C-termini of the PKs suggest that CASP3 cleavage may
regulate the activity level and/or cellular localization of the
PKs, rather than simply inactivate the kinases.

Discussion

In 1995, PITSLRE,?? PKCJ,% and DNA-PKcs®' were reported
as the first PK-type substrates of CASP3. During the next
15 years, 36 additional PKs that can be cleaved by CASP3
were found.?®242% Notably, these authors showed that
CASP3-cleaved PKs abrogate survival signals and accelerate
apoptosis. In this study, we identified an additional 30 PKs that
can be cleaved by CASP3. In addition, many of the cleavage
sites were found in regulatory elements or in the regions near
the N- and C-termini, rather than the kinase domain itself.
Some of the newly identified CASP3-substrate PKs may be
involved in apoptotic signal cascades. Sixteen PKs were
shown to be cleaved in vitro near their N- or C-termini and at
least five of them were also cleaved near their N- or C-termini
in apoptotic cells (Figure 5). Using standard immunoblotting,
proteins that are cleaved into a large and a small fragment
may be overlooked because the mobilities of the large
fragment and the intact protein will be nearly identical. Most
of the PKs that had been previously reported to be cleaved by
CASP3 were identified because the cleaved fragments had
very different molecular weights than did the intact PK and
were therefore easily detected by SDS-PAGE. Consequently,
cleavages near the termini may have been overlooked. Taken
together, our results suggest that CASP3 cleavage of some
of the members of the CASP3-substrate kinome alters the
function of the PKs and thereby signals apoptosis.

For the study reported herein, 304 out of 518 known PKs,
synthesized as NCtagged PKs, were subjected to the
in vitro cleavage assay (Supplementary Table S1). The
relative number of PKs that were cleaved was ~14%. A total
of 69 PKs that are CASP3 substrates are now known, which
suggests that at least ~ 13% of the PKs in the human kinome
are targets of CASP3. As ~200 PKs have yet be tested as
CASP3 substrates, an additional 26 PKs (13% of the 200) may
be CASP3 substrates. The human genome contains 518
annotated PKs, which have been divided into 10 groups on the
basis of their sequence homologies.? Interestingly, the groups
differ in terms of their susceptibilities to CASP3 cleavage
(Table 2). Approximately 30% of the PKs in the AGC group are
known CASP3 substrates, for example, AKT2, S6K, MSK,
PKC, and PDK1. Many of the AGC-type PKs are commonly
found in mammalian tissues,®® and their cleavage sites are
located in their regulatory domains (Figure 4 and Table 1).
Therefore, these abundant PKs may be activated when
CASP3 cleaves them and then act as intracellular apoptosis
signals. Conversely, CASP3 cleaved only a relatively small
number (6~8%) of the PKs in the CMGC group, which
includes the kinases of the CDK and CDKL families, and the
tyrosine kinase groups. Therefore, most members of these
groups may only act indirectly as apoptosis signals after
CASP3 activation.

Such ROCK1 and MST1, certain caspase cleavage
products, work as apoptosis signaling.2®2* In this study, we
found at least six new CASP3 cleavage products, derived
from AKT2, CaMKK1, eEF2K, MARK1, MNK2, and TRB3,

Characterization of caspase-3-substrate kinome
D Tadokoro et al

Table 2 Characteristics of the protein kinases used in this study

Groups Total® Tested Cleaved clones Cleaved/test
clones (new®) clones (%)
AGC 63 33 10 (6) 30
CAMK 74 52 8 (7) 15
CK1 12 8 1(1) 13
CMGC 61 39 3(3) 8
Other 83 46 3(2) 7
STE 47 25 4(1) 16
TK 90 51 3(1) 6
TKL 43 27 6 (4) 22
RGC 5 2 0 0
Atypicals 40 21 5(5) 24
Total 518 304 43 (30) 14

2Each number is corresponding to human kinome. °Newly PK numbers found in
this study.

after 6h from apoptosis induction (Figures 4 and 5). These
cleavage products retain kinase domain, as in the case of
ROCK1 and MST1. On the other hand, we could not detect
any cleavage products from the other kinases in vivo. The
reasons are not yet understood. However, recent proteomics
approach has shown that the cleaved proteins displayed
transient fragments in the apoptotic cells.'? Further analysis at
multiple time points during the apoptotic cascade would be
required for detection of the cleavage products from the
remaining PKs.

For TRIB3, full-length TRIB3 (D338A) mutant was
decreased in apoptotic condition (compared TNFax lane
with TNFo plus z-VAD-FMK lane in Figure 5¢). However, the
mutant could not produce the CASP3 cleavage product found
as the shorter form in TNF« lane of WT, indicating that the
mutant was not cleaved by CASP3. The mutant was also not
cleaved by CASP3 in vitro (data not shown). As TRIB3 has
been known to receive proteasomal degradation,®® this
unexpected reduction of the mutant TRIB3 in the apoptotic
cells may be the effects of cycloheximide and/or caspase-
inhibitor treatment on TRIB3 degradation.

Proteases often modify the activities of their targeted
protein substrates. Identification of the specific substrate
that is cleaved by a protease is necessary if the functions of
both the protease and its substrate are to be understood.
Proteomic studies have used mass spectrometry to exhaus-
tively identify cellular proteins that have been cleaved
by proteases.''"'2 However, it has been difficult to corre-
late specific proteases with their substrates because many
proteases act at the same time in vivo.

Many full-length cDNAs derived from the genes of higher
eukaryotes are available from many different sources. These
cDNAs are potentially a great DNA template resource for
in vitro syntheses of proteins. As a protein production
system and for the functional analysis of proteins, the wheat
cell-free system has many advantages: It can effectively use
PCR-generated DNA templates.' It is easily adapted to
an automated system."® It can be used to incorporate a single
label into target proteins.2° Its synthesized proteins do not
require purification before being assayed, and it has no
detectable proteasome activity.?' In addition, the screening
cost is very low (~US$1/assay), which for our study trans-
lated to 10 cents to produce each NCtagged protein and

~
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20 cents for the beads, CASP3, and disposable hardware
used in one assay.

In summary, we showed that an NCtagged PK library
synthesized in a cell-free system could be used to charac-
terize a CASP3-substrate kinome. Analysis of the
CASP3-cleavage sites indicated that CASP3 cleavage of
PKs depends on both primary and tertiary structure. Aimost all
of the PK substrates that we identified in vitro were also
identified in vivo. Systems similar to that used herein could be
used to screen other protease substrates.

