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ABSTRACT1

  We developed a new series of binary vectors useful for Gateway cloning to facilitate2

transgenic experiments in plant biotechnology.  The new system, Gateway Binary3

Vectors (pGWBs) realized efficient cloning, constitutive expression using the4

cauliflower mosaic virus (CaMV) 35S promoter and the construction of fusion genes5

by simple clonase reaction with an entry clone.  The reporters employable in this6

system are GUS, sGFP, LUC, EYFP, and ECFP.  The tags available are 6xHis, FLAG,7

3xHA, 4xMyc, 10xMyc, GST, T7-epitope, and tandem affinity purification (TAP).  In8

total, 13 kinds of reporter or tag were arranged and were almost applicable to both N-9

and C-fusions.  The pGWBs could be used for many purposes, such as10

promoter::reporter analysis, observation of subcellular localization by the expression of11

proteins fused to a reporter or tag, and analysis of protein-protein interaction by12

copurification and immunodetection experiments.  The pGWBs were constructed13

with modified pBI101 containing a CaMV35S promoter-driven hygromycin14

phosphotransferase (HPT) gene as the second selection marker.  We also constructed15

pGWBs with the marker HPT driven by the nopaline synthase promoter.  By using16

the pGWB system, the expression of tagged proteins, and the localization of GFP-17

fused proteins were easily analyzed.  Moreover, tissue-specific and inducible gene18

expression using a promoter was also monitored with pGWBs.  It is expected that, the19

pGWB system will serve as a powerful tool for plasmid construction in plant research.20

21

[Key words: binary vector, gateway cloning, plant, reporter, tag, transformation]22
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1

Introduction2

  Plant genome projects have provided much sequence information and, as a result,3

genome wide analyses of plants are now underway on a global scale (1, 2).  In these4

studies, systematic analysis of the basic characteristics of genes and their products, that5

is, patterns of expression and subcellular localization, is very important and gene6

fusion to a reporter or tag is a convenient and powerful method of functional analysis7

in planta.  These techniques are also effective in the detailed analysis of gene8

networks including colocalization, complex formation and interactions of gene9

products.  For such analysis, the introduction of a fusion gene is necessary and, in10

most cases, is carried out by Agrobacterium-mediated transformation using a Ti binary11

vector.  However, in this transformation system, conventional methods for cloning of12

the transgene in the binary vector with restriction enzymes and ligase are time13

consuming and often laborious because binary vectors are very large and have many14

restriction enzyme recognition sites.  This technical barrier makes it difficult to carry15

out functional analysis using fusion genes to a reporter or tag in vivo.  To overcome16

this, a new cloning system that allows the efficient and reliable construction of fusion17

genes for plant research is therefore necessary.18

   Gateway cloning employs reversible recombination between attB, P, L, and R sites,19

enabling directional cloning into a plasmid using one simple reaction and is20

particularly advantageous in the construction of fusion genes (3).  In this report, we21

describe the construction of gateway-compatible binary vectors, namely, Gateway22

Binary Vectors (pGWBs), that have the capability to fuse with many kinds of reporter23

and epitope tag.  Fusion to fluorescent proteins is always applied to the analysis of24

subcellular localization, colocalization and fluorescent resonance energy transfer25

(FRET).  In the pGWB system, ß-glucuronidase (GUS) (4), luciferase (LUC) (5),26

synthetic green fluorescent protein with S65T mutation (sGFP) (6, 7), enhanced yellow27

fluorescent protein (EYFP) (8), and enhanced cyan fluorescent protein (ECFP) (8) can28
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be used as well as in other gateway-compatible systems (9-11).  Epitope tagging is1

also useful for analyzing protein-protein interactions by coprecipitation and2

immunodetection.  The pGWB system also employs epitopes including repeat type,3

hexa histidine (6xHis), FLAG (12), triple HA (3xHA) (13), 4 repeats of Myc (4xMyc)4

