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The MultiSite Gateway cloning system, based on site-specific recombination, enables the assembly of multiple DNA fragments
in predefined order, orientation, and frame register. To streamline the construction of recombinant genes for functional analysis
in plants, we have built a collection of 36 reference Gateway entry clones carrying promoters, terminators, and reporter genes,
as well as elements of the LhG4/LhGR two-component system. This collection obeys simple engineering rules. The genetic
elements (parts) are designed in a standard format. They are interchangeable, fully documented, and can be combined at will
according to the desired output. We also took advantage of the MultiSite Gateway recombination sites to create vectors in
which two or three genes can be cloned simultaneously in separate expression cassettes. To illustrate the flexibility of these core
resources for the construction of a wide variety of plant transformation vectors, we generated various transgenes encoding
fluorescent proteins and tested their activity in plant cells. The structure and sequence of all described plasmids are accessible
online at http:/ /www.psb.ugent.be/gateway/. All accessions can be requested via the same Web site.

The ability to assemble complex recombinant DNA
molecules becomes increasingly important because biol-
ogists have begun to investigate systematically the func-
tions of the many genetic elements identified in recently
sequenced and annotated genomes (Brasch et al., 2004;
Hilson, 2006). Several cloning systems are available
for the transfer of segments between double-stranded
DNA molecules that bypass the multistep protocols
involving restriction enzyme and ligase reactions. These
systems are based on recombinases that recognize spe-
cific DNA sequences long enough not to occur by chance
but short enough not to interfere with the function of
the cloned elements. They include the univector plasmid
fusion (Liu et al., 1998), in-fusion cloning (Benoit et al.,
2006), and the Gateway recombinational cloning system
commercialized by Invitrogen and arguably the most
popular nowadays. Gateway is based on the DNA se-
quences and enzymes that catalyze the insertion and
excision of the A phage DNA into and from the Escherichia
coli chromosome (Hartley et al., 2000).

Binary T-DN A vectors used for Agrobacterium tumefaciens-
mediated transformation of plant cells are large plasmids
and are cumbersome to manipulate in classical restriction/
ligation schemes. Therefore, several research teams rapidly
developed Gateway versions of such vectors to stream-
line ectopic gene expression, gene silencing, and pro-
moter studies in transgenic plants (Wesley et al., 2001;
Karimi et al., 2002; Curtis and Grossniklaus, 2003).
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These original vector sets were later complemented
with constructs that express protein fusions carrying
fluorescent, purification, or epitope tags (for review,
see Earley et al., 2006; Hilson, 2006, Karimi et al.,
2007).

Most recently, the MultiSite Gateway technology has
been developed for the simultaneous cloning of mul-
tiple DNA fragments in a versatile format (Cheo et al.,
2004; Sasaki et al., 2004, Magnani et al., 2006), and
plant binary T-DNA vectors have been devised for
MultiSite Gateway protocols (Karimi et al., 2005). In
this context, two, three, or more fragments, flanked by
compatible attL. and/or attR sites in so-called entry
clones, can be recombined in predefined order and
orientation into a destination vector in a single LR
clonase reaction. The resulting plasmid is an expres-
sion clone suitable for functional assays and, in the
present applications, for plant cell transformation.

Resources created for recombinational cloning
should be designed with simple engineering rules in
mind: Genetic elements (parts) should be constructed
according to standard formats, easily combined accord-
ing to the desired output, interchangeable, and fully
documented. Taking advantage of the MultiSite Gate-
way system, we created entry clones, destination vec-
tors, and expression clones to facilitate the assembly of
plant genetic elements. We illustrate how these core
resources can be used as flexible modules to create a
wide variety of plant transformation vectors and we
demonstrate the functionality of several MultiSite-
derived transgenes in planta.

RESULTS AND DISCUSSION
Genetic Elements in Entry Clones

To streamline the construction of plant transgenes,
we have built a collection of versatile entry clones
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containing commonly used plant genetic elements in
a format compatible with two- or three-fragment
MultiSite Gateway destination cassettes. In this frame-
work, from 5’ to 3’ relative to transcription, the pro-
moters or enhancer motifs are flanked by the attL4
and attR1 recombination sites, open reading frames
(ORFs) by the attL1 and attL2 or attR2 and atfL3 sites,
and terminators by the attR2 and attL3 sites. These
entry clones are recombined into plant binary T-DNA
destination vectors carrying recipient ccdB cassettes
flanked by the attR4-attR2 or attR4-attR3 sites (Karimi
et al., 2005; Fig. 1A).

