence activities in the nucleus owing to the ion transport
capabilities of the nuclear membranes and the ability of elec-
tric fields to modulate DNA compaction and interactions with
proteins (Musheev etal., 2010, 2013).

The nuclear envelope of eukaryotic cells consists of two mem-
branes, the inner and outer nuclear membranes (INM and ONM,
respectively), which are fused at the nuclear pores. The nuclear
pores provide the major pathway for nucleo-cytoplasmic transport
of macromolecules. The compartment between the two nuclear
membranes, referred to as the perinuclear space, is thought to
sequester inorganic ions such as calcium for release into the
nucleoplasm upon the application of appropriate stimuli (Matzke

and Matzke, 1991; Charpentier and Oldroyd, 2013). Because
the ONM is continuous with the endoplasmic reticulum (ER),
the perinuclear space is contiguous with the lumen of the ER
(Figure 6).

The possibility of independent control of nuclear calcium and
other inorganic ions by channels and pumps in the nuclear mem-
branes is increasingly thought to be an important contributor to
the regulation of gene transcription and other processes in the
nucleus (Matzke etal., 2010). Plants provide some of the best
examples for independent regulation of nuclear calcium in signal
transduction cascades that trigger the expression of specific genes.
Several nuclear membrane-localized cation channels, CASTOR,
POLLUX (Charpentier et al., 2008), and DMI (Riely etal., 2007),
have been identified in forward genetic screens for nodulation-
deficient mutants in legumes. These channels are essential for
perinuclear calcium oscillations that precede activation of nodu-
lation genes in response to bacterial nod factors that interact with
cell surface receptors (Capoen etal., 2011).

We are interested in using nuclear membrane-localized VSFPs
to monitor changes in nuclear membrane potential that occur
in response to various triggering events. Such changes could be
independent of the plasma membrane potential but they may also
reflect synchronous changes in plasma membrane and nuclear
membrane potentials following a given stimulus at the cell sur-
face (Figure 6). Conceivably, such an electrically based signal
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FIGURE 4 | Expression of VSFP2s from the Ubi-10 promoter and
targeting to nuclear membrane in root cells. (A-D) \When driven by the
ubiquitin-10 promoter, the FRET pair in VSFP2.3 (mCerulean and citrine)
produces strong and uniform signals at the plasma membrane of cells in the
root maturation zone (A,B). When WPP is fused to the VSFP2.3 construct,
fluorescence is highly concentrated at the nuclear membrane in cells of the
maturation zone and in root hair cells (C,D, +WPP). (E-H) Similar results are
obtained with VSFP2.4 under the control of the ubiquitin-10 promoter (FRET

mCitrine

Ubi10 pro

Citrine

F

VSFP2.4
Ubi10 pro

mKate2

pair mCitrine and mKate2; E,F, plasma membrane; G,H, +WPFE nuclear
membrane). The weaker plasma membrane fluorescence than nuclear
fluorescence in (G) and (H) indicates that ONM targeting of the ubiquitin-10
promoter-driven VSFP2.4 is more specific than the RPS5 promoter-driven
VSFP2.4 (Figure 7). Images shown are fluorescence wide field images
acquired after focusing on the top cell layers of the root or the root hair. Each
image was made using the respective excitation and emission wavelengths
of the individual chromophores (see Figure 3 legend).
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FIGURE 5 | Expression of VSFP3.1TagRFP from the Ubi-10 promoter and
targeting to nuclear membrane in root cells. Images show expression of
the intensity-based VSFP3.1TagRFP from the Ubi-10 promoter at the plasma
membrane (A) and the nuclear membrane (B, +\WPP) in cells of the root
maturation zone. In (B), only some background fluorescence is seen in the

plasma membrane. The four faint spots to the right in (B) are root hair
nuclei. The excitation and emission wavelengths of TagRFP are 545 nm
and 605 nm, respectively. Images shown are fluorescence wide field
images acquired after focusing on the top cell layers of the root or the
root hair.