(13), 10 repeats of Myc (10xMyc) (13), glutathione S-transferase (GST) (14), T7-5

epitope (15), and tandem affinity purification (TAP) (16) for the one-step construction6

of tagging.  Promoter::reporter constructs are routinely used to reveal the temporal7

and spatial regulations of gene expression.  Here, we tested the use of the pGWB8

system in promoter analysis, showing agreement with the result obtained using9

conventional binary vectors.  10

11

12

MATERIALS  AND  METHODS13

  Plasmid construction  Standard methods of plasmid construction were used (17).14

In general, gateway-compatible vectors were firstly constructed on pUC119 (pUGW15

series) and then transferred to binary vectors (pGWB series).  The regions generated16

by PCR, the direct cloning of oligo DNA, and the ligated junctions were confirmed by17

sequencing in all vectors.  In the PCR, KOD DNA polymerase (Toyobo, Tokyo) was18

used to generate amplified products with blunt ends.  All linkers, adapters and primers19

are listed in Table 1.20

  pUGW1, pUGW3, pUGW4, pUGW5, and pUGW6 were constructed differently21

from the other pUGWs as follows.  For pUGW1, the XbaI-EcoRI fragment of pBI10122

containing GUS and nopaline synthase terminator (NosT) was cloned into the same23

site of pUC119 and designated pBI401.  The SacI-XbaI-SacI adapter was introduced24

into the SacI site located between GUS and NosT of pBI401 then the GUS fragment of25

the resulting plasmid was replaced with Gateway reading frame cassette A (Invitrogen,26

Carlsbad, CA, USA) using XbaI followed by treatment with the klenow enzyme.27

Finally, the XhoI linker was introduced into the blunted NotI site located downstream28

TABLE 1

TABLE 1
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of attR1 in the resulting vector to construct pUGW1.  The introduction of the XhoI1

linker into this site was carried out as the final step for the construction of pUGW1,2

pUGW3, pUGW4, pUGW5, and pUGW6 described below.  For pUGW3, pBI4013

was digested by XbaI and treated with the klenow enzyme then Gateway reading frame4

cassette C.1 (Invitrogen) was introduced.  For pUGW4, the SacI linker was5

introduced into the blunted NotI site of pTH2 (6).  The resulting plasmid was6

designated pTH2S and Gateway reading frame cassette A was introduced into the7

blunted XbaI/NcoI site.  For pUGW5, the cauliflower mosaic virus (CaMV) 35S8

promoter of pTH2S was replaced with the CaMV35S promoter of pBI121 using9

HindIII and XbaI.  The resulting plasmid was designated pTH121 and Gateway10

reading frame cassette C.1 was introduced into the blunted XbaI site.  For pUGW6,11

Gateway reading frame cassette A was introduced into the blunted BsrG1 site of12

pTH121.  13

   For the construction of the remaining pUGWs, the platform vectors pUGW2 and14

pUGW0 were firstly made.  The HindIII-EcoRI fragment of pBI121 containing15

CaMV35S::GUS-NosT was cloned into the same site of pUC119 and designated16

pBI421.  The GUS fragment of pBI421 was replaced with the XbaI-HpaI-Aor51HI-17

SacI adapter using XbaI and SacI then Gateway reading frame cassette B (Invitrogen)18

was introduced into the HpaI site.  Next, the HindIII-XbaI-HindIII adapter was19

introduced into the HindIII site located upstream of the CaMV35S promoter in the20

resulting plasmid.  Finally, the XhoI linker was introduced into the blunted NotI site21

located just downstream of attR1 and designated pUGW2.  The GUS fragment of22

pBI421 was replaced with XbaI-Aor51HI-HpaI-SacI using XbaI and SacI then23

Gateway reading frame cassette A was introduced into the HpaI site.  Finally, the24

XhoI linker was introduced into the blunted NotI site of the resulting plasmid and25

designated pUGW0.   26

   The pUGWs for fusion to the C-terminal (CaMV35S, C-fusion) were made from27

pUGW2 by introducing a reporter or tag sequence into the Aor51HI site.  Oligo28
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DNAs of 6xHis, FLAG, and T7-epitope were used for the construction of pUGW8,1

pUGW11, and pUGW26, respectively.  The 3xHA sequence was prepared by PCR2

using pFA6a-3HA-kanMX6 (13) as a template with 3xHA primers.  After PCR, the3

amplified product was digested by SmaI and Aor51HI and used for the construction of4

pUGW14.  The 4xMyc and 10xMyc sequences were prepared by PCR using pFA6a-5

13Myc-KanMX6 (13) as a template with 4-10xMyc primers.  Because the same DNA6

sequence was used for the 1st, 4th, 7th, 10th, and 13th Myc in the template, a repeat7

ladder appeared after PCR.  Amplified products corresponding to 4xMyc and 10xMyc8

were prepared after separation by agarose gel electrophoresis, digested by SmaI and9