By convention, the names of all entry clones are
structured in the same way: the letters pEN are fol-
lowed by the letter and number L4, L1, or R2, indicating
which att site is placed at the 5’ end of the correspond-
ing genetic element, the abbreviation of the element as
listed in Table I, and the letter and number R1, L2, or L3,
indicating which att site is placed at its 3’ end. For
clarity, name parts are separated by hyphens.

Promoters

Widely used promoters for ectopic expression in
plant species were transferred into pDONR P4-P1R
(Table I). The cauliflower mosaic virus (CaMV) 35S
promoter with duplicated enhancer region that is
highly active in most transgenic plant tissues (Benfey
and Chua, 1990) was fused at its 3’ end with a portion
of the tobacco mosaic virus ) (O) leader sequence to
promote translation of the downstream gene (Gallie,
2002; pEN-L4-2-R1). The NOPALINE SYNTHASE (NOS)
promoter (pEN-L4-1-R1) is expressed in a wide range
of plant cell types and is relatively weaker than the
CaMV 35S promoter (Sanders et al., 1987). The ROLD
promoter of Agrobacterium rhizogenes (pEN-L4-3-R1) is
highly active in roots and calli of most dicotyledonous
plant species (Leach and Aoyagi, 1991). The cassava
vein mosaic virus (CsVMYV) promoter (pEN-L4-4-R1)
has been shown to direct highly constitutive gene
expression in transgenic plants, similar to the CaMV
35S promoter (Verdaguer et al., 1998). The maize (Zea
mays) ubiquitin promoter alone (pEN-L4-UBIS-R1)
or including the first exon and the first intron of the
ubiquitin gene (pEN-L4-UBIL-R1) are highly active in
monocotyledonous plants (Christensen et al.,, 1992),
and the sequence including the intron yields the
highest level of gene expression in maize (Vain et al.,
1996).

Promoter entry clones formatted in such attL4-
promoter-atfR1 cassettes can be recombined with any
sequence available in another entry clone carrying an
attLl site at its 5 end with regard to transcription
as described (Hope et al.,, 2004; http://www.psb.
ugent.be/SAP/; Fig. 1B). This panel of promoters en-
ables strong ectopic expression of multiple genes in a
wide variety of plant species. Because their sequences
are different, they can be used to transcribe multiple
transgenes in the same plant, decreasing the risk of
silencing.
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Reporters

Classical plant reporter genes were cloned into
pDONR 221 and pDONR P2R-P3 for a wide range of
applications, including plant promoter analysis and
protein fusion localization (Table I). In all cases, the
reporter ORF was positioned in the Gateway reading
frame A according to the manufacturer’s guidelines.
The gene coding for the E. coli GUS enzyme (Jefferson
et al., 1987) was captured in the entry clones pEN-L1-
S-L2, pEN-L1-SI-L2, and pEN-R2-5*-L3. In pEN-L1-
S-L2, the original stop codon was removed from the
GUS OREF region to enable translation of GUS as an
N-terminal tag added to another protein. In pEN-L1-
SI-L2, the GUS ORF contains the PIV2 intron that orig-
inates from the potato (Solanum tuberosum) st-Is1 gene
and that has been shown to be correctly spliced in Arab-
idopsis (Arabidopsis thaliana), tobacco (Nicotiana tabacum),
poplar (Populus sp.), common bean (Phaseolus vulgaris),
and tepary bean (Phaseolus acutifolius; Vancanneyt et al.,
1990; Kapila et al.,, 1997). Intron-containing reporter
genes are required when transformed plant cells must
be marked unambiguously and distinguished from bac-
teria, such as Agrobacterium strains, cocultivated with
target plant tissues, and in which reporter background
expression may be observed (Vancanneyt et al., 1990;
Lewin et al., 1998). In pEN-R2-5*-L3, the GUS ORF
includes the stop codon and can be cloned in frame
with any other aftL1-ORF-attL2 for the expression of a
GUS C-terminal tag.

The firefly LUCIFERASE (LUC) gene is extensively
used as a reporter for in vivo transcriptional regulation
studies (Millar et al., 1992). The LUC OREF (luciferase+
or L+, a luciferase with adapted codon usage for
enhanced expression; http://www.promega.com/)
was captured in the entry clones pEN-L1-L*-L2,
pEN-L1-OL"-L2, and pEN-R2-L "-L3 (Table I). In pEN-
L1-OL"-L2, the Q leader was included upstream of the
L+ ORFE.