FIGURE 6 | Targeting VSFPs to different membrane systems. The plasma
membrane (PM) and the inner and outer nuclear membranes (INM and
ONM, respectively) are represented by concentric black partial and full
circles. For simplicity, the nuclear pores, at which the INM and ONM are
fused, are omitted. The ONM is continuous with the endoplasmic reticulum
(ER). The perinuclear space (PNS) between the INM and ONM is contiguous
with the lumen of the ER. Targeting of VSFPs to the PM is achieved by
Ci-VSP (Figure 3). Ideally, targeting signals specific for the INM and ONM
can be identified since these two membranes may have distinct and
independently regulated potentials. Using different VSFPs in the PM and
ONM (or INM) would allow multicolor imaging and simultaneous
monitoring of potentials at different membrane systems within a single cell.
Shown here is the hypothetical situation of FRET-based VSFP2.3 in the PM
(or INM) and intensity-based VSFP3.1TagRFP in the ONM. The dotted arrow
and question mark indicate the possibility of detecting synchronous
changes in PM and ONM (or INM) potentials using VSFPs.

transduction pathway that couples changes in plasma membrane
potential to changes at the nuclear membrane could provoke rapid
alterations in gene expression or influence other reactions in the
nucleus (Matzke and Matzke, 1991; Shemer et al., 2008).

Given the possibility that the two nuclear membranes maintain
distinct membrane potentials that are functionally significant
(Matzke etal., 2010), the ideal situation would be to target one
VSFP exclusively to either the INM or the ONM and a second VSFP
containing a different fluorescent protein or fluorescent protein
pair to the plasma membrane (Figure 6). To target VSFPs to the
ONM, we have used the WPP domain (amino acids 1-111) of the
Arabidopsis RAN GTPase activating protein (RanGAP1; Figure 1),
which has been reported to be necessary and sufficient for target-
ing to the ONM of the nuclear envelope in plants (Rose and Meier,
2001; Deal and Henikoff, 2011).

In transgenic lines containing VSFP2.4_WPP under the control
of the RPS5 promoter, expression of the VSFP is visible at the
nuclear periphery in cells in the elongation zone and root tip but
also at the plasma membrane, indicating that ONM targeting is
leaky (Figure 7). When the ubiquitin-10 promoter was used to
drive VSFP2.3_WPP expression, stronger fluorescent signals were
observed at the nuclear rim than at other cell membranes in cells
of the maturation zone and in root hairs (Figures 4C,D, com-
pare with Figures 4A,B). The most specific nuclear localization of
the FRET-based probes was observed with VSFP2.4_WPP under
the control of the ubiquitin-10 promoter. In these plants, strong
signals at the nuclear envelope were observed with little back-
ground fluorescence from other parts of the cell (Figures 4G,H,
compare with plasma membrane staining in Figures 4E,F). The
intensity-based probe, VSFP3.1TagRFP also displayed relatively
strong ONM fluorescence when fused to WPP, with only faint
plasma membrane fluorescence still visible (Figure 5B). The
basis of the observed variations in targeting efficiency by WPP
is not known but the findings illustrate that targeting VSFPs
to specific membrane systems is not always a straightforward
matter. A contributing factor may be differences in background
autofluorescence at the distinct excitation wavelengths of the var-
ious chromophores. Appropriate background corrections will be
necessary for accurate quantitative measurements.

We have tested two localization signals for the INM, one from
the mammalian protein nurim (Hofmeister and O’Hare, 2005)
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FIGURE 7 | Targeting VSFP2.4 to the outer nuclear membrane in root
tip cells. VSFP2.4 (FRET pair mCitrine and mKate) under the control of the
RPS5 promoter can be targeted to the outer nuclear membrane
(fluorescent circles) when coupled to the WPP domain. Considerable
fluorescence is still observed at the plasma membrane, so targeting is not
exclusive to the ONM. This may have something to do with the particular
VSFP or cell type, since WPP localizes VSFP2.4, under the control of the
ubiquitin-10 promoter, preferentially to the ONM in cells of the root
maturation zone and root hairs (Figures 4G,H). The background
autofluorescence may also vary depending on cell type at the excitation
wavelength of the donor chromophore. Images shown are fluorescence
wide field images acquired after focusing on nuclei in the top cell layer of
the root. Each image was made using the respective excitation and
emission wavelengths of the individual chromophores (see Figure 3
legend).
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DETECTION
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SUMMARY

