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Bimolecular fluorescence complementation (BiFC) represents one of the
most advanced and powerful tools for studying and visualizing protein—
protein interactions in living cells. In this method, putative interacting
protein partners are fused to complementary non-fluorescent fragments of
an autofluorescent protein, such as the yellow spectral variant of the green
fluorescent protein. Interaction of the test proteins may result in
reconstruction of fluorescence if the two portions of yellow spectral variant
of the green fluorescent protein are brought together in such a way that they
can fold properly. BiFC provides an assay for detection of protein—protein
interactions, and for the subcellular localization of the interacting protein
partners. To facilitate the application of BiFC to plant research, we designed
a series of vectors for easy construction of N-terminal and C-terminal
fusions of the target protein to the yellow spectral variant of the green
fluorescent protein fragments. These vectors carry constitutive expression
cassettes with an expanded multi-cloning site. In addition, these vectors
facilitate the assembly of BiFC expression cassettes into Agrobacterium multi-
gene expression binary plasmids for co-expression of interacting partners
and additional autofluorescent proteins that may serve as internal
transformation controls and markers of subcellular compartments. We
demonstrate the utility of these vectors for the analysis of specific protein—
protein interactions in various cellular compartments, including the
nucleus, plasmodesmata, and chloroplasts of different plant species and
cell types.
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Introduction

Protein—protein interactions are basic cellular
events inherent to virtually every physiological
process and occur in all subcellular compartments
and organelles. For example, protein—protein inter-
actions are mvolved in the assembly of the nuclear
pore complex DNA packaging,” regulation of gene
expression, host pathogen interactions,” and sig-
nal transduction.” The identification of interacting
protein partners often provides decisive clues to
unraveling the biological functions of proteins.®
Thus, identification and characterization of specific
protein—protein interactions are essential for under-
standing and studying various aspects of cell
biology.

Various technologies have been developed for the
identification and analysis of protein—protein inter-
actions in vitro and in vivo, each with its advantages
and limitations. For example, the most widely
used method for in vitro analysis of protem protein
interactions, co- 1mmunoprec1p1tat10n often re-
quires the production of specific antibodies against
each of the analyzed proteins, an expensive and
time-consuming process. Co-immunoprecipitation
also requires lysis of the cells, which generally pre-
vents determination of the exact subcellular locali-
zation of the interacting proteins.®” In vivo protein
Cross- l1r1l<mg and co-fractionation (including TAP
taggmg) permit identification of protein—protein
interactions, but such methods may be difficult
to implement, as they involve complex biochemical
procedures.

Genet1c methods, such as the yeast two-hybrid
system,'? have been developed to facilitate farge-
scale screening and detection of protein—protein
interactions in wvivo.'""'? Fusion of interacting
proteins, each to a different domain of a fragmen-
ted transcription factor, will result in transcrip-
tional activation of a reporter if the interaction
brings both transcription factor domains into close
physical proximity, allowing reconstruction of a
functional transcription factor. Although very
useful, this system suffers from several drawbacks,
including high occurrence of false-positives and
the requirement that the mteractmg proteins
accumulate in the cell nucleus."” In addition, this
system does not preclude indirect interaction of
two proteins through a third component present in
yeast cells. A different version of the interaction
system, the two-hybrid Sos recruitment system,
allows identification of cytoplasmic interactions
by recruitment of the human Sos protein, a guanyl
nucleotide exchange factor, to the cell membrane.
At this location, Sos activates the Ras pathway and
rescues a temperature-sensitive phenotype of a
yeast strain containing a temperature-sensitive
mutation in the yeast Sos homolog.'*'> A varia-
tion of this approach, the Ras recruitment system,
uses Ras instead of Sos recruitment to the mem-
brane.'® Another cytoplasmic yeast two-hybrid
assay has been developed recently in which
reconstitution of N-terminal and C-terminal halves

of ubiquitin, when fused to interacting proteins,
results in degradation of URA3 reporter pro-
tem resulting in urac1l auxotrophy and resistance

5-fluoroorotic acid."” Whereas these methods do
not require nuclear import of the interacting
proteins, they still suffer from the l1m1tat1ons
inherent to yeast-based interaction assays,'® and
they do not allow determination of the native
patterns of subcellular localization of the interact-
ing proteins.