Fluorescent proteins (FPs) are molecular reporters
whose presence and subcellular localization can be
monitored dynamically in living cells. They can be
expressed alone or as tags fused to other proteins
(Hanson and Kohler, 2001). Several FP-coding genes
were captured as entry clones in diverse formats suit-
able for various applications: enhanced GFP (F), en-
hanced CYAN FP (CFP; C), enhanced YELLOW FP
(YFP;Y), and RED FP (DsRed; R; CLONTECH; http://
www.clontech.com/). These genes were cloned into
pDONR 221 as simple ORFs (pEN-L1-FP-L2 series) or
preceded in frame by the nuclear localization signal
(NLS) sequence from a putative tobacco transcription
factor (Grebenok et al., 1997; pEN-L1-NFP-L2 series)
and into pDONR P2R-P3 as simple ORFs (pEN-R2-
FP-L3 series; see Table I for a complete list of FP entry
clones). In addition, the PIV2 intron was introduced
into the GFP ORF to generate pEN-L1-FI-L2 (see above).

Because the original stop codon was removed from
all FP and NLS-FP ORFs, any pEN-L1-FP-L2/pEN-L1-
NFP-L2 or pEN-R2-FP-L3 clone can be recombined
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in a MultiSite LR clonase reaction with any other
OREF for the expression of proteins carrying an N- or
C-terminal FP tag, respectively. Alternative stop co-
dons in the three frames are located downstream of the
Gateway cassette in all the binary T-DNA destination
vectors constructed for MultiSite cloning (Karimi et al.,
2005). For example, the NLS-FP ORF from a pEN-L1-
NFP-L2 entry clone can be fused in frame with the
FP ORF from a pEN-R2-FP-L3 for the expression of a
double FP molecule (Fig. 2A). Such large double
fluorescent tags are shuttled and retained into the nu-
cleus and yield a higher signal than single tags when
transcribed under the control of specific promoters. In
the same framework, an NLS-FP can be expressed as
a fusion with other reporters such as GUS (Quaedvlieg
et al., 1998; Fig. 2A).
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Any simple or fused ORF carrying an attL1 at its 5’
end may be recombined in the same reaction with any
promoter of choice available as an attL4-promoter-
attR1 entry clone, such as those described above. Also,
any reporter in an attR2-reporter-attL3 format can be
recombined with a promoter or ORF built as an attL1-
promoter-atfL2 entry clone.

Lastly, we have included in the reporter series an
attL1-attL2 cassette containing, from 5’ to 3’, a mini-
mal 35S promoter (46 bp; Benfey et al., 1990) followed
by the ORF coding for an intron-containing NLS-GFP
intron (pEN-L1-M2NFI-L2). This reporter cassette en-
ables the direct addition of enhancer elements (cap-
tured in an attlL4-attR1 entry clone; as singleton,
multimers, or embedded in a larger promoter region)
to a transcriptional reporter.
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Table I. Genetic elements in entry clones