Materials and Methods

General. The following procedures have been described:™"62°#23 wheat
cell-free protein production; split-primer PCR synthesis of the DNA templates;
parallel syntheses of mRNAs and their translated proteins; and measurements of
the amounts of protein synthesized using densitometer scans of Coomassie brilliant
blue-stained proteins or of radiclabeled proteins.

Construction of DNA templates for the expression of a PK
protein library. The cloned genes encoding the PKs used in this study are
listed in Supplementary Table S1. Their open-reading frames (without stop codons)
were modified in two steps using PCR and the primers S1 (5-CCACCCACCAC
CACCAatg(n)6-3') and T1 (5-TCCAGCACTAGCTCCAGA(n)1s-3') (lowercase
letters indicate nucleotides of the gene) for the first step, and the primers
attB1-Flag-S1 (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGACTACAAG
GATGACGATGACAAGCTCCACCCACCACCACCAATG-3') and T1-bls-STOP-
attB2-anti (5-GGGGACCACTTTGTACAAGAAAGCTGGGTTTATTCGTGCCACTC
GATCTTCTGGGCCTCGAAGATGTCGTTCAGGCCGCTTCCAGCACTAGCTCCA
GA-3') for the second step. The PCR-modified genes were each inserted into a
pDONR221 vector using the Gateway BP Clonase Il enzyme mix (Invitrogen,
Carlsbad, CA, USA) to give pDONR-Flag-PK-bls vectors. Escherichia colicells were
transformed with these vectors and then cultured in wells of a 96-well plate that
contained GYT medium (10% (v/v) glycerol, 0.125% (w/v) yeast extract, and 0.25%
(wiv) tryptone) for 48 h without shaking. DNA templates for mRNA and protein
expression were constructed using split-primer PCR™ in two steps. For the first
step, the pDONR221-Flag-PK-bls plasmids that had not been isolated from the
E. coli cells, and the primers pDONR221-1st_4080 (5'-ATCTTTTCTACGGGGT
CTGA-3) and deSP6E02-Flag-S1 (5'-GGTGACACTATAGAACTCACCTATCTC
TCTACACAAAACATTTCCCTACATACAACTTTCAACTTCCTATTATGGACTACAA
GGATGACGATGACAAGCTCCACCCACCACCACCAATG-3') were used, and for
the second step, the amplified sequences of the first step and the primers SPu
(5'-GGGTAGCATTTAGGTGACACT-3) and pDONR221-2nd_4035 (5'-ACGTTAA
GGGATTTTGGTCA-3') were used to give SP6-E02-Flag-PK-bls DNA templates.
(The E02 sequence is a translational enhancer,® and the SP6 sequence is an
SP6 RNA polymerase promoter.)

Cell-free protein synthesis. Cell-free protein synthesis used the reagents of
an ENDEXT Wheat Germ Expression S Kit according to the manufacturer's
instructions (CellFree Sciences Co., Ltd.), the bilayer translation method,"®"®** and
a robotic synthesizer (GenDecorder 1000; CellFree Sciences). Each DNA template
was transcribed by SP6 RNA polymerase, then precipitated with ethanol, and
collected by centrifugation (15000 r.p.m. for 5 min., R10H rotor; Hitachi). Each mRNA
(~30-35 uug) was washed with 75% ethanol, added into a translation mixture, and
translated in the bilayer mode®' with the following modifications. The translation
mixture (25 ) (bottom layer) contained 60 Agse/ml of ENDEXT wheat germ extract,
1 x SUB-AMIX (24 mM Hepes-KOH, pH 7.8, 1.2mM ATP, 0.25mM GTP, 16 mM
creatine phosphate, 2.5mM DTT, 0.4 mM spermidine, 0.3 mM each of the 20 amino
acids, 2.8 mM magnesium acetate, 100 mM potassium acetate), 2 pg creatine kinase
(Roche Applied Science, Indianapolis, IN, USA), 500 nM D-biotin (Nacalai Tesque,
Kyoto, Japan), and 1 1l of the wheat cell-free translational mixture that expressed BirA
biotin ligase ( ~ 50 ng/ul, BirA: GenBank Accession No. NP_0312927). A1 x SUB-
AMIX solution (125 ul) was placed over the translation mixture. The bilayer was
incubated at 26°C for 17h to allow for protein synthesis. All steps including
construction of the DNA templates were performed in the wells of a 96-well plate.

Cleavage assay. The cell-free-synthesized PKs that had luminescent signals
>500 units (in the absence of CASP3) were studied. For each PK, 10 ul of the

Cell Death and Disease

463

CASP3 cleavage buffer (20 mM Tris-HCI, pH 7.5, 0.2 mM DTT, 5 mM MgCl,, 3mM
ATP, 1 mg/ml BSA, 1 mU CASP3 (Sigma-Aldrich, St. Louis, MO, USA)) was mixed
with 1 ul of the translation mixture that contained a Flag-PK-bls ~ biotin construct,
and the mixture was incubated at 30°C for 2h in a well of a 384-well Optiplate
(Perkin Elmer, Foster City, CA, USA). Using the reagents of an AlphaScreen IgG
(protein A) detection kit (Perkin Elmer) according to the manufacturer’s instructions,
15 ul of 20 mM Tris-HCI, pH 7.5, 0.2mM DTT, 5 mM MgCl,, 5 nig/ml anti-FLAG M2
antibody (Sigma-Aldrich), 1 mg/ml BSA, 0.1 ul of streptavidin-coated donor beads
and 0.1 ul of anti-lgG acceptor beads were added to the well. The solution was
incubated at 23°C for 1h. Luminescence was analyzed using the AlphaScreen
detection program (Perkin Elmer). All repetitive mechanical procedures were
performed by a Biomek FX robotic workstation (Beckman Coulter, Fullerton, CA,
USA). The value of a luminescent signal is reported as the mean of three
independent measurements.

TD immunoblotting. A mixture of each Flag-PK-bls ~ biotin construct (3 ul of
a translation mixture) and 7 ul of the CASP3 cleavage solution was incubated at
30°C for 1 h in a well of a 384-well Optiplate (Perkin Elmer). Then, the proteins were
separated in SDS-PAGE gels and transferred to PVDF membranes (Millipore
Bedford, MA, USA). The blotted proteins were prepared for detection using the
reagents of an ECL-Plus Western Blotting Detection System kit (GE Healthcare,
Piscataway, NJ, USA), anti-Flag M2 antibodies (Sigma-Aldrich) for N-TD, and
Alexad88-streptavidin (Invitrogen) for C-TD. The labeled proteins were visualized
using a Typhoon Imager (GE Healthcare) with a 532-nm laser and a 526-nm
emission filter or an ImageQuant LAS-4000 mini CCD camera system (Fujifilm).