We have described the ongoing development of genetically
encoded optical probes designed to record coordinated changes
in electrical potential at the plasma membrane and nuclear mem-
branes in populations of root cells in living plants. Although the
development of these tools is still in the early stages, our pre-
liminary studies and the successful use of VSFPs in animal cells
are positive steps toward establishing this innovative technology
in a wide range of organisms. The availability of such tools to
investigate overarching electrical patterns that transcend single cell
boundaries and single membrane systems will contribute needed
information on a currently underappreciated dimension of plant
systems biology.

ACKNOWLEDGMENTS

We thank Thomas Knoepfel, RIKEN Brain science Institute, for
kindly providing the VSFP constructs, Academia Sinica and the
Austrian Academy of Sciences for financial support, Johannes
van der Winden for technical assistance, and Christine Ying for
editorial assistance.

and Parniske, M. (2008). Lotus
japonicus CASTOR and POLLUX
are ion channels essential for per-
inuclear calcium spiking in legume
root endosymbiosis. Plant Cell 20, tures in cells of Arabidopsis at a
3467-3479. doi: 10.1105/tpc.108. high frequency. Proc. Natl. Acad.
063255 Sci. US.A. 97, 3718-3723. doi:
Charpentier, M., and Oldroyd, G. 10.1073/pnas.97.7.3718
E. (2013). Nuclear calcium signal- Deal, R. B, and Henikoff, S.
ing in plants. Plant Physiol. doi: (2011). The INTACT method for
10.1104/pp.113.220863 [Epub ahead cell type-specific gene expression and
of print]. chromatin profiling in Arabidopsis

Cutler, S. R., Ehrhardt, D. W., Griffitts,
J. S., and Somerville, C. R. (2000).
Random GFP::cDNA fusions enable
visualization of subcellular struc-

www.frontiersin.org

August 2013 | Volume 4 | Article 311 | 7


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Systems_Biology/archive

Matzke and Matzke

Genetically encoded voltage sensors in plants

thaliana. Nat. Protoc. 6, 56—68. doi:
10.1038/nprot.2010.175

Fukushima, A., Kusano, M., Redes-
tig, H., Arita, M., and Saito, K.
(2009). Integrated omics approaches
in plant systems biology. Curr. Opin.
Chem. Biol. 13, 532-538. doi:
10.1016/j.cbpa.2009.09.022

Graumann, K., Runions, J., and Evans,
D. E. (2010). Characterization of
SUN-domain proteins at the higher
plant nuclear envelope. Plant J.
61, 134-144. doi: 10.1111/j.1365-
313X.2009.04038.x

Grefen, C., Donald, N., Hashimoto,
K., Kudla, J., Schumacher, K., and
Blatt, M. R. (2010). A ubiquitin-10
promoter-based vector set for flu-
orescent protein tagging facilitates
temporal stability and native pro-
tein distribution in transient and
stable expression studies. Plant J.
64, 355-365. doi: 10.1111/j.1365-
313X.2010.04322.x

Heyndrickx, K. S., and Vandepoele, K.
(2012). Systematic identification of
functional plant modules through the
integration of complementary data
sources. Plant Physiol. 159, 884-901.
doi: 10.1104/pp.112.196725

Hofmeister, H., and O’Hare, P. (2005).
Analysis of the localization and

a polytopic
protein tightly associated with the
inner nuclear membrane. J. Biol
Chem. 280, 2512-2521. doi: 10.1074/
jbc.M410504200

Keurentjes, J. J. B., Molenaar, J., and
Zwaan, B. (2013). Predictive mod-
elling of complex agronomic and bio-
logical systems. Plant Cell Environ.
doi: 10.1111/pce.12156 [Epub ahead
of print].