Class Element(s) Abbreviations®  Recipient pDONR Entry Clone att Sites
Promoters pNOS 1 pDONR P4-P1R  pEN-L4-1-R1 attL4-attR1
pCaMV 35S 2 pDONR P4-P1R  pEN-L4-2-R1 attL4-attR1
pROLD 3 pDONR P4-P1R  pEN-L4-3-R1 attL4-attR1
pCsVMV 4 pDONR P4-PTR  pEN-L4-4-R1 attL4-attR1
pUBI-1L, first exon and intron UBIL pDONR P4-P1R  pEN L4-UBIL-R1 attL4-attR1
pUBI-1S UBIS pDONR P4-P1R  pEN-L4-UBIS-R1 attL4-attR1
Reporter enzymes GUS, no stop S pDONR 221 pEN-L1-S-L2 attL1-attL2
GUS, intron S pDONR 221 pEN-L1-SI-L2 attL1-attl.2
GUS, no stop S pDONR P2R-P3  pEN-R2-S-L3 attR2-attL3
GUS, with stop S* pDONR P2R-P3 pEN-R2-5*-L3 attR2-attL3
LUC+ L* pDONR 221 pEN-L1-L™-12 attL1-attL2
Q leader, LUC+ oL* pDONR 221 pEN-L1-OL*-12 attL1-attL2
LUC+ L* pDONR P2R-P3  pEN-R2-L*-13 attR2-attL3
Fluorescent tags GFP F pDONR 221 PEN-LT-F-L2 attL1-attl.2
GFP, intron FlI pDONR 221 PEN-L1-FI-L2 attL1-attL2
NLS, GFP, intron NFI pDONR 221 PEN-L1-NFI-L2 attL1-attl2
ER, GFP ERF pDONR P4-P3 pEN-L4-ERF-L3 attL4-attl3
YFP Y pDONR 221 PEN-L1-Y-L2 attL1-attl2
CFpP C pDONR 221 PEN-L1-C-L2 attL1-attL2
DsRed R pDONR 221 pEN-L1-R-L2 attL1-attl.2
NLS-GFP NF pDONR 221 PEN-LT-NF-L2 attL1-attL2
NLS-YFP NY pDONR 221 PEN-LT-NY-L2 attL1-attl.2
NLS-CFP NC pDONR 221 PEN-LT-NC-L2 attL1-attL2
NLS-DsRed NR pDONR 221 PEN-LT-NR-L2 attL1-attl.2
GFP F pDONR P2R-P3  pEN-R2-F-L3 attR2-attL3
YFP Y pDONR P2R-P3  pEN-R2-Y-L3 attR2-attL3
CFP C pDONR P2R-P3 pEN-R2-C-L3 attR2-attL3
DsRed R pDONR P2R-P3  pEN-R2-R-L3 attR2-attL3
Mini 35S, NLS, GFP, intron® M2NFI pDONR 221 PEN-LT-M2NFI-L2 attL1-attL2
Terminators tNOS 6 pDONR P2R-P3  pEN-R2-6-L3 attR2-attL3
tCaMV 35S 7 pDONR P2R-P3  pEN-R2-7-L3 attR2-attL3
tOCS 8 pDONR P2R-P3 pEN-R2-8-L3 attR2-attL3
tG7 9 pDONR P2R-P3 pEN-R2-9-L3 attR2-attL3
Two-component elements  LHOATG4 - pDONR 221 PEN-LT-LHOATG4-1L2 attL1-attl.2
LHGROATGH4 - pDONR 221 pPEN-LT-LHGROATG4-L2  attL1-attL2
pOp6M2 - pDONR P4-PTR  pEN-L4-pOp6M2-R1 attL4-attR1

“This entry clone carries a hybrid sequence with a minimal CaMV 35S promoter upstream of an ORF coding for a NLS fused to GFP and interrupted

by an intron. PAbbreviation used in plasmid names.

Terminators

To avoid combining identical sequences in different
transgenes carried in the same plant, several 3’ poly-
adenylation sequences were cloned in pDONR P2R-P3
(Table I), originating either from the NOS gene (pEN-
R2-6-L3), the CaMV 35S (pEN-R2-7-L3), the OCTOPINE
SYNTHASE gene (OCS; pEN-R2-8-L3), or the GENE7
(G7; pEN-R2-9-L3; Velten and Schell, 1985).

Two-Component System for Transcriptional Regulation

Gene activation systems may be encoded in two
distinct components: (1) a transcription factor whose
regulated expression determines the activity of (2) a
cognate promoter, itself controlling the transcription of
a gene of interest. Such configurations are particularly
appealing to rapidly assign a well-characterized tran-
scription pattern (corresponding to the expression do-
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main of the transcription factor) to a variety of loci,
either by transformation or by crossing a driver line
with recipient lines.

Components formatted for MultiSite cloning in-
clude two artificial transcription factors: LhG4 (or
LHOATG4) and LhGR2 (or LHGROATG4; Table I).
Both are optimized for expression in plant tissues and
contain the yeast (Saccharomyces cerevisiae) GAL4 acti-
vation domain fused to the bacterial Lacl repressor
DNA-binding domain (Moore et al., 1998). LhG4 is
constitutively active (Rutherford et al., 2005); LhGR2
contains in addition the mammalian glucocorticoid
receptor domain (Craft et al., 2005) enabling its induc-
tion by a glucocorticoid (usually dexamethasone) sup-
plied in watering solution, in culture medium, or by
organ painting. In the presence of dexamethasone that
associates with the glucocorticoid receptor domain,
the chimeric LhGR factor is targeted to the nucleus
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where it becomes active. The LhG4 and LhGR2 ORFs
are available as entry clones (pEN-L1-LHOATG4-L2
and pEN-L1-LHGROATG4-L2) for construction of an
activator locus. The artificial inducible promoter in-
cluding six operator sites (pOp6) and a minimal CaMV
35S promoter (M2) is available as a separate entry
clone (pEN-L4-pOp6M2-R1) for the construction of a
responder locus.

Expression Clones

The sequence-validated DNA segments captured as
entry clones constitute a flexible source of reference
elements that can be assembled at will in expression
clones. An expression clone is produced in an LR
clonase reaction that resolves all compatible attL and
attR sites within one or several entry clones and a
destination vector into the corresponding attB sites.
Together with several recipient binary T-DNA desti-
nation vectors carrying one of three plant selectable
markers (Karimi et al., 2005), the series of promoter,
reporter, and terminator entry clones described above
can be combined with one’s favorite sequences for the
rapid construction of plant transgenes (Fig. 1B).