Aor51HI and used for the construction of pUGW17 and pUGW20, respectively.  The10

GST sequence was prepared by PCR using pGEX2T (Amersham-Pharmacia,11

Piscataway, NJ, USA) as a template with  GST primers.  The amplified product was12

used for the construction of pUGW23.  The TAP sequence was prepared by PCR13

using pFA6a-TAP-kanMX6 as a template (16) with TAP primers.  The amplified14

product was used for the construction of pUGW29.  The LUC sequence was prepared15

by PCR using pGV-B2 (Toyo B-Net, Tokyo) as a template with LUC primers.  The16

amplified product was used for the construction of pUGW36.  The EYFP sequence17

was prepared by PCR using pEYFP (Clontech, Mountain View, CA, USA) as a18

template with EYFP primers.  The amplified product was used for the construction of19

pUGW41.  The ECFP sequence was prepared by PCR using pECFP (Clontech) as a20

template with same primers for EYFP and the amplified product was used for the21

construction of pUGW44.  For the construction of a no-promoter version of the C-22

fusion vector, the CaMV35S promoter was removed by XbaI from pUGW8, pUGW11,23

pUGW14, pUGW17, pUGW20, pUGW23, pUGW26, pUGW36, pUGW41, and24

pUGW44 to construct pUGW7, pUGW10, pUGW13, pUGW16, pUGW19, pUGW22,25

pUGW25, pUGW35, pUGW40, and pUGW43,  respectively (no promoter, C-fusion).26

   The pUGWs for fusion to the N-terminal (CaMV35S, N-fusion) were made from27

pUGW0 by introducing a reporter or tag sequence into the Aor51HI site, as described28
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for the C-fusion vectors.  pUGW9, pUGW12, pUGW15, pUGW18, pUGW21,1

pUGW24, pUGW27, pUGW42, and pUGW45 were employed as vectors for the N-2

terminal fusions of 6xHis, FLAG, 3xHA, 4xMyc, 10xMyc, GST, T7, EYFP, and ECFP,3

respectively.  The pUGWs were selected on media containing 50 µg/ml ampicillin4

and 30 µg/ml chloramphenicol.    5

   The HindIII-SacI or XbaI-SacI fragments of the pUGWs were introduced into the6

same sites of pABH-Hm1 (18) to construct corresponding pGWBs (pGWB1–45).7

Because the TAP sequence included a SacI site, the SacI-SacI fragment containing part8

of the TAP sequence was restored for the construction of pGWB28 and pGWB29.  9

pGWBs containing the nopaline synthase promoter (NosP)::hygromycin10

phosphotransferase (HPT)-NosT as a hygromycin-resistant marker were constructed as11

follows.  The EcoRI fragment of pYLTAC7 (19) containing NosP::HPT-NosT was12

cloned into the EcoRI site of pBI121 and the resulting vector was designated pBI121-13

NosHyg.  The HindIII-SacI or XbaI-SacI fragments of pUGW3, pUGW4, pUGW28,14

and pUGW35 were introduced into the same site of pBI121-NosHyg to construct15

pGWB203, pGWB204, pGWB228, and pGWB235, respectively.  The pGWBs were16

selected on media containing 50 µg/ml kanamycin, 50 µg/ml hygromycin and 3017

µg/ml chloramphenicol.18

19

  Construction of entry clones and introduction into pGWBs      The attB1 and20

attB2 sequences were added to the N- and C-terminals of the GUS coding sequence,21

respectively, by two-step adapter PCR as described by the manufacturer (Invitrogen).22

The template was pBI121 and GUS-attB1 (forward) and GUS-attB2 (reverse)  were23

used as primers for the 1st PCR.  The 2nd PCR was performed with the attB1 and24

attB2 primers, then the amplified product was introduced into pDONR201 by BP25

reaction as described by the manufacturer (Invitrogen).  The ATSEC13 (Arabidopsis26

thaliana SEC13, AT2g30050) coding sequence was amplified from genomic DNA and27

cloned into pDONR201 as described above.  ATSEC13-attB1 (forward) and28
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ATSEC13-attB2 were used for 1st adapter PCR.  A 3888-bp upstream fragment of1