A new trend in analyzing protein—protein inter-
actions has emerged with the development of
various methods for visualizing proteins in living
cells. For example, the interaction between two
proteins, each fused to a different and inactive p-
galactosidase deletion mutant, has been observed in
live mammalian cells."** The molecular basis for
this assay is the ability of inactive p-galactosidase
deletion mutants to complement each other in trans
and to form an active enzyme.”' While this system
allows the in vivo detection of protein—protein
interactions, its major drawback is the indirect
nature of the enzymatic detection assay, which
does not allow the user to determine subcellular
localization of that interaction accurately.””
Although more suitable for subcellular localization,
this method requires good penetration of substrate
into the cell cytoplasm and organelles and, to date, it
has been applied only to plant protoplasts.*

Other, more direct approaches to investigating
protein—protein interactions use changes in fluor-
escence emissions from fluorescent proteins fused
to interacting proteins. For example, the fluores-
cence resonance energy transfer assay”** allows
visualization of protein—protein interactions by
fusing interacting proteins to different spectral
variants of the green fluorescence protein (GFP).
In this approach, the interacting proteins bring
their fluorophore tags into close proximity, allow-
ing the transfer of energy from a molecule of an
excited donor fluorophore to an acceptor fluoro-
phore molecule without emission of a photon.
Following excitation, changes in the second fluor-
ophore's emission intensity can be monitored and
attributed to protein—protein interactions.
Although useful for detection and for subcellular
localization of protein—protein interactions, 25728
fluorescence resonance energy transfer is techni-
cally challenging, as it can be affected by various
factors, including autofluorescence and photo-
bleaching, and it requires specialized equipment
for fluorescence lifetime 1ma§mg as well as special
algorithms for data analysis.”

Recently, a novel approach, termed bimolecular
fluorescence complementation (BiFC), 2 has been
designed to V1sual1ze protein—protein interactions
in mammalian cells.” BiFC is based on the ability
of fusions of interacting proteins to non-fluorescent
fragments of the yellow fluorescence protein (YFP)
to Complement each other and reconstruct a
functional YFP.** Fragments of YFP can be fused
to putative interacting protein partners. If these
proteins interact, they may bring together the non-
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fluorescing YFP fragments in such a way as to
permit refolding of the fluorophore and the sub-
sequent restoration of fluorescence (fluorescence
complementation). Initially, BiFC was used to
detect interaction and subcellular localization
of bZIP and Rel family transcription factors;*
since then, this method has been implemented
for the detection of protein—protein interactions
in mammalian cells,’® ** and in the cells of bac-
teria,>** and plan‘ts.%*43

For plant applications, the construction of several
expression vectors for detection of protein—protein
interaction in the cytoplasm and nucleus of Arabi-
dopsis and tobacco cells has been described.*"**
Although useful, these systems suffer from several
limitations, including a rather limited multi-cloning
site (MCS), the need to use two selection markers
for the production of transgenic plants, and the
lack of options for expressing additional genes and/
or reporters from the same plasmid.*"** To provide
these capabilities and help realize the full potential
of BiFC in plant research, we designed and con-
structed a series of vectors that carry constitutive
expression cassettes with an expanded MCS (as
compared with all BiFC plasmids available to
date)*'** for easy construction of N-terminal and
C-terminal fusions of the target protein to the YFP
fragments. This cloning versatility is especially
important because reconstruction of the YFP fluor-
escence requires correct folding and positioning of
the interacting fusion proteins, and optimal BiFC
often involves testing multiple different combina-
tions and orientations of the target protein-YFP
fragment fusions.” Furthermore, the design of our
vectors allows for assembly of BiFC expression
cassettes into Agrobacterium multi-gene expression
binary plasmids for co-expression of the interacting
partners. Finally, these vectors permit the addition
of other autofluorescent proteins that may serve as
internal transformation controls and markers of
subcellular compartments. The compatibility of
these vectors with previously described cloning
systems provides the user with a versatile collec-
tion of interchangeable markers, promoters, and
terminators.***°

Results and Discussion

Design of modular satellite plasmids (pSATN)
vectors for BiFC

In the BiFC assay, a molecule of YFP is split into
two portions, N-terminal (nYFP) and C-terminal
(cYFP), neither of which fluoresces on its own;
however, when nYFP and cYFP are brought
together as fusions with interacting g)roteins, YFP
fluorescence is restored (Figure 1).>Y We utilized
the coding sequence of the YFP variant EYFP
(Clontech), derived from enhanced GFP (EGFP),
which has been codon-optimized for high fluores-
cence yield in mammalian and plant cells.*® We

(a)
nYFP cYFP reconstructed
YFP
CO-expression
ey
interaction
protein A protein B protein A/B complex
(b)
nYFP cYFP nYFP cYFP
CO-expression
—_— >
no interaction
protein A protein B protein A protein B

Figure 1. The BiFC assay for detection of protein-
protein interactions in living cells. A molecule of an
autofluorescent protein reporter, YFP, is split into two
parts, N-terminal (nYFP) and C-terminal (cYFP), neither of
which fluoresces on its own. Fusion of nYFP and cYFP to
tested proteins results in a reconstructed YFP signal (a) if
the proteins interact with each other, whereas no YFP
fluorescence is produced in the absence of interaction (b).