By convention, the name of such expression clones
created in a MultiSite LR clonase reaction starts with
the letters pX followed by the letter K, H, or B, in-
dicating whether the plant selectable marker in the bi-
nary vector T-DNA codes for kanamycin, hygromycin,
or Basta resistance, respectively, then by a succession
of letters and numbers describing the newly assem-
bled expression unit according to the abbreviations of
the elements listed in Table I and ordered relative to
the T-DNA left border.

To illustrate the flexibility of this cloning strategy,
we have built various FP fusion expression clones (Fig.
2A) based on the pK7m34GW destination vector, in-
cluding pXK7ENF2 (pEN-L4-2-R1 X pEN-L1-NF-L2 X
pPEN-R2-F-L3), pXK7RNR2 (pEN-L4-2-R1 X pEN-L1-
NR-L2 X pEN-R2-R-L3), and pXK7S*NF2 (pEN-L4-2-
R1 X pEN-L1-NF-L2 X pEN-R2-S*-L3).

Typically, we validate the structure of new expression
clones in either of two ways: (1) the overall plasmid
structure can be verified by analyzing the DNA size
pattern resulting from digestion with two different re-
striction enzymes (or restriction enzyme combinations);
or (2) each attB junction (between every element orig-
inating from the entry clones and the recipient back-
bone destination vector) can be amplified by PCR
and size verified with PCR primers located within the
cloned elements or the vector backbone and directed
toward the att sequences. Such primers can be used re-
currently for validating any combination involving the
elements they derive from.

Modular Destination Vectors Created via Reverse BP
Clonase Reaction

An expression clone itself can serve as a template to
create novel modular destination vectors by recombin-
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ing one of its DNA segments flanked by attB sites with
a cassette delimited by the matching attP sites (Fig.
1C). Such cassettes are carried by the usual pDONR
vectors and contain the selectable CHLORAMPHENI-
COL RESISTANCE gene and the counterselectable
ccdB gene. The fragment replacement is catalyzed in
a normal BP clonase reaction and introduces back attL
and/or attR sites within the selected plasmid (Cheo
et al., 2004).

Modular destination vectors generated by reverse
BP cloning are particularly advantageous when series
of constructs need to be created in which only one of
the elements varies. Once the variable segment is re-
placed by a ccdB cassette flanked by attL. and/or attR
sites, the resulting destination vector can be used to
generate additional expression clones, bypassing the
need to perform MultiSite Gateway LR clonase re-
actions that involve three or more plasmids and re-
quire complex assembly validation. Of course, similar
Gateway destination vectors can be built via classical
restriction/ligation strategies, but such cloning may be
cumbersome to perform with large plasmids and they
do not allow the downstream modular manipulation
of elements in the resulting expression clones by alter-
nating reverse BP and LR reactions.

By convention, the name of modular destination
vectors created via reverse BP clonase reaction from an
expression clone starts with the letters pM followed by
the letter K, H, or B, then the letters and numbers
describing the expression unit (see above). The newly
inserted ccdB cassette that replaced one or more of the
elements in the original expression clone is specified
by the letter m (for MultiSite), two numbers (1 and 2,
or 3 and 4) indicating its flanking att sites, followed by
the letters GW (short for Gateway) listed according to
their order relative to the T-DNA left border.

To illustrate reverse BP cloning, we created two
series of modular destination vectors. The CaMV 35S
promoter alone or together with the first adjacent
NFP ORF was replaced in pK7FNF2, pK7RNR2, and
pK7S*NEF2 by the compatible Gateway ccdB cassette
from pDONR P4-P1R or pDONR P4-P2, respectively
(Fig. 2, B and C). These plasmids can be used for pro-
moter analysis (NLS-GFP-GFP, NLS-RED-RED, and
NLS-GFP-GUS) or translational fusion of a genomic re-
gion containing a promoter and a downstream coding
sequence, with three different reporter genes.

Destination Vectors with Two or Three Independent
Gateway Expression Cassettes

Genetic analyses or biotechnological applications
often require the ectopic expression of two or more
transgenes (Halpin et al., 2001). To facilitate such
manipulations, we have designed destination vectors
carrying independent Gateway cassettes for the tran-
scription of two or three sequences under the control
of different strong plant promoters. In pK7m34GW2-
8m21GW3, the T-DNA contains an attR1-ccdB-attR2
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Figure 2. Creation of modular destination vec-
tors via reverse BP clonase reaction. A, Com-
bined genetic elements p35S (pEN-L4-2-R1),
NLS-GFP (pEN-L1-NF-L2), and GFP (pEN-R2- X

(PEN-LT-NR-L2), and DsRed (pEN-R2-R-L3),

.