Sequencing and other purification procedures. When possible, long
biotinylated C-terminal fragments produced by CASP3 cleavage were recovered
attached to streptavidin beads, and then sequenced directly. When a PK construct
had a low biotin-labeling efficiency and was cleaved near its C-terminus, a new
construct was made by fusing the GST nucleotide sequence encoded in the
pEU-E01-Gateway-GST vector to the C-terminal codon of the corresponding PK
open-reading frame using the Gateway system and the pEU-E01-Gateway-GST
vector. For purification, synthesized PKs (1.2ml) were purified using Streptavidin
Magnesphere Paramagnetic beads (Promega Corp., Madison, WI, USA) for the
Flag-PK-bls ~ biotin constructs or glutathione Sepharose 4B (GE Healthcare) for
the PK-GST constructs. After washing the beads with PBS, the bound PKs were
incubated with CASP3 (15l of total volume) as described above. The samples
were boiled and the proteins separated by SDS-PAGE. After blotting and
visualization (ProBlott, Applied Biosystems, Foster City, CA, USA), the membrane
areas that contained the cleaved fragments were cut out and the fragments were
sequenced (Applied Biosystems ABI 473A). CSK kinase (Carna Biosciences Inc.,
Kobe, Japan) and AMPKa1 (Cell Signaling Technology, Beverly, MA, USA) were
cleaved with CASP3 (10 il of total volume), and the cleavage products subjected to
MALDI/TOF-MS (Shimazu Techno-Research Inc., Kyoto, Japan) for sequencing.
D—A mutagenesis was carried out using the reagents of a PrimeSTAR
Mutagenesis Basal kit (TakaraBio, Otsu, Japan) according to the manufacturer's
instructions. The mutated genes were sequenced using an ABI PRISM 310 DNA
sequencer (Applied Biosystems).

Construction of PK expression plasmids for the cell-based
assay. Expression plasmids were produced using the Gateway method. To
obtain the attB1-PK-Flag-(stop codon)-attB2 for Gateway BP Clonase Il recombi-
nation, the open-reading frame products of the 30 newly identified PK substrates of
CASP3 that had been produced by PCR using the S1 and T1 primers as described
above were PCR amplified using the primers, attB1-S1 (5'-GGGGACAAGTTTGTA
CAAAAAAGCAGGCTTCCACCCACCACCACCA-3') and  T1-Flag-stop-attB2
(5-GGGGACCACTTTGTACAAGAAAGCTGGGTTTACTTGTCATCGTCATCCTTG
TAGTCGCTTCCAGCACTAGCTCCAGA-3'). These PCR products were each
inserted into a pDEST26 vector (Invitrogen) using the Gateway system for
construction of the His-PK-Flag nucleotide sequences. All sequences were
confirmed by DNA sequencing as described above.

Cell-based assay. Hela cells were cultured in Dulbecco’s modified Eagle’s
medium, 10% fetal bovine serum, penicillin (100 mg/ml), and streptomycin (50 ug/ml).
Transient transfections were carried out using Lipofectamine 2000 Transfection
Reagent (Invitrogen) according to the manufacturer's instructions. At 24h after
transfection, cells were harvested after apoptosis was induced. Control cells were
treated with DMSO and, for apoptosis induction or inhibition, with 20 ng/ml TNFa



(Calbiochem, La Jolla, CA, USA) and 100 1M cycloheximide (Chemicon, Temecula,
CA, USA) or 125 ng/ml anti-Fas antibody (Medical & Biological Laboratories Co., Ltd.,
Nagoya, Japan) in the presence (inhibition) or absence (induction) of 100 xM Z-VAD-
FMK (Peptide Institute Inc., Osaka, Japan) for 6 h. Cells were washed with PBS and
then lysed directly by adding one volume of 2 x SDS-PAGE sample buffer (125 mM
Tris-HC1, pH 6.8, 20% glycerol, 4% SDS, 10% 2-mercaptoethanol, 0.001%
bromphenol blue) before subjecting the cell extracts to SDS-PAGE and
immunoblotting, which used anti-His antibodies (GE Healthcare) or anti-Flag M2
antibodies (Sigma-Aldrich). The following antibodies were employed to detect
endogenous proteins: anti-a-tubulin (Sigma-Aldrich); anti-AKT2, anti-eEF2K, anti-
AMPKat1, and anti-TGFbR1 (Cell Signaling Technology). Chemiluminescent signals,
generated by ECL-Plus reagents (GE Healthcare), or Immobilon Westem HRP
substrate Luminol Reagent (Millipore), were detected using an LAS-4000 mini
biomolecular imager (GE Healthcare).
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Biotinylated-sortase self-cleavage purification
(BISOP) method for cell-free produced proteins
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Abstract

Background: Technology used for the purification of recombinant proteins is a key issue for the biochemical and
structural analyses of proteins. In general, affinity tags, such as glutathione-S-transferase or six-histidines, are used to
purify recombinant proteins. Since such affinity tags often interfere negatively with the structural and functional
analyses of proteins, they are usually removed by treatment with proteases. Previously, Dr. H. Mao reported self-
cleavage purification of a target protein by fusing the sortase protein to its N-terminal end, and subsequently obtained
tag-free recombinant protein following expression in Escherichia coli. This method, however, is yet to be applied to the
cell-free based protein production.

Results: The histidine tag-based self-cleavage method for purifying proteins produced by the wheat cell-free protein
synthesis system showed high background, low recovery, and unexpected cleavage between the N-terminally fused
sortase and target protein during the protein synthesis. Addition of calcium chelator BAPTA to the cell-free reaction
inhibited the cleavage. In order to adapt the sortase-based purification method to the cell-free system, we next used
biotin as the affinity tag. The biotinylated sortase self-cleavage purification (BISOP) method provided tag-free, highly

purified proteins due to improved recovery of proteins from the resin. The N-terminal sequence analysis of the GFP
produced by the BISOP method revealed that the cleavage indeed occurred at the right cleavage site. Using this
method, we also successfully purified the E2 heterocomplex of USE2N and USE2v1. The c-terminal src kinase (CSK)
obtained by the BISOP method showed high activity in phosphorylating the Src protein. Furthermore, we
demonstrated that this method is suitable for automatically synthesizing and purifying proteins using robots.