generated a split between amino acid residues 174
and 175 (N-..Ile-Glu-aSp'’*/Gly'”*-Ser-Val...-C)
such that the tested proteins are fused to either
the N-terminal part of EYFP (nEYFP) or the
C-terminal part of EYFP (cEYFP). When the self-
interacting protein VirE2, a protein known to
multimerize,*” % was fused to nEYFP and cEYFP,
this 174/175 split resulted in reconstruction of
EYFP fluorescence in tobacco BY-2 protoplasts
(data not shown). We introduced these nEYFP
and cEYFP sequences into sets of pSATN (Figure
2), which allow versatile and simple cloning of the
tested genes and assembly of several expression
cassettes in a single binary vector for simultaneous
expression of multiple genes.** The plasmids,
illustrated in Figure 2, contain functional plant
expression cassettes in which the expression of
fused proteins is under the control of the consti-
tutive tandem cauliflower mosaic virus (CaMV)
35S promoter, the tobacco etch virus (TEV)
translation leader, and the CaMV 35S poly(A)
terminator. We chose these regulatory elements for
their ability to promote high expression levels in a
wide range of plant species and tissues.””' Both
nEYFP and cEYFP were engineered to carry either
a stop codon or a translation-initiation codon
(ATG), for the C-terminal (C1, Figure 2(a)) or N-
terminal (N1, Figure 2(b) and (c)) fusions, respec-
tively. This design allows expression of unfused
nEYFP and cEYFP for use as negative controls, as
well as production of fusions with genes that lack
their own ATG and stop codons.
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(a) rare cutter rare cutter
% Agel Ncol Nofi /
i SATN-nEYFP-C1
2x35s P
PSATN-cEYFP-C1
PSATN-cEYFP-C1(B)
nEYFP T .,

GAG GAC il stop
TAC ARG CC GGA CTC AGA TCT CGA GCT CAA GCT TCG AAT TCT GCA GTC GAC GGT ACC GCG GGC CCG GGA TCC ACC TGA TCT AGA
cEYFP Bghl  Xhol Sacl Hindill EcoRl Sal Kpnl Sacll Apal Smal BamH| Xbal

cEYFP(B)
rare cutter rare cutter
(b) :

% Agel Xbal Nofl ;

pSATN-nEYFP-N1
PSATN-cEYFP-N1

A ox358

nEYFP
------- Met ATG GTG
GEC ATG GTC CGG ACT CAG ATC TCG AGC TCA AGC TTC GAA TTC TGC AGT CGA CGG TAC CGC GGG CCC GGG ATC CTG [
Ncol Bghl Xhol Sacl Hindill EcoRI Sal Kpnl Sacll Apal Smal BamHI cEYFP
(C) I'EII'P cutter ra_re cutter
% Agel Xbal Notl ;
B SATNA-nEYFP-N1
4 2X355 E

PSATNA-cEYFP-N1
nEYFP
B A TG GTC
AG ATC TCG AGC TCA AGC TTC GAA TTC TGC AGT CGA CGG TAC CGC GGG CCC GGG ATC CTG s
Bghl Xhol Sacl  Hindlll EcoRl Saf Kpnl Sacll Apal Smal BamHl CEYFP

Figure 2. Structural features of the pSATN BiFC series of vectors. The plasmids produce in-frame fusions of the
protein of interest to the (a) C terminus or (b) and (c) N terminus of EYFP. Expression cassettes are inserted as Agel-
Notl fragments into three pSATN BiFC plasmids, pSAT1, pSAT 4 and pSAT6, in which the expression cassettes are
flanked with unique combinations of rare-cutting endonucleases, i.e. Ascl, I-Scel, or PI-Pspl for pSAT1, pSAT4, and
PSAT6, respectively. Using these rare cutting nucleases, different combinations of the BiFC expression cassettes can be
transferred from the pSATN BiFC vectors into the T-DNA region of previously described binary plasrnids.65 Individual
PSATN BiFC vectors were designed to allow easy exchange of their promoter and terminator sequences with a larger
PSAT family of vectors. 4 Open reading frames for nEYFP and cEYFP tags, as well as translation initiation
methionine (Met) and stop codons are indicated. Note that the difference between pSATN (b) and pSATNA (c) is in the
absence of the Ncol site and its resident ATG codon at the beginning of the multiple cloning site (MCS) in pSATNA.
2X35S, tandem CaMV 35S promoter; TL, TEV translation leader; ter, CaMV 35S poly(A) transcriptional terminator;
nEYFP and cEYFP, the N-terminal and C-terminal fragments of EYFP; C1 and N1 vectors produce fusions to the C and
N termini of cEYFP and nEYFP, respectively.