Kleessen, S., Klie, S., and Nikoloski,
Z. (2013). Data integration through
proximity-based networks provides
biological principles of organiza-
tion across scales. Plant Cell doi:
10.1105/tpc.113.111039 [Epub ahead
of print].

Matzke, A. J. M., and Matzke, M.
A. (1991). The electrical proper-
ties of the nuclear envelope, and
their possible role in the regula-
tion of eukaryotic gene expression.
Bioelectrochem. Bioenerg. 25, 357—
370. doi: 10.1016/0302-4598(91)
80002-K

topology of nurim,

Matzke, A. J. M., Weiger, T. M., and
Matzke, M. (2010). Ion channels at
the nucleus: electrophysiology meets
the genome. Mol. Plant 3, 642-652.
doi: 10.1093/mp/ssq013

Matzke, M. A., and Matzke, A. J. M.
(1986). Visualization of mitochon-
dria and nuclei in living plant cells
by the use of a potential-sensitive
fluorescent dye. Plant Cell Envi-
ron. 9, 73-77. doi: 10.1111/1365-
3040.ep11614344

Matzke, M. A., Matzke, A. J. M,,
and Neuhaus, G. (1988). Cell age-
related differences in the interaction
of a potential-sensitive fluorescent
dye with nuclear envelopes of
Acetabularia  mediterranea.  Plant
Cell Environ. 11, 157-163. doi:
10.1111/j.1365-3040.1988.tb01132.x

Merzlyak, E. M., Goedhart, J., Shcherbo,
D., Bulina, M. E., Shcheglov, A. S.,
Fradkov, A. E, etal. (2007). Bright
monomeric red fluorescent protein
with an extended fluorescence life-
time. Nat. Methods 4, 555-557. doi:
10.1038/nmeth1062

Murata, Y., Iwasaki, H., Sasaki, M.,
Inaba, K., and Okamura, Y. (2005).
Phosphoinositide phosphatase activ-
ity coupled to an intrinsic voltage
sensor. Nature 435, 1239—-1243. doi:
10.1038/nature03650

Musheev, M. U,, Filiptsev, Y., Okhonin,
V., and Krylov, S. N. (2010).
Electric field destabilizes noncova-
lent protein-DNA complexes. J. Am.
Chem. Soc. 132, 13639-13641. doi:
10.1021/ja105754h

Musheev, M. U.,, Kanoatov, M., and
Krylov, S. N. (2013). Non-uniform
velocity of homogeneous DNA in a
uniform electric field: consequence
of electric field induced slow dis-
sociation of highly stable DNA-
counter-ion complexes. J. Am. Chem.
Soc. 135, 8041-8046. doi: 10.1021/
12402257

Mutoh, H., and Knoepfel, T. (2013).
Probing neuronal activities with
genetically-encoded optical indica-
tors: from a historical to a forward-
looking perspective. Pflugers Arch.
465, 361-371. doi: 10.1007/s00424-
012-1202-z

Mutoh, H., Perron, A., Akemann,
W., Iwamoto, Y., and Knoepfel, T.
(2011). Optogenetic monitoring of

membrane potentials. Exp. Physiol.
96, 13-18. doi: 10.1113/expphys-
i01.2010.053942

Noble, D. (2013). A biological rel-
ativity view of the relationships
between genomes and phenotypes.
Prog. Biophys. Mol. Biol. 111, 59—
65. doi: 10.1016/j.pbiomolbio.2012.
09.004

Oda, Y., and Fukuda, H. (2011).
Dynamics of Arabidopsis SUN pro-
teins during mitosis and their
involvement in nuclear shaping.
Plant J. 66, 629-641. doi: 10.1111/
j.1365-313X.2011.04523.x

Pastrana, E. (2012). Light-based electro-
physiology. Nat. Methods 9, 38. doi:
10.1038/nmeth.1825