Conclusion: We demonstrated that the newly developed BISOP method is very useful for obtaining high quality, tag-
free recombinant proteins, produced using the cell-free system, for biochemical and structural analyses.

Background

Technology used for purifying a recombinant protein has
a significant impact on its biochemical function, struc-
tural properties, and other aspects, such as generating an
antibody against the protein. Currently available, estab-
lished purification methods generally attach an affinity
tag to the N-terminus or C-terminus end of the target
protein, and then recover the target protein by affinity
chromatography [1]. Purification tags used today are clas-
sified into peptide-tags and protein-tags based on their
nature and form. His-tag, a typical and globally the most
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used peptide-tag, is highly effective in purifying the
tagged protein by using immobilized metal affinity chro-
matography, such as nickel sepharose [2]. The glutathi-
one-S-transferase (GST) tag, a typical protein-tag, has a
high specific binding capacity for glutathione, and is, gen-
erally, known to have little or no effect on the activity of
the fused recombinant protein [3]. In both cases, how-
ever, production of tag-free recombinant protein requires
treatment with a protease, such as PreScission or TEV
protease. Therefore, in order to purify a tag-free recombi-
nant protein multiple chromatography steps are neces-
sary.

Currently, there are only a few recombinant protein
purification methods that combine affinity purification,
cleavage, and separation of the fusion partner in one-step.
One such one-step purification method was reported by
Mao [4], in which the catalytic core of the transpeptidase
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sortase A (srtA, amino acid residues from 60-206), found
in the cell envelope of Staphylococcus aureus [5,6], was
used for fusion with the target protein. The SrtA enzyme
is known to catalytically cleave the Thr-Gly bond of its
recognition motif LPXTG (X is any amino acid) in the
presence of calcium and triglycine [6-9]. Thus, the puri-
fied target protein eluted off the affinity column has only
an extra Gly residue on the N-terminus end. This excel-
lent approach was designed for the purification of recom-
binant proteins expressed in Escherichia coli cells.
However, as discussed in that report [4], the fusion pro-
tein was partially self-cleaved during the expression,
probably because of the difficulty in controlling the con-
centration of calcium in the living cells. Inability to sup-
press the srtA activity during the expression of the fused
recombinant protein in E. coli was, therefore, a major
limiting factor for using this otherwise excellent approach
as a general tool for the production and purification of
recombinant proteins.

At present, several types of cell-free protein production
systems have been reported as alternative methods for
obtaining recombinant proteins [see 10 and 11 for
reviews]. In this regard, it is noteworthy that we are also
developing wheat embryo based cell-free system for in
vitro protein production [12-14]. Cell-free protein pro-
duction is very flexible because it utilizes only the transla-
tional machinery of the cell without other factors, such as
DNA replication and metabolic pathways, of the living
system. The cell-free system, thus, could simply be modi-
fied by the addition or subtraction of reagents. In this
study, we have adopted the self-cleavage activity of srtA
in the wheat cell-free system for the production of tag-
free recombinant proteins, and demonstrated an
improved self-cleavage purification method by incorpo-
rating biotinylation reagents and calcium chelates in the
cell-free synthesis system.

Results and Discussion

Self-cleavage activity of srtA during the cell-free protein
synthesis

First, based on the previous report, we constructed the
expression vector pEU-His-srtA-GW by inserting the
DNA fragment required for the Gateway (GW) recombi-
nation technology into the previously described wheat
germ cell-free expression vector pEU-E01 [13]. The Gate-
way system allows easy recombination of the targeted
genes. The srtA cleavage site, LPETG, was introduced in
the forward PCR primer according to the instructions
provided with the Gateway system (Figure 1A). To test
the self-cleavage purification system, we selected the
human protein kinases and malaria vaccine candidate
Pfs25 (Plasmodium falciparum 25 kDa ookinete surface
antigen precursor) as candidate proteins because they are
very important proteins for practical use. PCR products
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of the coding regions of Pfs25 and six protein kinases
were amplified, and each PCR amplified fragment was
individually inserted into the pDONR221 vector by BP
recombination reaction. Subsequently, the inserted
LPETG-gene fragment was cloned into the pEU-His-
srtA-GW vector by LR recombination reaction, resulting
in a pEU-His-srtA-LPETG-gene plasmid. These pEU-
His-srtA-LPETG-gene plasmids were then used for 4C-
Leu-labeled protein synthesis using the wheat cell-free
system. Unfortunately, in all cases, 20 to 40% of the syn-
thesized proteins were cleaved during the cell-free syn-
thesis (Figure 1B). The cleavage rate was dependent on
the type of the gene used in creating the plasmid con-
struct. For example, cleavage of Pfs25 (S25 lane in Figure
1B) and GFP (Figure 1C) during the protein synthesis
process were very low, whereas almost 40% of the synthe-
sized SGK495 protein was cleaved during the cell-free
synthesis. Since calcium supplementation is known to
induce the srtA activity [4,9], the cell-free system was
treated with the calcium chelator, BAPTA (Figure 1C).
Treatment with more than 4 mM BAPTA dramatically
blocked the inexpedient cleavage of SGK495. However,
protein synthesis was inhibited as the BAPTA concentra-
tion was increased (Figure 1D). For example, levels of
SGK495 and GFP proteins produced in the presence of 5
mM BAPTA were approximately 20% and 30%, respec-
tively, of their respective levels in the absence of BAPTA.
In other proteins, the synthesis conditions in the pres-
ence of 1 and 3 mM BAPTA were investigated (Figure 1E
and 1F). By comparing the results of the BAPTA-concen-
tration dependent blocking of the srtA activity and inhi-
bition of the protein synthesis, we concluded that 1 mM
BAPTA is optimal for the cell-free synthesis of srtA-
fusion proteins, because at this concentration of BAPTA
the recovery of all full-length srtA fusion proteins
improved by approximately 10-20% without any major
inhibition of the protein synthesis.