Each pSATN BiFC expression construction (Figure  recognition sites, respectively.*** Sequence analy-
2) was produced in three variations, pSAT1, pSAT4,  sis of pSAT6-cEYFP-C1 revealed a cryptic open
and pSAT6, in which the expression cassette is  reading frame (ORF) that could potentially interfere
flanked by Ascl, I-Scel, or PI-Pspl rare-cutter = with the correct expression of the cEYFP-tagged
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Figure 3. Reference markers for use with BiFC. Free
mRFP and mRFP-tagged proteins can be used to detect
BY-2 cells that have been transfected. (a) Superimposed
images of bright-field and Hoechst 33342 nuclear staining.
(b) Free mRFP-expressing transfected cell. (c) Super-
imposed images of free mRFP and Hoechst 33342 nuclear
staining. (d) Bright-field image (pseudo-colored in blue).
(e) mRFP-VirD2NLS. (f) Superimposed images of bright-
field and mRFP-VirD2NLS.

protein. Therefore, a set of pSATN-cEYFP-C1(B)
vectors (Figure 2(a)) was produced in which this
cryptic ORF was eliminated.

For easy and versatile cloning, we produced a
MCS with 12 unique restriction endonuclease
recognition sites (Figure 2). The C1 or N1 fusion
MCSs were engineered to produce the same reading
frame for each nEYFP and cEYFP pair, thus allowing
one-step exchange of fused proteins between each
pair of plasmids. To allow for even greater versati-
lity, two more sets of constructs, pPSATN(A)-nEYFP-
N1 and pSATN(A)-cEYFP-N1, were generated. In
these plasmids, the N1 fusion MCS lacks the ATG
codon (Figure 2(c)), allowing the user to utilize the
tested gene's own ATG as a start codon.

Reference markers for identification of
transfected cells and sub-cellular compartments

It is often useful to have a fluorescent marker as
an internal reference for cells and subcellular
structures when determining protein localization
in living cells. Expression of the reference marker
additionally helps to identify cells that are trans-
fected and, thus, can be examined for the BiFC
signal. We generated constructs to express free,
unfused autofluorescent proteins, the enhanced
cyan variant of GFP (ECFP) or the monomeric
form of DsRed, mRFP.>> Both of these proteins
partition between the cell cytoplasm and the
nucleus. In addition, the fluorescence signals of
these proteins can be separated easily from those of
EYFP, EGFP, chemical dyes and the cells autofluor-
escence. Figure 3 shows that an mRFP-expressing
construct can be effectively used to identify
transfected cells (Figure 3(a) and (b)), and it can
be employed in conjunction with a chemical dye
that stains DNA in the nucleus (Figure 3(c)). We
further developed a series of plasmids, in the

PSAT6 background, designed to express cDNAs
encoding various marker proteins fused to mRFP.
Collectively, these reference proteins can be used to
identify various sub-cellular compartmentsj. Figure
3 shows the localization of mRFP fused to the
nuclear localization signal (NLS) of the VirD2
protein of Agrobacterium (mRFP-VirD2NLS), to the
nuclei of electroporated tobacco BY-2 cells.

BiFC in different sub-cellular compartments

We used the pSATN plasmids to demonstrate the
feasibility of the BiFC assay for studying protein—
protein interactions in various subcellular compart-
ments of plant cells and in different plant tissues.
Agrobacterium VirD2 localizes to the nucleus of plant,
yeast, and animal cells.”>*® VirD2 also interacts
with the nuclear import-mediator importin «.”” We
generated constructs that tagged VirD2 with nEYFP
and the Arabidopsis importin « protein Atlmpa4
with cEYFP, and co-electroporated them into
tobacco BY-2 protoplasts together with a free
mRFP-expressing construct. Figure 4(a) shows that
nEYFP-tagged VirD2 interacted with cEYFP-tagged
Atlmpa4 in the cell nucleus. The nuclear localization
of the interacting proteins was verified by super-
imposition (Figure 4(d)) of the YFP signal (Figure
4(a)) over that of the Hoechst 33342 DNA-selective
dye (blue fluorescence, Figure 4(b)) and the free
mRFP (red fluorescence, Figure 4(c)).

VIP1 dimerizes in the cell nucleus.”® To demon-
strate this specific subcellular interaction and its use
with CFP as a reference marker, we co-expressed
nEYFP-VIP1 with cEYFP-VIP1 and free ECFP.
Figure 4(e) shows that nEYFP-tagged VIP1 inter-
acted with cEYFP-tagged VIP1, and that the result-
ing BiFC signal was predominantly nuclear.
Superimposition of the YFP signal (Figure 4(e))
over that of the co-expressed CFP (Figure 4(f)) and
plastid autofluorescence (Figure 4(g)) clearly deli-
neated the expressing cell within the leaf tissue and
identified its cytoplasm and nucleus (Figure 4(h)),
facilitating the interpretation of the BiFC data.