PHT1 (20) was amplified from genomic DNA by PCR with PHT1 promoter primers,2

then cloned into pENTR D-TOPO, as described by the manufacturer (Invitrogen).3

The primers are listed in Table 1.  The transfer of the DNA fragment from the entry4

clone to pGWB by LR reaction was performed as described by the manufacturer5

(Invitrogen).  Recombinant pGWBs were selected on media containing 50 µg/ml6

kanamycin and 50 µg/ml hygromycin.7

8

  Plant materials and transformation   The culture and stable transformation of9

Nicotiana tabacum cv. BY-2 cells were carried out as described by Matsuoka and10

Nakamura (21).  A. thaliana ecotype Columbia was grown at 22 ºC under a 16L/8D11

light condition and transformed using a floral dip procedure (22).  12

13

  Fluorescence microscopy   BY-2 cells were viewed using a fluorescence14

microscope (BX51; Olympus, Tokyo) equipped with U-MGFPHQ and U-MYFPHQ15

fluorescence mirror units (Olympus) for GFP and yellow fluorescent protein (YFP)16

detection, respectively.  17

18

  Histochemical and quantitative GUS activity assays   Inorganic phosphate (Pi)19

treatment, histochemical GUS staining and quantitative GUS assay of transgenic A.20

thaliana were performed as described by Koyama et al. (20).    A suspension culture21

of transgenic BY-2 cells was spun briefly and stained for GUS as described above.22

23

  Immunoblot analysis  Protein preparation from transgenic BY-2 cells and24

immunoblot analysis were performed as described previously (23).  Anti-GUS25

polyclonal antibody (24), anti-GFP polyclonal antibody (Clontech), anti-FLAG M226

monoclonal antibody (Sigma-Aldrich, St.Louis, MO, USA), anti-HA monoclonal27

antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-Myc28
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monoclonal antibody 9E10 (Santa Cruz Biotechnology) were used.  Dr. Western1

(Oriental Yeast, Tokyo) was used as a marker.  Chemical luminescence was captured2

by Light Capture (ATTO, Tokyo).3

4

  Nucleotide accession number of pGWBs   The complete nucleotide sequence of5

pGWBs reported in this paper has been submitted to the DDBJ nucleotide sequence6

database under accession nos. AB289764 to AB289803.  7

8

RESULTS  AND  DISCUSSION9

  Structure of pGWBs   We constructed a number of binary vectors useful in10

Gateway cloning.  The backbone of our pGWBs was a modified pBI containing11

HPT and the neomycin phosphotransferase II (NPTII) gene; thus, all pGWBs conferred12

both kanamycin and hygromycin resistance.  We used two types of hygromycin13

marker, CaMV35S::HPT-NosT and NosP::HPT-NosT.  pGWB vectors incorporating14

NosP::HPT-NosT (pGWB200s) were constructed to avoid the possible enhancer effect15

of CaMV35S in promoter analysis.  The orientation of NosP::HPT-Tnos was the same16

as that of the gene cloned by the LR reaction.17

   The structure of the T-DNA region of pGWBs containing the 35S::HPT-NosT18

marker is illustrated in Fig. 1A.  pGWB1 was used for simple cloning, pGWB2 for19

overexpression using the CaMV35S promoter, and pGWB3 for promoter::GUS20

analysis.  pGWB4-27 and 40-45 were used for various fusions.  Three types of21

fusion, namely, no promoter and C-fusion, CaMV35S promoter and C-fusion, and22

CaMV35S promoter and N-fusions, were performed with 10 kinds of reporter and tag23

(sGFP, 6xHis, FLAG, 3xHA, 4xMyc, 10xMyc, GST, T7, EYFP, and ECFP).24

pGWB28 was used for TAP analysis with its own promoter and pGWB29 for TAP25

analysis with the CaMV35S promoter.  pGWB35 was used for promoter::LUC26

analysis.  The structure of the T-DNA region of pGWB200s is illustrated in Fig. 1B.27

pGWB203, pGWB204, and pGWB235 were used for promoter::reporter analysis with28

FIG. 1

FIG. 1
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a NosP-driven HPT marker.  pGWB228 was used in the promoter::protein-TAP1

construct with a NosP-driven HPT marker.2

   All pGWBs have a unique XhoI site just downstream of attR1 for linearization and3

to facilitate the LR reaction.  The frame of all pGWBs was adjusted to the general4

rule in Gateway cloning.  Figure 2 shows the linker sequences generated after the LR5

reaction.  The peptide sequence derived from attB2 becomes the linker for C-fusion6

and that of attB1 becomes the linker for N-fusion.  These sequences did not disturb7

enzyme activity or the localization of the protein as described below.8

9

  Expression of GUS fusion protein in stably transformed BY-2 cells   To10

investigate protein fusion by pGWBs in vivo, the GUS coding sequence was11

transferred from the entry clone to pGWB2, pGWB6, pGWB8, pGWB11, pGWB12,12

pGWB15, pGWB18, and pGWB20, designated pGWBs-GUS, then introduced into13

BY-2 cells.  Transformed calli appearing on the selection plate were firstly examined14

by GUS staining.  GUS-positive calli were selected and cultured in liquid media for15

further analysis.  GFP fluorescence was detected in the BY-2 cells transformed with16

pGWB6-GUS, indicating the expression of the active sGFP-GUS fusion protein (Fig.17