Perron, A., Akemann, W., Mutoh, H.,
and Knopfel, T. (2012). Genetically
encoded probes for optical imaging
of brain electrical activity. Prog. Brain
Res. 196,63-77. doi: 10.1016/B978-0-
444-59426-6.00004-5

Perron, A., Mutoh, H., Akemann,
W., Gautam, S. G., Dimitrov, D,
Iwamoto, Y., (2009a).
ond and third generation voltage-
sensitive fluorescent proteins for
monitoring membrane potential.
Front. Mol. Neurosci. 2:5. doi:
10.3389/neuro.02.005.2009

Perron, A., Mutoh, H., Launey, T,
and Knopfel, T. (2009b). Red-
shifted voltage-sensitive fluorescent
proteins. Chem. Biol. 16, 1268—
1277. doi: 10.1016/j.chembiol.2009.
11.014

Peterka, D. S., Takahashi, H.,
Yuste, R. (2011). Imaging voltage
in neurons. Neuron 69, 9-21. doi:
10.1016/j.neuron.2010.12.010

Riely, B. K., Lougnon, G., Ane, J.-M.,
and Cook, D. R. (2007). The sym-
biotic ion channel homolog DMI1 is
localized in the nuclear membrane
of Medicago truncatula roots. Plant
J. 49, 208-216. doi: 10.1111/j.1365-
313X.2006.02957.x

Rose, A., and Meier, 1. (2001). A
domain unique to plant RanGAP is
responsible for its targeting to the
plant nuclear rim. Proc. Natl. Acad.
Sci. U.S.A. 98, 15377-15382. doi:
10.1073/pnas.261459698

Shcherbo, D., Murphy, C. S., Ermakova,
G. V., Solovieva, E. A., Chep-
urnykh, T. V., Shcheglov, A. S.,

etal. Sec-

and

etal. (2009). Far-red fluorescent tags
for protein imaging in living tis-
sues. Biochem. J. 418, 567-574. doi:
10.1042/BJ20081949

Shemer, I, Brinne, B., Tegner, J.,
and Grillner, S. (2008).
tonic signals along intercellular mem-
branes may interconnect dendritic
spines and nucleus. PLoS Comput.
Biol. 4:¢1000036. doi: 10.1371/jour-
nal.pcbi.1000036

Weijers, D., van Dijk, M. E, Venecken,

Electro-

R.-J., Quint, A., Hooykaas, P,
and Offringa, R. (2001). An
Arabidopsis  Minute-like  pheno-

type caused by a semi-dominant
mutation in RIBOSOMAL PRO-
TEIN S5 gene. Development 128,
4289-4299.

Zhang, W., Li, E, and Ni, L. (2010).
Integrating multiple ‘omics’ analy-
sis for microbial biology: applica-
tions and methodologies. Microbiol-
0gy 156,287-301. doi: 10.1099/mic.0.
034793-0

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 17 June 2013; accepted: 24
July 2013; published online: 06 August
2013.

Citation: Matzke AJM and Matzke
M (2013) Membrane “potential-omics”:
toward voltage imaging at the cell pop-
ulation level in roots of living plants.
Front. Plant Sci. 4:311. doi: 10.3389/
fpls.2013.00311

This article was submitted to Frontiers
in Plant Systems Biology, a specialty of
Frontiers in Plant Science.

Copyright: © 2013 Matzke and Matzke.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) or licensor are cred-
ited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permit-
ted which does not comply with these
terms.

Frontiers in Plant Science | Plant Systems Biology

August 2013 | Volume 4 | Article 311 | 8


http://dx.doi.org/10.3389/fpls.2013.00311
http://dx.doi.org/10.3389/fpls.2013.00311
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Plant_Systems_Biology/
http://www.frontiersin.org/Plant_Systems_Biology/archive

	Membrane "potential-omics": toward voltage imaging at the cell population level in roots of living plants
	Introduction
	Voltage-sensitive fluorescent proteins
	Constructs for expressing VSFPs in plants
	Fret-based VSFPs
	Intensity-based VSFPs

	Targeting VSFPs to the nuclear membranes
	Detection
	Summary
	Acknowledgments
	References