Next, we examined whether BiFC can be used to
detect interactions between proteins within plant
intercellular connections, the plasmodesmata.58
We tested for interaction between the movement
protein (MP) of tobacco mosaic virus (TMV) and
Arabidopsis calreticulin (CRT). These proteins have
been shown to interact and localize to plasmodes-
mata using a fluorescence resonance energy
transfer assay.”® Figure 5(a) shows that co-expres-
sion of CRT tagged with cEYFP and TMV MP
tagged with nEYFP resulted in fluorescence com-
plementation within distinct puncta at the cell
periphery of Nicotiana benthamiana cells, a pattern
characteristic of plasmodesmal localization.” %
No signal was observed following cobombardment
of nEYFP-tagged TMV MP with free cEYFP (data
not shown).

thttp://www.biology.purdue.edu/people/faculty/
gelvin/nsf/index.htm
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(@) (b)

Figure 4. The use of a chemical dye, CFP and mRFP as
internal markers during BiFC detection of protein-protein
interactions. (a)—(d) Interaction between cEYFP-tagged
AtImpa4 and nEYFP-tagged VirD2 in BY-2 protoplasts. (a)
The images of the reconstructed YFP signal, (b) nuclear
staining by the DN A-selective dye Hoechst 33342 and (c)
co-expressed free mRFP were (d) superimposed to better
demonstrate the nuclear location of the interacting pro-
teins. (e) to (h) Dimerization of nEYFP-tagged and cEYFP-
tagged VIP1 in the N. benthamiana cell nucleus. (e) The
images of the reconstructed YFP signal, (f) co-expressed
free ECFP, and (g) plastid autofluorescence were (f) super-
imposed to better demonstrate the nuclear location of the
interacting proteins.

Co-expressed autofluorescent proteins can be
used as markers for specific subcellular compart-
ments and organelles when fused to proteins that
target to such compartments. Colocalization of
such specific reference markers with the BiFC
signal helps to identify the subcellular location of
the interacting proteins. We illustrated this concept
in a BiFC assay of protein—protein interactions
between subunits of a cucumber chromoplast D
(ChrD) protein. This protein localizes to plastids
and dimerizes.*®* We co-expressed nEYFP-tagged
ChrD and cYFP-tagged ChrD in Arabidopsis leaves

with ChrD fused to mRFP. Because all pSATN BiFC
vectors are compatible with our previously
described modular system for expressing multiple
genes in plants,**** we mounted all three expres-
sion constructs onto a single Agrobacterium binary
plasmid pPZP-RCS2.%> Figure 5(b) to (e) exempli-
fies the imaging of a typical cell expressing all three
fusion proteins, where both expression of mRFP-
tagged ChrD (Figure 5(b)) and reconstruction of the
YFP signal due to BiFC following ChrD dimeriza-
tion (Figure 5(c)) are observed in the background of
plastid autofluorescence (Figure 5(d)). Merging all
three images confirmed the expected localization of
the ChrD-ChrD dimers within the cell chloroplasts
identified by the presence of mRFP-tagged ChrD
(Figure 5(e)).

BiFC in different plant tissues and cell types

BiFC has been demonstrated in several plant
species, including Arabidopsis thaliana,** tobacco
(Nicotiana tobacum),””*'** onion (Allium cepa),37'39
and parsley (Petroselinum crispum),*® using various
transformation techniques. In addition to leaf tis-
sues and tobacco protoplasts (Figures 4 and 5), we
examined the functionality of our BiFC vectors in

Figure 5. BiFC detection of protein-protein interac-
tions in different sub-cellular locations. (a) Interaction
between nEYFP-tagged TMV MP and cEYFP-tagged CRT
in plasmodesmata of tobacco leaves. (b) to (e) Dimeriza-
tion of nEYFP- and cEYFP-tagged ChrD in chloroplasts of
Arabidopsis leaf cells. (b) The images of the reconstructed
YFP signal, (c) co-expressed mRFP-tagged ChrD, and (d)
plastid autofluorescence were (e) superimposed to iden-
tify the plastid location of the interacting proteins.
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several other plant cells and model systems. In these
experiments, we utilized dimerization of the toma-
to yellow leaf curl virus (TYLCV) capsid protein
(CP). Interaction of cEYFP-tagged TYLCV CP with
nEYFP-tagged TYLCV CP was detected within the
nucleus of a tomato leaf mesophyll cell (Figure 6(a))
against the background of plastid autofluorescence

(Figure 6(b)). This observation is consistent with
previous reports that TYLCV CP is a nuclear pro-
tein®® capable of homotypic oligomerization.”” The
use of differential interference contrast (DIC) con-
focal imaging allowed visualization of the cell
nucleus in DIC (Figure 6(c), arrow), and super-
imposition of the fluorescence and bright-field
images confirmed the localization of the CP-CP
complex (Figure 6(d)). Dimerization of TYLCV CP
within the cell nucleus was observed also in tomato
leaf trichome cells (Figure 6(e) to (h)) as well as in
isolated tobacco leaf protoplasts (Figure 6(i) to (1)).
Notably, trichomes and protoplasts are often used as
experimental systems for virus—host plant inter-
actions,®® 7! making BiFC useful for such studies.
BiFC can also be used to visualize protein—protein
interactions in onion epidermal cells. Importin «
molecules can dimerize,”” and can be detected by
BiFC to colocalize with the nuclear portion of the co-
expressed internal reference fluorescence marker,
mRFP (Figure 6(m)).