3A).  Next, the expression of GUS fusion proteins was analyzed by immunoblotting.18

In the blot with anti-GUS antibody, GUS proteins were detected in various sizes19

depending on the reporter or tag fused (Fig. 3B).  For the pGWB18-GUS and20

pGWB20-GUS constructs, two bands were detected, a small band with the same size21

as a native GUS protein and a large band corresponding to Myc-tagged GUS.  Fusion22

accuracy was examined by immunoblotting with anti-GFP, anti-FLAG, anti-HA, and23

anti-Myc antibodies.  The fusion proteins were detected with the corresponding anti-24

tag antibody at the same position as with the anti-GUS antibody (Fig. 3C-F), indicating25

that the tags were correctly fused to GUS.  As described above, two bands were26

detected in Myc fusion with the anti-GUS antibody; however, only the large band was27

detected with the anti-Myc antibody (Fig. 3F), indicating that the Myc repeat was28

FIG. 2

FIG.2

FIG. 3

FIG.3
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partly lost from the GUS fusion proteins under our experimental conditions.  Overall,1

these results indicate that the expression of fusion proteins was correctly achieved2

using the pGWB system.3

4

  Analysis of subcellular localization using GFP fusion   GFP fusion is a powerful5

technique for the analysis of the subcellular localization of proteins. To investigate the6

applicability of pGWBs in localization analysis, pGWB5 and pGWB6 were used to7

perform fusion of the ATSEC13 (A. thaliana SEC13) protein with sGFP.  These8

constructs were designated pGWB5-ATSEC13 and pGWB6-ATSEC13, respectively.9

SEC13 is a component of the COPII (coat protein II) necessary for the budding of10

vesicles from the ER (25), and the ATSEC13-GFP fusion protein constructed by11

conventional methods was observed to localize in the cytosol and at protein-export12

sites of the ER that showed a fluorescent pattern of perinuclear ring and intracellular13

dots in plant cells (26).  BY-2 was transformed with pGWB5-ATSEC13 or pGWB6-14

ATSEC13 then intracellular GFP fluorescence was observed.  The A. thaliana15

cytochrome b5 (Cyt b5) was used as a control of the ER localization (27).  All three16

constructs showed the perinuclear ring distribution of GFP or YFP (Fig. 4), indicating17

that the GFP fusion protein constructed using the pGWB system localizes correctly in18

the cells.  19

20

  Analysis of gene expression using promoter::GUS fusion construct   Promoter21

analysis using a reporter gene is commonly used to determine the expression pattern of22

a target gene.  In addition, the isolation of promoter sequences that drive tissue-23

specific and inducible expression of target genes is very important in plant24

biotechnology.  To examine the applicability of the pGWB system in promoter::GUS25

analysis, we chose the PHT1 promoter, which encodes the A. thaliana phosphate26

transporter.  PHT1 is known to be root-specific and is induced by Pi starvation (20).27

Because the enhancer sequence of the CaMV35S promoter is thought to affect the28

FIG. 4

FIG.4
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expression of neighboring genes, we constructed a PHT1 promoter (3888 bp)::GUS1

fusion gene with pGWB3, which contains a CaMV35S-driven HPT marker, and2

pGWB203, which contains a NosP-driven HPT marker.  These constructs were3

designated pGWB3-PHT1 and pGWB203-PHT1, respectively, and introduced into A.4

thaliana then analyzed for GUS expression.5

   In histochemical analysis, both constructs showed strong GUS staining in the roots6

and only faint expression in above-ground organs under the low-Pi condition (Fig. 5A ,7

B).  Within the roots, no expression was observed in the root meristematic region (Fig.8

5C, D),  consistent with a previous study using a conventional binary vector system9

(20).  Next, we analyzed GUS expression in response to Pi concentration by10

quantitative GUS assay with 4-methylumbelliferyl (MU)-ß-D-glucuronide as substrate11