Self-cleavage purification of His-srtA-fusion proteins

A total of eight plasmid constructs, each containing a dif-
ferent gene (generalized here as pEU-His-srtA-LPETG-
gene), were used for the cell-free protein production and
self-cleavage purification studies, and the results are
shown in Figure 1G. Out of eight proteins, three proteins,
GFP, p38g and Pfs25, clearly eluted from a nickel-nitrilo-
triacetic acid (Ni-N'TA) sepharose column, whereas other
five proteins could not be recovered in the eluted fraction
(Figure 1G, left panel). To confirm protein synthesis and
self-cleavage, column resins of all samples were analyzed
by SDS-PAGE after boiling with SDS-sample buffer (Fig-
ure 1G, right panel). Surprisingly, even though AMPKal,
CSK, SGK and SGK495 were synthesized and self-cleaved
on the column resin, their cleaved forms were not eluted
off the resin. We could not find the RIPK3 protein in the
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Figure 1 Synthesis of srtA-fusion proteins using the wheat germ cell-free system. A. Schematic representation of the pEU-His-srtA-LPETG-Gene
plasmids created using the Gateway system. B. Autoradiogram of SDS-PAGE of proteins synthesized using the cell-free system in the presence of ['4C]
Leu. Lane M, Protein MW standards labeled by using ['*C]-containing felt pen. C. Autoradiogram of [14C] Leu incorporated GFP and SGK495 proteins
synthesized by the wheat cell-free system in the presence of the Ca2+ chelating reagent BAPTA. The number represents concentration (mM) of BAPTA
used in the protein synthesis reaction. Arowheads denote the sizes of the full-length proteins. D. Rate of synthesis of the full-length protein and pro-
ductivity of GFP (pink-colored bar and red-colored line) and SGK495 (purple-colored bar and blue-colored line) in the presence of different concen-
trations of BAPTA. E. Autoradiogram of [4C]-Leu incorporated proteins synthesized by the cell-free system in the presence of BAPTA. Asterisk denotes
the sizes of the full-length proteins. F. Rate of synthesis of the full-length protein and productivity of proteins in the presence of different concentra-
tions of BAPTA. Productivities of total synthesized and full-length proteins indicated as blue and red bars respectively. G. Purifications of proteins by
the cell-free synthesis using the pEU-His-srtA-LPETG-Gene plasmid constructs. CBB-stained protein bands on the SDS-PAGE gel of the eluted (left pan-
el) and resin-bound (right) target proteins are indicated using asterisk. Arrow represents the cleaved His-tagged srtA. Lane M (both panels): Protein
MW standards.
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eluted or in the resin-bound fraction, suggesting that this
protein was expressed at a very low level. In addition,
purity of the protein in the eluted fraction was not high,
as there were several similar protein contaminants in
every lane. Furthermore, many proteins bound to the Ni-
NTA resin (right panel in Figure 1G). These results sug-
gested that further technical improvements were neces-
sary to achieve high quality purified proteins with high-
efficiency from the cell-free based His-srtA system.

Biotinylated sortase self-cleavage purification (BISOP)
Recently we successfully adapted the biotin-labeling sys-
tem of E. coli biotin ligase and biotin to the wheat cell-
free protein synthesis system [15]. The biotinylation reac-
tion modifies a specific lysine residue at the biotin liga-
tion site (bls: GLNDIFEAQKIEWHE, the underline is the
ligation site). The biotinylated proteins could be directly
used for an assay without further purification because of
very low biotin concentration. Since the His-tag based
approach showed many contaminated proteins in the
eluted fraction of the Ni-NTA column, we next used the
biotin-labeled tag for protein purification. For this pur-
pose, we constructed the pEU-BISOP-LPETG-GFP plas-
mid based on the pEU-His-srtA-LPETG-GFP vector as
shown in Figure 1A and 2A. Next, we compared whether
the His-tagged or the biotin-tagged protein could be bet-
ter purified by the sortase self-cleavage method, pro-
cessed either manually or using automated robots to
eliminate any human error. Clearly, on the CBB-stained
SDS-PAGE, a single major protein band (with low back-
ground) was found in the eluted fraction following the
sortase self-cleavage of the biotin-tagged srtA fusion pro-
tein; in contrast, contaminating proteins were found
along with the major protein band in the eluted fraction
of the self-cleaved His-tagged srtA fusion protein (Figure
2B). Reaction performance of robot for His-srtA-LPETG-
GFP or BISOP-LPETG-GFP was 63 or 58% of recovery,
52 or 88% of purity, and 68 or 62 pug of yield respectively.
These results suggest that the BISOP method is better
suited for producing tag-free purified proteins by the cell-
free system.

Next, to examine whether the number of bls has any
effect on the purification, two vectors, one having a single
bls and the other having double bls, were constructed
(Figure 2A). Coding regions of GFP, Pfs25 and CSK were
individually cloned into each one of these two vectors,
and then the resultant recombinant plasmids were used
for the protein synthesis using the cell-free system. Stain-
ing with Alexa488-labeled streptavidin revealed slight
mobility shifts for proteins containing double bls, as com-
pared to those containing single bls (Figure 2C). We did
not observe any difference between the single and double
bls containing proteins with respect to biotinylation, elu-
tion and resin binding characteristics. Similar to the self-
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cleavage purification of GFP (shown in Figure 2B), all
three eluted proteins were highly purified (left panel in
Figure 2D). The higher purity of proteins obtained using
the BISOP method might be due to the presence of very
few contaminating proteins on the streptavidin-conju-
gated resin (compare right panel in Figure 2D with Figure
1G). Interestingly, the CSK protein, prepared by the
BISOP method was eluted of the resin, whereas with the
His-tag based method it was not found in the eluted frac-
tion (Figure 1G). Total amounts of purified GFP, S25 and
CSK by the BISOP method were 44, 37, and 55 pg per
reaction respectively. Also full-length GFP, $25 and CSK
proteins remaining on the column were approximately 6,
3 and 3 pg respectively, and cleaved S25 and CSK proteins
on the column were 3 and 3 pg respectively. These data
means that rate of target proteins remaining on the col-
umn was approximately 15%. Next, the BISOP method
was used for purifying several other proteins. For this
purpose, four protein kinase genes were individually
inserted into the Gateway system vector pEU-BISOP-
GW following the procedures described above, and the
results are shown in Figure 2E. Both SGK495 and
AMPKal, which were not recovered earlier from the
resin when the His-tag based method was used (Fgiure
1G), were also purified by the BISOP method (Figure 2E).

Total amounts of purified CSK, SGK495, AMPKal and
p38g by the BISOP method were 55, 42, 24 and 57 pg per
reaction respectively. In addition, analysis of the N-termi-
nal sequence of the GFP protein purified by the BISOP
revealed the expected cleavage of the Thr-Gly bond of the
inserted LPETG sortase-recognition site (Figure 2F).
These results suggested that the BISOP method would be
suitable for the purification of the cell-free produced pro-
teins with high efficiency and purity.