Confocal microscopy is the tool of choice for
detailed, high-resolution analyses of fluorescently
tagged proteins in living cells.”>”* Nevertheless,
epifluorescence microscopy is still widely used as a
simple and low-cost alternative for visualization of
intracellular fluorescence. We tested the appli-
cability of our BiFC vectors, in combination with
reference autofluorescent protein markers or fluor-
escent dyes, for detection of BiFC by epifluores-
cence microscopy (Figures 4(a)—(d), and 6(n) and
(0)). Importin a molecules from Arabidopsis dimer-
ize in tobacco BY-2 cells. In Figure 6(n), the
reconstructed YFP signal was initially merged
with a bright-field whole-cell image (pseudo-
colored in blue) to localize the dimerized proteins
to what appeared to be the cell nucleus. Nuclear
localization of importin a dimers in a different
image was confirmed by co-localization of the
reconstructed YFP signal with the DNA-selective
dye Hoechst 33242 (Figure 6(0)).

Figure 6. BiFC detection of protein—protein interac-
tions in different plant tissues and cell types. Dimerization
of nEYFP-tagged and cEYFP-tagged TYLCV CP in the
nuclei of (a) to (d) tomato mesophyll cells, (e) to (h) tomato
trichomes and (i)—(1) isolated tobacco leaf protoplasts. The
images of (a), (e), and (i) the reconstructed YFP signal,
(b), (f), and (j), plastid autofluorescence, and (c), (g), and
(k) DIC were (d), (h), and (I) superimposed to better
demonstrate the nuclear location of the interacting
proteins. Arrows point to the location of the cell nucleus
in DIC images. YFP signal is in yellow and plastid
autofluorescence is in red. (m) Dimerization of nEYFP-
and cEYFP-tagged importin « in onion epidermal cells.
The BiFC YFP signal is superimposed upon the mRFP
expressing cell. Fluorescence images are single confocal
sections. (n) to (o) Dimerization of nEYFP-tagged and
cEYFP-tagged importin a in tobacco BY-2 protoplasts. (n)
The BiFC YFP signal is superimposed with bright-field
image (pseudo-colored in blue). (o) The superimposition
of the YFP signal (yellow) with Hoechst 33342 DNA-
selective dye (blue) allowed better identification of the cell
nucleus in epifluorescence images.
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Here, we describe a new series of modular vectors
designed to carry out BiFC assays in plant cells. The
functionality of these vectors was demonstrated
with a wide range of interacting proteins derived
from different plant species as well as from plant
bacterial and viral pathogens, and protein—protein
interactions were detected in diverse plant species,
tissues and cell types, and isolated protoplasts.
Importantly, BiFC allowed detection of protein—
protein interactions in various subcellular compart-
ments, from the cell nucleus to plasmodesmata to
chloroplasts. We showed the applicability of our
vector system in conjunction with coexpression of
reference autofluorescent protein markers, such as
CFP and mRFP, and with the fluorescent dye
Hoechst 33242. Protein—protein interactions were
visualized using both confocal and epifluorescence
microscopy, and the transformation of plant tissues
and cells with our vectors was achieved using
diverse transformation techniques. Thus, our BiFC
vectors are suitable for studies of protein—protein
interactions in a wide range of plant species,
tissues, and cell types, as well as for different trans-
formation and detection techniques, from more
costly microbombardment and confocal microscopy
to cost-effective agroinfiltration and epifluorescence
microscopy.

A useful feature of our BiFC vectors is their
compatibility with a larger family of plasmids for
the cloning and expression of multiple genes.***
With this system, genes, promoters, terminators,
and complete expression cassettes can be shuttled
easily between plasmids and multiple expression
cassettes. BiFC components and reference markers
can be assembled onto a single Agrobacterium binary
plasmid. This capability is unique to the pSATN
BiFC vectors, and it is not available with other BiFC
vectors.*"42 Further, users who are interested in
performing BiFC in transgenic plants can choose
between three selection markers (bar, nptll, and
hpt)***> when mounting their BiFC expression
cassettes and fluorescent markers onto binary
vectors. Complete sequences of all our pSATN
BiFC vectors as well as of the multi-gene expression
binary plasmids are available both from GenBank
and at our website§.