X X
e X

LR clonase

or p35S (pEN-L4-2-R1), NLS-GFP (pEN-L1-
NF-L2), and GUS (pEN-R2-S*-L3) were merged

F-L3), or p35S (pEN-L4-2-R1), NLS-DsRed

codB (rel7E T R

5

and introduced via a MultiSite LR clonase
reaction into a destination vector (pK7m34GW)
carrying the attR4-ccdB-attR3 Gateway cas-

sette, yielding the expression clones pK7FNF2,
pK7RNR2, and pK7S*NF2, respectively. B, Re-
combination of these clones with pDONR
P4-P1R in a BP recombination reaction to
restore the attR4-ccdB-atil1 Gateway cassette

+

pXK7FNF2, pXK7RNR2, pXK7S*NF2

oi—ilwmmas—

and to create modular destination vector series
for promoter analysis. C, Recombination of the
same expression clones with pDONR P4-P2 to
restore the attR4-ccdB-attR2 Gateway cassette

and to create another series of modular desti- ¢

QI E T

nation vectors for translational fusion with a
genomic fragment including promoter and cod-
ing sequence. Box shape annotation is as indi-
cated at the bottom of C. Abbreviations specify
the following sequences: 1, pNOS; 2, pCaMV
35S; 6, INOS; 7, tCaMV 35S; F, GFP; NF, NLS-
GFP; NR, NLS-DsRed: R, DsRed: S*, GUS with
stop codon; K, NPTII kanamycin resistance
selectable marker.

00

O
@I '

X' BP clonase

CELSEN TN
pMK7FNFmM14GW

(ea 7 &1 ]

RNRmM14GW

& & 6

E

F
pMK S*NFm14GW

X

l:l promoters or ORFs

cassette between the ROLD promoter and OCS termi-
nator and an attR4-ccdB-attR3 cassette between the
CaMV 35S promoter and terminator (Fig. 3). DNA
sequences available as attL1-genel-attL2 and attL4-
gene2-attL3 entry clones can be transferred simulta-
neously in this double vector (Tubb et al., 2005).
Furthermore, in pK7m34GW2-8m21GW3D, a fluores-
cent reporter was introduced close to the right border
of the T-DNA (Fig. 3). This marker enables visual
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screens for transformed GFP-expressing cells espe-
cially useful for studies in chimeric tissues, such as
hairy roots or in vitro cultured calli. In pK7m34GW2-
8m21GW3-9Im56GW4, a third attR6-ccdB-attR5 cassette
was added in the T-DNA between the CsVMYV pro-
moter and G7 terminator (Fig. 3). DNA sequences
available as attL1-genel-attL2, attL4-gene2-attL3, and
attL6-gene3-attL5 entry clones can be transferred simul-
taneously in this triple vector. In our hands, LR clonase
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reactions recombining distinct entry clone sequences
into these double or triple destination vectors were as
successful as the contiguous assembly of two or three
fragments in MultiSite LR reactions (Fig. 1B).

Expression of Reporter and Fusion Proteins in Planta

mRNAs transcribed from MultiSite expression cas-
settes carry one or more attB sites in their 5’ untrans-
lated region, coding sequence, or 3’ untranslated
region. To demonstrate that such configurations do
not impede protein synthesis in plant tissues, we
tested the production of several FP fusions in stable
Arabidopsis transformants and in transfected tobacco
Bright Yellow-2 (BY-2) protoplasts.

First, we created the pK7FNFI2 expression clone
(p355:NLS-GFPintron-GFP:t355) in a MultiSite LR clo-
nase reaction combining the elements in the entry
clones pEN-L4-2-R1, pEN-L1-NFI-L2, and pEN-R2-
F-L3 into the pK7m34GW destination vector. The
pK7ENFI2 binary expression plasmid was introduced
into A. tumefaciens (LBA4404) and transformed into
Arabidopsis plants. Microscopic analysis of a kanamycin-
resistant T1 seedling revealed a strong nuclear GFP
signal in cells across the plant, also demonstrating
the efficient intron splicing from the GFP-coding
sequence (Fig. 4A). Similarly, T1 Arabidopsis plants
transformed with the pK7RNR2 expression clone
(p35S:NLS-DsRed-DsRed:t35S) displayed a clear red
fluorescent signal strictly restricted to the nucleus
(Fig. 4B).