Purification of E2 heterocomplex by BISOP

Analysis of protein complex is one of important targets
for their structural and biochemical analysis. Thus, next
we examined whether a protein heterocomplex, co-
expressed using the wheat cell-free system, could be puri-
fied by the BISOP method. To test this notion, we next
co-expressed UBE2N and UBE2v1, two proteins forming
the heterodimer complex of the ubiquitin-conjugate (E2)
enzyme [16], using the BISOP method. Specific complex
formation between these two proteins produced by the
cell-free system has already been reported [15]. At first,
we confirmed co-expression of the biotinylated srtA-
LPETG-UBE2N and UBE2vl1 (tag-free form) by incorpo-
rating 14C-Leu during the cell-free synthesis (Figure 3A).
Notably, we recovered the E2 heterocomplex consisting
of UBE2N and UBE2vl when both UBE2vl and srtA-
LPETG-UBE2N were co-expressed using the cell-free
system and then purified by the BISOP method (Figures
3B and 3C). The protein band corresponding to UBE2v1
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Figure 2 Preparation of proteins by the biotinylated-sortase self-cleavage purification (BISOP) method. A. Scheme for creating the pEU-
BISOP-LPETG-gene plasmids using the Gateway recombination method. The LPETG-fused target gene containing entry clone plasmid was recom-
bined with the pEU-BISOP-GW vector by using the Gateway LR reaction. B. CBB-stained SDS-PAGE comparing the His- or biotin-tagged GFP protein
(indicated using an asterisk) purified manually or by using an automated robot. Lane M: Protein MW standards. C. Biotinylation of GFP, Pfs25 (525) and
CSK proteins synthesized by the cell-free system with vectors having a single (S) or a double (D) biotin ligation site. Biotinylated proteins were detected
by labeling the separated protein bands with streaptavidin-Alexa488 as described in the text, followed by scanning using the Typhoon Imager. D.
CBB-stained eluted (left panel) and resin-bound (right panel) proteins. Arrow indicates the cleaved biotinylated srtA protease left on the resin. Samples
(5 or 10 pL in left or right panel respectively) were loaded on the gel. E. Left panel: Biotinylated proteins were detected by streaptavidin-Alexa488;
Right panel: CBB-stained proteins purified by the BISOP method. Samples (5 pL) were loaded on the gel. F. Amino acid sequences from the N-terminal
end of GFP purified by the BISOP method were determined by using an amino acid sequencer (asterisks, upper panel). Rounds indicate the number
of Edman degradation cycle. Underlined amino acid sequence in the lower panel shows the determined sequence. Arrowhead indicates the site
cleaved by the sortase enzyme.
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was however not found when the biotinylated srtA-
LPETG-UBE2N was expressed alone. Therefore, this
result suggests that the BISOP method would be useful
for purification of protein complexes produced by the
cell-free system.

Activity of CSK purified by the BISOP method

It is very important that the purification method provide
functionally active protein. We, therefore, investigated
whether the CSK protein purified using the BISOP
method could specifically phosphorylate the Tyr-530 res-
idue of human Src protein (Swiss-Prot no. P12931) [17].
For this purpose, biotinylated Src was synthesized by the
cell-free system and the synthesized protein was partially
purified using the magnetic streptavidin-conjugated
beads. The bead-bound Src was then treated with [32P]-
labeled or unlabeled ATP and the CSK protein that was
purified by the BISOP method. Both autoradiogram of
the SDS-PAGE separated proteins from the reaction mix
containing [32P]-labeled ATP and immunoblot analysis of
the SDS-PAGE separated proteins from the reaction mix
containing the unlabeled ATP using the specific anti-
phospho-Src antibody showed specific phosphorylation
of the Y530 residue of Src by CSK (Figure 4). These
results suggest that BISOP would be suitable for the in
vitro synthesis of active proteins.

Biotinylated Src ~ + + +
Eluted UBE2N + - -
Eluted CSK - + -

GST-CSK - - F
Autoradiogram

IB:P-Y530-Src

STA-Alexa488
(Biotinylated-Src)

Figure 4 Activity of CSK prepared using the BISOP method. Bioti-
nylated Src protein was incubated with UBE2N, CSK purified using the
BISOP method (eluted CSK and UBE2N), or commercially available GST-
CSK fusion protein in the presence of cold (forimmunoblot) or radio-
isotope-labeled (for autoradiogram) ATP. Src phosphorylation was as-
sayed by immunoblot analysis using the anti-Phospho-Src (Y530)
antibody. Autoradiogram shows phosphorylation of the Src protein by
CSK.

L

Conclusion

The cell-free system is an easy to use method for synthe-
sizing recombinant proteins. In this study, we have devel-
oped a new biotinylated-sortase self-cleavage purification
(BISOP) method to achieve high quality purification of
several proteins, including a protein heterocomplex,
without any affinity tag. In addition, we showed that this
method could be automated using robots. Results of this
study indicate that the combination of the cell-free pro-
tein synthesis system and BISOP could provide a simple
and easy method for the preparation of high quality
recombinant proteins without any affinity tag. Since the
cell-free system is suitable for high-throughput protein
production, this combined method could also be utilized
at the genome-wide level.

Methods

General

The following procedures have been either described in
detail or cited [13,15,18,19]: isolation of the wheat germs
and preparation of the extract, generation of the DNA
template by polymerase chain reaction (PCR) using split-
primers, parallel synthesis of mRNA and protein, estima-
tion of the amount of protein synthesized by densitomet-
ric scanning of the Coomassie brilliant blue (CBB)-
stained band and autoradiogram of radiolabeled-pro-
teins, and detection of biotinylated proteins using
Alexa488-conjugated streptavidin (Invitrogen) and the
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Typhoon Imager (GE Healthcare) fitted with 532 nm
laser and 526 emission filter.

Template genes

The ¢cDNA clone of the malarial parasite Plasmodium fal-
ciparum 25 kDa ookinete surface antigen precursor
(Pfs25) was kindly provided by Dr. Tsuboi (Cell-free
Research and Technology Center, Ehime University).
cDNAs of GFP, UBE2N (GenBank accession no.
BC003365), and UBE2vl (GenBank accession no.
BC000468) were described in our previous reports
[15,18]. Mammalian gene collection (MGC) cDNA clones
of CSK (BC104875), SGK (BC001263), SGK495
(BC007835), AMPKal (BC048980), p38g (BC015741),
RIPK3 (BC062584) and Src (BC011566) were also used in
this study.