Experimental Procedures

Plasmid construction

For production of pSATN BiFC vectors, the original
MCS of pUC18”® was replaced using PCR with the
following forward and reverse primers: 5’ AAAT-
ACTGCAGCCATGGAATTCTAGAGCGGCCGC-
GTAATCATGGTCATAGCTGTTTCC3’ and 5’
AAATACTGCAGGTCGACGAATTCACCGGTGG-
CACTGGCCGTCGTTTTACAACG3'. The PCR product
was digested with Pstl and self-ligated, resulting in

§ http:/ /www.biology.purdue.edu/people/faculty/
gelvin/nsf/index.htm

pUC18-MCS-A, which contains the following restriction
endonuclease recognition sites: Agel, EcoRI, Sall, PstI,
Ncol, EcoRlI, Xbal and Notl. To assemble a functional plant
expression cassette, the tandem CaMV 35S promoter was
PCR-amplified from pRTL2-GUS,”" and inserted into the
Agel-Sall sites of pUC18-MCS-A, producing pUC18-
2x355p. Next, the TEV translation leader, TL, was PCR-
amplified from pRTL2-GUS and cloned into the Xhol-Ncol
sites of pUC18-2x35Sp, producing pUC18-2x35Sp-TL. A
single A to G mutation was introduced into one of the TL
primers in order to eliminate an internal EcoRI site located
at the 5’end of the TL sequence. Finally, the entire EYFP
ORF and its adjacent MCS and the 35S poly(A) terminator
were PCR-amplified from pEYFP-C1 (Clontech) and
PRTL2-GUS, respectively, and cloned by triple ligation
as EYFP-MCS Ncol-Xbal and 35 S poly(A) Xbal-Notl
fragments into the Ncol-Notl sites of pUC18-2x355p-TL,
producing a vector with a complete EYFP-C1 expression
cassette, designated pSAT-EYFP-C1. The EYFP-C1 expres-
sion cassette was then transferred as an Agel-Ncol frag-
ment into pAUX3133,% creating pSAT6-EYFP-C1. Then,
the YFP ORF from pSAT6-EYFP-C1 was replaced with
Ncol-XhoI PCR products corresponding to the N-terminal
(amino acid residues 1-174, nEYFP) and C-terminal
(amino acid residues 175-239, cEYFP) of EYFP, to produce
pSAT6-cEYFP-C1 and pSAT6-nEYFP-C1, respectively,
while maintaining the original EYFP MCS and reading
frame. To eliminate a cryptic ORF found in pSAT6-cEYFP-
C1, nEYFP was PCR-amplified to encode an extra glycine
residue at position 3, while eliminating the additional ATG
in pSAT6-cEYFP-C1 and producing pSAT6-cEYFP-C1(B).

The entire MCS and its adjacent 35 S poly(A) were PCR-
amplified from pSAT6-EYFP-C1 and cloned into the Ncol-
Notl sites of pUC18-2x35Sp-TL, creating the plant expres-
sion vector pSAT-MCS, from which the empty expression
cassette was transferred as an Agel-Ncol fragment into
pAUX3133, creating pSAT6-MCS. To produce pSAT6-
nEYFP-N1 and pSAT6-cEYFP-N1, Sall-Bglll PCR frag-
ments of nEYFP and cEYFP, respectively, were cloned into
the Sall-BamHI sites of pSAT6-MCS. To eliminate the Ncol
site and its cryptic translation initiation site, the Agel-BglII
fragments, containing the tandem 35 S promoter and its
adjacent TL enhancer in pSAT6(A)-cEYFP-N1 and pSAT6
(A)-nEYFP-N1, were replaced by a modified (lacking the
Ncol site) promoter fragment from pSAT6(A)-EGFP-N1,*
creating pSAT(A)-cEYFP-N1 and pSAT(A)mnEYFP-N1,
respectively.

Finally, the BiFC expression cassettes from pSAT6-
cEYFP-C1, pSAT6-cEYFP-C1(B), pSAT6-nEYFP-C1,
PSAT6-cEYFP-N1 and pSAT6-nEYFP-N1 were transferred
as Agel-Ncol fragments into pAUX3166,° creating
PSAT1-cEYFP-C1, pSAT1-cEYFP-C1(B), pSAT1-nEYFP-
C1, pSAT1-cEYFP-N1 and pSAT1-nEYFP-N1, respectively,
and into pAUX3131,%* creating pSAT4-cEYFP-C1, pSAT4-
cEYFP-C1(B), pSAT4-nEYFP-C1, pSAT4-cEYFP-N1 and
PSAT4nEYFP-N1, respectively. All PCR reactions were
performed using a high-fidelity Pfu DNA polymerase
(Stratagene), and their products were verified by DNA
sequencing. Structural features of the pSATN BiFC vectors
are shown in Figure 2.