Lastly, we verified that both Gateway expression
cassettes were functional in the double vector
pPK7m34GW2-8m21GW3. For this purpose, we placed
the nuclear DsRed (pEN-L1-NR-L2) and endoplasmic
reticulum (ER) GFP (pEN-L4-ERF-L3) ORFs under the
control of the ROLD and 35S promoters, respectively.
The resulting expression clone, pK7ERF2-8NR3, was
introduced into BY-2 protoplasts by polyethylene gly-
col/Ca®" transfection. As expected, both the nuclear
DsRed and ER GFP signals were detected 48 h after
transfection (Fig. 4, C and D).

Building Blocks for Plant Gene Assembly

Perspectives

Since the advent of reliable cloning strategies that
enable the exchange of oriented DNA fragments be-
tween plasmids and regardless of their sequence, clones
carrying reference genetic elements have become
highly valuable tools for the assembly of composite
transgenes. This report describes the addition of 51
accessions (36 entry, nine destination, and six expres-
sion plasmids) to the Gateway collection created by the
Department of Plant Systems Biology (Ghent, Belgium)
for plant gene function analysis. On their own, these
numbers demonstrate the breadth of this resource. But,
the examples provided here mainly serve to illustrate
how basic versatile genetic elements can be mixed and
matched in the MultiSite Gateway framework. We
encourage researchers to combine existing core Gate-
way vectors with their own sequences of interest, in
other words, their own entry clones. In that regard, it is
pertinent to note that publicly available genome-scale
Arabidopsis sequence repertoires have been or are
being built as Gateway entry clones, including ORFs,
promoters, gene-specific sequence tags, and artifi-
cial microRNAs for gene knockdown (for review, see
Hilson, 2006). Lastly, the expression unit of any plant
vector can be transformed into a MultiSite Gateway
destination cassette in which the building blocks (entry
clone sequences) presented here can be inserted.

All listed vectors can be queried online at http://
www.psb.ugent.be/gateway/ for structural descrip-
tions, vector maps, and sequences. They can also be
ordered via the same Web pages. This collection will
continue to grow as sequences are added to the plant
molecular biology toolbox. Novel accessions may in-
clude promoters defining interesting transcription do-
mains or efficiently induced by specific chemicals,
reporters with interesting properties, such as bright
fluorescent moieties active at particular excitation or
emission wavelengths, and enzymes coding for addi-
tional antibiotic resistance or suited for improved
colorimetric assays. We welcome suggestions to fur-
ther develop Gateway clone resources for the benefit
of the plant research community as a whole.

pK7m34GW2-8m21GW3 (two independent recombinations)

3|F|E{30¢dﬂ

e )

N D S T

pK7m34GW2-8m21GW3D (two independent recombinations plus GFP visible marker)

@& (ro[TeeaB |(re o 68 [~ et | e 2 {ro et | ol 7 EA IR [6 k>

pK7m34GW2-8m21GW3-9m56GW4 (three independent recombinations)

Figure 3. Schematic representation of the T-DNA in Gateway binary destination vectors for the simultaneous ectopic expression
of two or three genes. Box shape annotation is as indicated at the bottom of Figure 2C. Abbreviations specify the following
sequences: 1, pNOS; 2, pCaMV 35S; 3, pROLD; 4, pCsVMV; 6, INOS; 7, tCaMV 35S; 8, tOCS; 9, tG7; F, GFP;, K, NPTII

kanamycin resistance selectable marker.
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Figure 4. Production of FPs in plant cells transformed with MultiSite
Gateway expression units. A, Nuclear localization of GFP in Arabidopsis
root epidermal cells transformed with pKFNF2 (p35S:NLS-GFPintron-
GFP:t359). Cells were stained with a membrane-selective FM dye (in red).
Size bar = 20 um. B, Nuclear localization of DsRed in an Arabidopsis
root epidermal cell transformed with pK7RNR2 (p35S:NLS-RED-RED:
t35S). Size bar = 10 um. C and D, Simultaneous transient expression of
nuclear-targeted DsRed (C) and ER-targeted GFP (D) in the same BY-2
protoplast transfected with pK7ERF2-8NR3. Bar = 50 um.

MATERIALS AND METHODS
Bacterial Strains

The Escherichia coli host strains were either DH5a or DB3.1 (Invitrogen)
grown at 37°C in Luria-Bertani broth medium (Gibco BRL) with appropriate
antibiotics. Agrobacterium tumefaciens C58C1 (pMP90) was cultured in yeast
(Saccharomyces cerevisiae) extract broth medium with 50 mg L ™! rifampicin and
20 mg L' gentamycin. Agrobacterium strains were transformed by electro-
poration (Mattanovich et al., 1989).