Construction of the srtA-based self-cleavage vector

DNA fragment encoding the mature-form of srtA (corre-
sponding to amino acids 60-206, GenBank accession no.
AF162687) was artificially synthesized and inserted into
the pUC57 to create the plasmid pUC57-srtA-EcoRV-
Spel by the GenScript Corporation (Boston). The
pUC57-srtA-EcoRV-Spel plasmid as used as a template
to amplify the mature srtA fragment (Dral-His or bls-
srtA-EcoRV-Spel) by PCR using the following pair of
primers: M13(M3) (5-GTAAAACGACGGCCAGT) and
Dral-A-His-srtA (5'-GAGATTTAAATGGCCAGCAGC
CATCACCATCACCATCATAGCAGCGGCCTGGTGC
CGC) or M13(M3) and Dral-A-bls-srtA (5'-GAGAT
TTAAATGGCCAGCAGCGGCCTGAACGACATCTTC
GAGGCCCAGAAGATCGAGTGGCACGAAAGCAGCG
GCCTGGTGCCGC). The Dral-A-His-srtA primer
included 6 x His-tag codons and a Dral restriction
enzyme site, and the Dral-A-bls-srtA primer included a
bls (biotin ligase site) recognition sequence and a Dral
restriction enzyme site. After digestion with Dral and
Spel enzymes each fragment was inserted into the EcoRV
and Spel sites in pEU-E01-MCS provided by CellFree Sci-
ences, Ltd http://www.cfsciences.com/eg/index.html to
create pEU-His-srtA-MCS and pEU-BISOP-MCS plas-
mids, respectively. To create the Gateway'-based plas-
mids pEU-His-srtA-GW and pEU-BISOP-GW, DNA
fragment needed for Gateway recombination cloning
technology (Invitorogen) was inserted into the EcoRV site
of the pEU-His-srtA-MCS and pEU-BISOP-MCS plas-
mids. PCR reaction was performed by PrimeStar enzyme
according to instruction (Takara Bio, Otsu, Japan). Nucle-
otide sequences of the DNA inserts in all plasmid con-
structs were subsequently confirmed by using the ABI
PRISM 310 Genetic Analyzer using the BigDye termina-
tor v1.1 Cycle sequence kit (Applied Biosystems, Foster
City, CA).
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Plasmid construction for the cell-free protein production
We introduced the srtA self-cleavage site (DNA encoding
for the amino acid sequence LPETG) into the recombi-
nant plasmid construct for the cell-free production of
proteins. The DNA fragments coding the respective pro-
tein were amplified by PCR using two gene specific prim-
ers: forward primer  attBl-LPETG-Gene  (5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-
CTGCCCGAGACCGGCatg(n),y; uppercase, lower-
cased and bold sequences indicated common, gene
specific and LPETG sequences, respectively; n represent
gene specific sequence) and reverse primer attB2-Gene
(5'-GGGGACCACTTTGTACAAGAAAGCTG-
GGTCxxxnnnnnnnnnnnnnnnn; xxx is the complemen-
tary sequence of the stop codon; n represent gene specific
sequence). PCR reaction was performed using the Prime-
Star enzyme (Takara Bio, Otsu, Japan) and following the
supplier's instructions. The amplified attB1-LPETG-
Gene-attB2 fragments were inserted into the donor vec-
tor pPDONR221 by BP reaction to generate the entry plas-
mids. The LPETG-fusion Gene in the entry plasmid was
transferred to the pEU-His-srtA-GW or pEU-BISOP-
GW by LR reaction to generate the pEU based-plasmid
clones. BP and LR reactions were carried out according to
the instructions provided by the supplier of the reagents
(Invitrogen, Carlsbad, CA). Nucleotide sequences of the
DNA inserts in all the plasmid constructs were subse-
quently confirmed by using the ABI PRISM 310 Genetic
Analyzer described method above.

Cell-free protein production

For the cell-free protein production, we employed the
wheat germ cell-free protein expression system using the
bilayer translation method described previously [18,19].
Cell-free protein production was carried out using the
ENDEXT Wheat Germ Expression S Kit and according
to the instructions provided by the supplier (CellFree Sci-
ences Co., Ltd.,, Matsuyama, Japan). Briefly, 250 pL of
transcriptional mixture [80 mM HEPES-KOH, pH 7.8, 16
mM magnesium acetate, 2 mM spermidine, 10 mM DTT,
2.5 mM NTP mix, 1 U/pL SP6 RNA polymerase (Pro-
mega, Madison, WI), 1 U/uL RNase inhibitor, RNasin
(Promega), and 100 ng/pL undigested plasmid DNA] was
incubated at 37°C for 6 h, and then mixed with 250 uL of
wheat embryo extract (120 A 260/mL, CellFree Sciences
Co., Ltd.) and 1 pL of 20 mg/mL creatine kinase (Roche
Applied Science, Indianapolis, IN). This mixture, called
the translational mixture, was then carefully transferred
to the bottom of the well of a 6-well tissue culture plate
(Whatman Inc., Clifton, NJ) that already contained 5.5
mL of TSB (30 mM HEPES-KOH, pH 7.8, 100 mM potas-
sium acetate, 2.7 mM magnesium acetate, 0.4 mM sper-
midine, 2.5 mM DTT, 0.3 mM amino acid mix, 1.2 mM
ATP, 0.25 mM GTP and 16 mM creatine phosphate) by
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inserting the pipette tip down to the bottom of the well,
thereby creating two distinct layers. The plate was then
covered with the sealing film, and was incubated at 17°C
for 18 hr without shaking. For the calcium chelating
experiment, 1 mM BAPTA (1,2-bis(o-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic acid) (Sigma-Aldrich,
St Louis, MO) was added to both the translational mix-
ture and TSB. For biotin labeling of proteins [15,20], 2 pg
of biotin protein ligase (BirA, GenBank accession no.
NP _0312927) produced by the wheat cell-free system and
6 uM D-biotin (Nacalai Tesque, Kyoto, Japan) were added
to the bottom translational mixture.

For co-expression of the biotinylated srtA-LPETG-
UBE2N and UBE2vl, the cell-free production method
was slightly modified. Each translation mixture was pre-
pared independently and pre-incubated at 26°C for 30
min, following which they were mixed, and were subse-
quently used in the bilayer translation reaction as
described above.