(20).  The GUS-specific activities in the roots of pGWB3-PHT1 and pGWB203-12

PHT1 transgenic plants grown under a Pi-containing condition (200 µM) were 18513

(mean n=23) and 33.8 nmol MU/min/mg protein (mean n=25), respectively.  These14

activities increased to 328 (mean n=23) and 62.4 (mean n=25), respectively, after the15

transgenic plants were transferred to a Pi-starved condition (0 µM).  The GUS-16

specific activities increased by 1.8-fold in both transgenic lines by phosphate17

deprivation.  The GUS-specific activity in the roots was fivefold higher with pGWB3-18

PHT1 than with pGWB203-PHT1.  The CaMV35S promoter used to drive HPT may19

affect the expression level of the reporter GUS.  The GUS-specific activities in the20

leaf of pGWB3-PHT1 and pGWB203-PHT1 transgenic plants under a Pi-containing21

condition were 14.7 (mean n=23) and 0.570 (mean n=25), respectively.  These22

activities slightly increased to 20.6 (mean n=23) and 0.62 (n=25), respectively.23

Although the mRNA level of PHT1 was not quantitatively analyzed in our experiment,24

the results of the quantitative GUS analysis were in accordance with the results of25

Northern blot analysis reported by other researchers (28).  Our results showed that26

gene regulation by the PHT1 promoter could be monitored using the pGWB system.27

   In conclusion, the pGWBs constructed in this study are very useful for efficient28

FIG. 5

FIG.5
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cloning in transgenic research, and particularly powerful for the construction of fusion1

genes.  Once the entry clone is made, fusion constructs with many kinds of reporter or2

tag can be obtained using the one-step LR reaction.  Our pGWB system has some3

distinct characteristics compared with other gateway-compatible binary vectors (9-11).4

Because all tags and reporters are equipped on the same backbone vector as for pBI-H15

(29) that is widely used in many transgenic researches, experiments are performed6

under uniform conditions.  Both kanamycin and hygromycin were available for7

selection in plants.  Also, a repeat epitope will enhance the sensitivity of detection.  8

By using the pGWB system, expression, localization, functional and interaction9

analyses in plants could be accelerated.10

11

12
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Figure legends1

FIG. 1.  Schematic illustration of pGWBs.  The structures between the right and left2

border sequences of pGWBs are shown.  (A) pGWBs with CaMV35S::HPT-NosT3

marker: pGWB1, simple cloning vector for complementation; pGWB2, for4

overexpression using CaMV35S promoter; pGWB3 and pGWB35, for promoter assay5

with  GUS and LUC reporters, respectively; pGWB28 and pGWB29, for TAP6

analysis with independent promoter and CaMV35S promoter, respectively; pGWB4,7

pGWB7, pGWB10, pGWB13, pGWB16, pGWB19, pGWB22, pGWB25, pGWB40,8

and pGWB43, for C-fusion with independent promoter; pGWB5, pGWB8, pGWB11,9

pGWB14, pGWB17, pGWB20, pGWB23, pGWB26, pGWB41 and pGWB44, for C-10

fusion with CaMV35S promoter; and pGWB6, pGWB9, pGWB12, pGWB15,11

pGWB18, pGWB21, pGWB24, pGWB27, pGWB42, and pGWB45, for N-fusion with12

CaMV35S promoter.　The tags and reporters are shown on the bottom.  (B) pGWBs13

with NosP::HPT-NosT marker for C-fusion.  The reporters and tag are indicted on the14

bottom.  RB, right border; LB, left border; Cmr, chloramphenicol-resistant marker15

(chloramphenicol acetyl transferase) used for selection in bacteria; ccdB, negative16

selection marker used in bacteria; 35S, CaMV35S promoter; GUS, β-glucuronidase17

(4); LUC, modified luciferase, luc+ (5); sGFP, synthetic green fluorescent protein with18

S65T mutation (6, 7); 6His, hexahistidine tag; FLAG, FLAG-tag (12); 3HA, triple HA19

tag (13); 4Myc and 10Myc, 4 and 10 repeats of Myc tag, respectively (13); GST,20

glutathione S-transferase (14); T7, T7-epitope tag (15); TAP, tandem affinity21

purification (16); EYFP, enhanced yellow fluorescent protein (8); ECFP, enhanced22

cyan fluorescent protein (8).23

24

FIG. 2.  Nucleotide and amino acid sequences of junctions after cloning by LR25

reaction. The sequences around the attB1 and attB2 sites (underlined) are also shown.  26