Plant Materials and Transformation

Arabidopsis (Arabidopsis thaliana) ecotype Columbia plants were trans-
formed via A. tumefaciens floral dip (Clough and Bent, 1998). T1 seedlings were
grown in vitro on kanamycin-selective medium (0.5X Murashige and Skoog
microelements and macroelements; Duchefa Biochemie), 1% (w/v) Suc, pH
5.8, with 0.8% (w/v) agar at 21°C and under 16-h-light/8-h-dark photope-
riods. For staining, resistant T1 seedlings were treated for 5 min in 50 um
membrane-selective FM4-64 dye (Invitrogen). Imaged seedlings were mounted
between slide and cover glass and analyzed with a 100-m confocal microscope
equipped with the software package LSM510 version 3.2 (Zeiss).

BY-2 tobacco (Nicotiana tabacum) cell suspensions were grown in BY-2
medium (Nagata et al., 1992) in the dark at 25°C on an orbital shaker (150
rpm). A 5-mL aliquot of saturated culture was used weekly to incubate fresh
medium (100 mL in 500-mL flasks). BY-2 protoplasts were prepared from 100
mL of 3-d-old BY-2 cell suspension cultures, and polyethylene glycol/Ca**
transfection was performed with 10° cells and 100 1g DNA/mL as described
(De Sutter et al., 2005). Cells were analyzed 48 h after transfection with the
confocal microscope.

PCR Amplification

The attB sequences were included in the oligonucleotides carrying the 5’
and 3’ gene-specific sequences designed for PCR amplification of the
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corresponding fragments. Oligonucleotide sequences are provided in Sup-
plemental Table S1 for all genetic elements captured in entry clones and can be
used as examples for the generation of additional clones. PCR reaction mix
contained 0.5 uM of each primer, 25 ng template DNA, 10 mm each dNTP,
2.5 units of Platinum Pfx DNA polymerase (Invitrogen), 1X PCR buffer, and
1 mm MgSO,. The PCR profile included an initial step at 94°C for 5 min,
30 cycles at 94°C for 20 s, 55°C for 30 s, and 68°C from 1 to 5 min depending on
the amplified DNA fragment size (2 min/kb), and a final extension at 68°C
for 10 min.

Entry Clones

PCR products were purified with the High Pure PCR purification kit
(Roche). Five microliters BP clonase reactions, including 30 ng of purified PCR
product, 50 ng of donor vector, and 1 uL of enzyme, were incubated at 25°C
overnight. After proteinase treatment, a fraction of the reaction was trans-
formed into E. coli DH5a. For each construct, a few colonies were picked and
the insert was sequenced. Only entry clones carrying a sequence of interest
identical to the PCR template were selected for subsequent LR reactions.
Information about the Gateway donor vectors (pDONR 221, pDONR P2R-P3,
pDONR P4-P1R, pDONR P4-P3, and pDONR P5-P6) are available from the
manufacturer (http://www.invitrogen.com/).

Expression Clones

Expression clones were created via MultiSite LR clonase reactions recom-
bining inserts from entry clones within and with the recipient destination
vector (Karimi et al., 2005). Recombination reactions were done in 10 uL total
volume containing 2 uL LR II clonase plus (Invitrogen), 30 ng of each entry
clone, and 70 ng of destination vector. The incubation and subsequent
treatments were the same as those for BP reactions. The E. coli DH5a was
transformed with 3 uL of the LR reaction using the heat shock transformation
method.

Modular Destination Vectors

Modular destination vectors were created via reverse BP clonase reactions
combining an expression clone and pDONR P4-PIR or pDONR P4-P2 to
restore an attR4-ccdB-attL1 or attR4-ccdB-attR2 Gateway cassette, respectively.
These reactions were catalyzed by BP clonase II and conditions were the same
as described for the production of entry clones. To increase the efficiency of
reverse BP recombination, the pPDONR vectors were first linearized with the
EcoRV restriction enzyme that cuts open the plasmids outside of the Gateway
cassette. Transformed DB3.1 cells were selected on chloramphenicol plates. To
test recombination with modular destination vectors, LR clonase reactions
were done with pEN-L4-2-R1, pEN-L4-1-R1, and pEN-L4-3-R1 entry clones
containing the CaMV 35S, NOS, and ROLD promoters, respectively.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Primer pairs for PCR amplification and cloning
of the genetic elements.
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