Genes encoding all tested proteins were cloned into the
MCS of different pSATN BiFC vectors as follows. The
Atlmpa4 ORF was PCR-amplified and cloned into Kpnl-
Xmal sites of pGEM-T-Easy. The ORF was subsequently
excised using Ncol and Xmal, and ligated into the
corresponding sites of pSAT6-cEYFP-N1, generating
PSAT6-Atlmpa4-cYFP. The VirD2 gene was PCR-ampli-
fied and cloned into the Smal site of pBluescript. The ORF
was subsequently excised using EcoRI and Sacll, and
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ligated into the corresponding sites of pSAT6-nEYFP-C1,
generating pSAT6-nEYFP-VirD2. The Arabidopsis calre-
ticulin CRT1*® was PCR-amplified and cloned into the
Sall-BamHI sites of pSAT6-cEYFP-N1, and PCR-amplified
TMV MP sequence’® was cloned into the EcoRI-Sall
sites of pSAT6-nEYFP-N1, producing pSAT6-CRT1-
cEYFP and pSAT6-TMV-MP-nEYFP, respectively. The
Arabidopsis VIP1 gene”” was transferred as a Sall-BamHI
fragment from pSAT6-EGFP-VIP1** into the same sites
of pSAT1-cEYFP-C1(B) and pSAT4-nEYFP-C1, producing
PSAT1-cEYFP-VIP1 and pSAT4-nEYFP-VIP1, respectively.
The tomato chrD gene® was PCR-amplified and cloned
into the Sall-BamHI sites of pSAT4(A)-nEYFP-N1, pSAT1
(A)-cEYFP-N1, and pSAT6(A)-mRFP-N1, producing
pSAT4(A)-chrD-nEYFP, pSAT1(A)-chrD-cEYFP and
PSAT6(A)-chrD-mRFP-N1, respectively; for multigene
expression, their expression cassettes were transferred
into the I-Scel, Ascl and PI-Pspl sites pf pPZP-RCS2,***°
producing pPZP-RCS2-chrD-BiFC. The TYLCV CP se-
quence®® was PCR-amplified and cloned into the Xhol-
BamHI sites of pSAT4-nEYFP-C1 and pSAT1-cEYFP-C1,
producing pSAT4-nEYFP-TYLCV CP and pSAT1-cEYFP-
TYLCV CP, respectively. The NLS sequence of virD2”®
was excised as a Kpnl-HincIl fragment from pUC118-
VirD2 and cloned into the Kpnl and Smal sites of
PSAT6-mRFP-C1.

Transformation of plant tissues

For microbombardment experiments, various combi-
nations of plasmids encoding cEYFP and nEYFP fusion
proteins were mixed at a 1:1 (w/w) ratio and 50 pg of
DNA was adsorbed onto 10 pg of 1 pm gold particles
according to the manufacturer's instructions (Bio-Rad).
The particles were microbombarded into the leaf
epidermis of greenhouse-grown Nicotiana benthamiana
or tomato (Solanum lycopersicum) plants or onion epider-
mal peels. Microbombardment was performed at a
pressure of 150 psi (1 psi ~6.9 kPa) using a portable
Helios gene gun system (model PDS-1000/He, Bio-Rad),
and tissues were analyzed 16-24 h after bombardment.
For agroinfiltration, binary plasmids were mobilized into
Agrobacterium tumefaciens as described,” grown over-
night at 25 °C, and infiltrated into intact N. benthamiana
and Arabidopsis leaves, as described.®®" Infected tissues
were analyzed at 16-24 h after agroinfiltration. For
protoplast transformation, leaf mesophyll protoplasts
were isolated from N. tabacum L. cv. Samsun NN as
described,® and a mixture of 5 pg of plasmid DNA
and 15 pg of calf thymus DNA was used for electro-
poration of 0.5 ml of protoplast solution as described.*
Transformed protoplasts were incubated in the dark
for 4648 h at 27 °C prior to imaging. Tobacco BY-2
suspension cell protoplasts were generated and trans-
fected as described.”

Confocal and epifluorescence microscopy

Plant tissues were viewed directly under a Zeiss LSM 5
Pascal confocal laser-scanning microscope equipped with
two laser lines and a set of filters capable of distinguishing
between the cyan (ECFP), yellow (EYFP) and red (mRFP)
fluorescence proteins and plastid autofluorescence, or
under an OLYMPUS IX 81 confocal laser-scanning
microscope equipped with a single laser line and a set of
filters capable of distinguishing between EYFP and plastid
autofluorescence, as well as with a Nomarski differential

interference contrast (DIC) lens for capturing transmitted
light images. For epifluorescence microscopy, cells were
stained with Hoechst 33342 (final concentration, 20 ng/
ml) 10 min before observation and were imaged using a
NIKON ECLIPSE E600 epifluorescence microscope
equipped with YFP-, RFP- (HcRed) and UV-specific filters.

Database accession numbers

The complete sequences of the pSATN BiFC vectors
have been deposited in GenBank (accession numbers
DQ169005, DQ169004, DQ169003, DQ169002, DQ169001,
DQ169000, DQ168999, DQ168998, DQ168997, DQ168996,
DQ168995 and DQ168994 for pSAT4-nEYFP-N1, pSAT4-
cEYFP-N1, pSAT4(A)-nEYFP-N1, pSAT4(A)-cEYFP-N1,
PSAT1-nEYFP-N1, pSAT1-cEYFP-N1, pSAT1(A)-nEYFP-
N1, pSAT1(A)-cEYFP-N1, pSAT4-cEYFP-C1(B), pSAT1-
cEYFP-C1(B), pSATI-nEYFP-C1 and pSAT4-nEYFP-C1,
respectively) and the vectors are freely available to the
plant research community.
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