N indicates the nucleotide derived from the entry clone and the corresponding amino27

acid is indicated by X.  The start sites of GUS and sGFP are shown by an arrow in28
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pGWB3, pGWB4, and pGWB5.  The amino acid LYI upstream of the attB1 region in1

pGWB6 was derived from the C-terminal of sGFP.  The original C-terminal sequence2

of sGFP (LYK∗) was converted to LYI.  The tag  regions  in pGWB7-45 were3

boxed.4

5

FIG. 3.  Expression of GUS fusion protein in BY-2 cells.  (A) GFP fluorescence in6

BY-2 cells expressing sGFP-GUS fusion protein transformed with pGWB6-GUS.7

Bar: 50 µm.  (B) Proteins (4 µg) prepared from BY-2 cells were immunoblotted with8

anti-GUS antibody.  BY-2 cells transformed with pBI121 (lane 2, GUS), pGWB2-9

GUS (lane 3, GUS), pGWB6-GUS (lane 4, sGFP-GUS), pGWB8-GUS (lane 5, GUS-10

6xHis), pGWB11-GUS (lane 6, GUS-FLAG), pGWB12-GUS (lane 7, FLAG-GUS),11

pGWB15-GUS (lane 8, 3xHA-GUS), pGWB18-GUS (lane 9, 4xMyc-GUS), and12

pGWB20-GUS (lane 10, GUS-10xMyc) were analyzed.  Lane M, molecular weight13

marker; lane 1, wild type.  (C) Immunoblotting with anti-GFP antibody (lanes 4–6).14

BY-2 cells transformed with pBI121 (lanes 1 and 4, GUS), pGWB2-GUS (lanes 2 and15

5, GUS), and pGWB6-GUS (lanes 3 and 6, sGFP-GUS) were analyzed.16

Immunoblotting with anti-GUS antibody was also performed in parallel (lanes 1–3).17

(D) Immnoblotting with anti-FLAG antibody (lanes 4–6).  BY-2 cells transformed18

with pBI21 (lanes 1 and 4, GUS), pGWB11-GUS (lanes 2 and 5, GUS-FLAG), and19

pGWB12-GUS (lanes 3 and 6, FLAG-GUS) were analyzed.  Lanes 1–3,20

immunoblotting with anti-GUS antibody.  (E) Immunoblotting with anti-HA antibody.21

BY-2 cells transformed with pBI121 (lanes 1 and 4), pGWB2-GUS (lanes 2 and 5,22

GUS), and pGWB15-GUS (lanes 3 and 6, 3xHA-GUS) were analyzed.  Lanes 1–3,23

immunoblotting with anti-GUS antibody.  (F) Immunoblotting with anti-Myc24

antibody (lanes 4–6).  BY-2 cells transformed with pBI121 (lanes 1 and 4, GUS),25

pGWB18-GUS (lanes 2 and 5, 4xMyc-GUS), and pGWB20-GUS (GUS-10xMyc)26

were analyzed.  Lanes 1-3, immunoblotting with anti-GUS antibody.  Black and27

white arrowheads indicate the position of native GUS and the GUS fusion protein,28
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respectively (B-F).1

2

FIG. 4.  Subcellular localization of ATSEC13 protein fused with sGFP.  BY-2 cells3

transformed with pGWB5-ATSEC13 (A, ATSEC13-sGFP) and pGWB6-ATSEC13 (B,4

sGFP-ATSEC13) were viewed by fluorescence microscopy.  (C) BY-2 cells5

expressing YFP-Arabidopsis cytochrome b5 fusion protein.  Bars: 50 µm.6

7

FIG. 5.  Promoter analyses using GUS fusion constructs.  Expression profiles of8

PHT1 promoter (3888 bp)::GUS fusion in A. thaliana transformed with pGWB3-PHT19

(A and C) and pGWB203-PHT1 (B and D) under a low-Pi (0 µM) condition.  No10

expression was observed in the root meristematic region. Bars: 5 mm (A, B); 100 µm11

(C, D).12
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TABLE 1.  Synthetic oligonucleotides
Oligos Sequencea, b, c

(Linker)
Xho I linker 5’-CCTCGAGG-3’
Sac I linker 5’-CGAGCTCG-3’

(Adapter)
Sac I-Xba I-Sac I 5’-CCCTCTAGAGGGAGCT-3’
Hin dIII-Xba I-Hin dIII 5’-AGCTTGGGTCTAGACCCA-3’
Xba I-Hpa I-Aor 51HI-Sac I 5’-CTAGAGTTAACAGCGCTTAGAGCT-3’

5’-CTAAGCGCTGTTAACT-3’
Xba I-Aor 51HI-Hpa I-Sac I 5’-CTAGAATGAGCGCTGTTAACCTAGAGCT-3’

5’-CTAGGTTAACAGCGCTCATT-3’

(Oligo for tag sequence)
6xHis 5’-CATCATCATCATCATCAT-3’

5’-ATGATGATGATGATGATG-3’
FLAG 5’-GACTACAAGGATGACGATGACAAG-3’

5’-CTTGTCATCGTCATCCTTGTAGTC-3’
T7-epitope 5’-ATGGCTAGCATGACTGGTGGACAGCAAATGGGT-3’

5’-ACCCATTTGCTGTCCACCAGTCATGCTAGCCAT-3’

(Primer for PCR)
3xHA 5’-CTGAAGCTTCGTACGCTGCAG-3’

5’-CTAGCGCTGCACTGAGCAGCGTAATCTG-3’
4-10xMyc 5’-CTGAAGCTTCGTACGCTGCAG-3’

5’-CTAGCGCTACCGTTCAAGTCTTCCTCGGA –3’
GST 5’-ATGTCCCCTATACTAGGTTATTGG-3’

5’-GGATCCACGCGGAACCAGATC-3’
TAP 5’-AAGAGAAGATGGAAAAAGAATTTCA-3’

5’-TCAGGTTGACTTCCCCGCGGA-3’
LUC 5’-ATGGAAGACGCCAAAAACATAAAG-3’

5’-TTACACGGCGATCTTTCCGCC-3’
EYFP (ECFP) 5’-ATGGTGAGCAAGGGCGAGGAG-3’

5’-CTTGTACAGCTCGTCCATGCCGA-3’
GUS-att B1 5’-AAAAAGCAGGCTTTATGTTACGTCCTGTAGAAAC-3’
GUS-att B2 5’-AGAAAGCTGGGTATTGTTTGCCTCCCTGCTG-3’
ATSEC13-att B1 5’-aaaaagcaggctCCGACACTATGCCAGGTCAGAAGATTGAAAC-3'
ATSEC13-att B2 5’-agaaagctgggtAGACACTAGGCTCAACAGCAGTAACTTGTT-3'
att B1 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’
att B2 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’
PHT1  promoter 5’-CACCAAAAGGGGTAATGTGTAAAGGGCA-3’

5’-TTCCTAGAGCTCTATAATCATACAACGCAA-3’

aRestriction sites are underlined.
bParts of the attB sequences are in lower-case letters.
cUpper and lower sequences indicate the sense and antisense oligo nucleotides,

respectively.
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                      Fig.  1  (Nakagawa  et  al)
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pGWB3

ATC ACA AGT TTG TAC AAA AAA GCA GGC TNN (clone) NAC CCA GCT TTC TTG TAC AAA GTG GTG ATC ATG
X P A F L Y K V V I

A TCA ACA AGT TTG TAC AAA AAA GCA GGC TNN (clone) NAC CCA GCT TTC TTG TAC AAA GTG GTT GAT AAC AGC tag GCT TAG
X P A F L Y K V V D N S A ∗

ATG AGC tag GCT GTT ATC ACA AGT TTG TAC AAA AAA GCA GGC TNN (clone) NAC CCA GCT TTC TTG TAC AAA GTG GTG ATA ACC TAG
M S A V I T S L Y K K A G X X P A F L Y K V V I T ∗

AT CAA ACA AGT TTG TAC AAA AAA GCA GGC TNN (clone) NAC CCA GCT TTC TTG TAC AAA GTG GTT CGA TCT AGA GGA TCC CCG GGT GGT CAG TCC CTT ATG
X P A F L Y K V V R S R G S P G G Q S V

AT CAA ACA AGT TTG TAC AAA AAA GCA GGC TNN (clone) NAC CCA GCT TTC TTG TAC AAA GTG GTT CGA TCT AGA GGA TCC ATG
X P A F L Y K V V R S R G S

CTG TAC ATC ACA AGT TTG TAC AAA AAA GCA GGC TNN (clone) NAC CCA GCT TTC TTG TAC AAA GTG GTG ATG TAC AAG TAA
L Y I T S L Y K K A G X X P A F L Y K V V M Y K ∗
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                   Fig.  2  (Nakagawa  et  al)
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