Self-cleavage purification of proteins produced by the cell-
free system

Reaction mixture (6 mL) from the cell-free expression
system described above was mixed with 100 pL of Ni-
NTA sepharose (GE Healthcare) or 100 pL of streptavi-
din-sepharose (GE helthcase). The sepharose beads were
pre-equilibrated with phosphate buffered saline (PBS) for
4 to 6 hours (His tag) or 30 min (BISOP) at 4°C. Sephar-
ose bead-captured srtA-fusion proteins were collected by
centrifugation (3,000 x g) and the beads were washed
three times with PBS buffer. Self-cleavage purification of
the target protein was performed by incubation of the
beads with 100 pL of Elution buffer [20 mM Tris-HCI (pH
7.5), 5 mM Tri-Gly (Sigma-Aldrich), 5 mM CaCb, 150
mM NaCl, 1 mM DTT and 2% glycerol] for 4 hours at
16°C. The buffer-bead mixture was then transferred into
a micro spin-column (GE Healthcare) and the eluted frac-
tion was recovered by flash centrifuge (3,000 x g) at 4°C.
The N-terminal end of the eluted GFP was determined by
amino acid sequence analysis using the Applied Biosys-
tems ABI 473A protein sequencer and according to the
instructions provided by Applied Biosystems.

The cell-free protein production and self-cleavage puri-
fication were also carried out using an automatic robot,
Protemist DTII (CellFree Sciences Co., Ltd.), basically
according to manufacturer's instructions. Addition of
biotinylation reagents and BAPTA were also carried out
as mentioned above.

Phosphorylation assay

The phosphorylation assay was mainly performed
according to the previous published methods [13,21]. To
assay for phosphorylation of the biotinylated Src by CSK,
40 pl of the reaction mixture was mixed with 15 pl of bio-
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tin magnetic beads (Promega, MI), and was washed twice
with PBS buffer and once with protein kinase (PK) buffer
[50 mM Tris-HCI (pH 7.6), 500 mM potassium acetate,
50 mM MgCl,, 0.1 mM DTT]. Beads were suspended in
10 pl PK buffer supplemented with cold ATP (for immu-
noblot) or [y-32P]-ATP (for autoradiogram), and CSK
purified using the BISOP method, UBE2N or commer-
cially available GST-CSK fusion protein (purchased from
Carna Biosciences Inc., Kobe) was added in the reaction
mixture. The mixtures were incubated at 37°C for 30 min,
following which they were boiled in the SDS-denaturing
buffer and the proteins were separated on 12.5% SDS-
polyacrylamide gel. Autoradiogram of Src phosphoryla-
tion was analyzed by BAS-2500 (FUJIFILM, Tokyo,
Japan). For immunoblot analysis, proteins were trans-
ferred from the SDS-PAGE gel to PVDF membrane (Mil-
lipore Bedford, MA, USA) following standard
procedures. The blots were then processed using the
Immobilon Western detection reagents (Millipore) and
antibody against phosphorylated Src (Y527) or Src (Cell
Signaling Technology, Beverly, MA) according to the
manufacturer's procedure. The anti-phospho-Src (Y527)
antibody recognizes the phosphorylated Y530 residue in
human Src.
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Abstract

Background: Ubiquitination is mediated by the sequential action of at least three enzymes: the El
(ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin ligase) proteins.
Polyubiquitination of target proteins is also implicated in several critical cellular processes.
Although Arabidopsis genome research has estimated more than 1,300 proteins involved in
ubiquitination, little is known about the biochemical functions of these proteins. Here we
demonstrate a novel, simple and high-sensitive method for in vitro analysis of ubiquitination and
polyubiquitination based on wheat cell-free protein synthesis and luminescent detection.

Results: Using wheat cell-free synthesis, || E3 proteins from Arabidopsis full-length cDNA
templates were produced. These proteins were analyzed either in the translation mixture or
purified recombinant protein from the translation mixture. In our luminescent method using FLAG-
or His-tagged and biotinylated ubiquitins, the polyubiquitin chain on AtUBC22, UPL5 and UPL7
(HECT) and CIP8 (RING) was detected. Also, binding of ubiquitin to these proteins was detected
using biotinylated ubiquitin and FLAG-tagged recombinant protein. Furthermore, screening of the
RING 6 subgroup demonstrated that Atlg55530 was capable of polyubiquitin chain formation like
CIP8. Interestingly, these ubiquitinations were carried out without the addition of exogenous El
and/or E2 proteins, indicating that these enzymes were endogenous to the wheat cell-free system.
The amount of polyubiquitinated proteins in the crude translation reaction mixture was unaffected
by treatment with MGI32, suggesting that our system does not contain 26S proteasome-
dependent protein degradation activity.

Conclusion: In this study, we developed a simple wheat cell-free based luminescence method that
could be a powerful tool for comprehensive ubiquitination analysis.
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Background

Protein ubiquitination plays a crucial role in numerous
cellular processes such as cell growth, regulation of diverse
signal transduction and disease | 1-3]. The covalent attach-
ment of ubiquitin to protein substrates requires a step-
wise cascade of enzymatic reactions. First, ubiquitin is
activated by E1 (ubiquitin-activating enzyme, UBA) in an
ATP-dependent manner by forming a high-energy
thioester-bond between the carboxyl-terminal glycine res-
idue of ubiquitin and a cysteine residue of E1. The acti-
vated ubiquitin is then transferred to the core-cysteine
residue of E2 (ubiquitin-conjugating enzyme, UBC).
Together with an E3 ligase enzyme, ubiquitin is attached
via its carboxyl-terminus to an e-amino group of a lysine
residue in the target protein. Since E3 binds to both E2
and the target protein, and acts as scaffold between E2 and
the substrate protein, the E3 ligase is the major determi-
nant for selecting target proteins for ubiquitination. There
is large number of genes encoding E3 ligases in all eukary-
otes, and the diversity of E3s is thought to contribute to
the substrate specificity of numerous target proteins. E3
ligases are structurally divided into three groups: HECT,
RING and U-box [4]. The HECT-type E3 ligase is distinct
from the other two ligases in that it forms a thioester-
bond with ubiquitin prior to the transfer of ubiquitin to
target proteins. The RING-type E3 ligase contains a unique
domain similar to the zinc finger motif that mediates pro-
tein-protein interactions [5] and is further divided into
two classes: one that can function alone and another that
forms a complex with other E3 components [4].

Recent studies have shown that attachment of polyubiqui-
tin chains on target proteins linked via lysine-48 of ubig-
uitin typically leads to degradation by the 26S proteasome
[6], whereas linkage via lysine-63 mediates different path-
ways such as internalization of membrane proteins, acti-
vation of signal transduction and DNA damage repair [7].
The formation of lysyl-63-linked polyubiquitin chains is
generated by specific combinations of E2s and E2 vari-
ants, which are similar to E2s except that they lack core
cysteine residues required for E2 activity [8,9]. In addi-
tion, ubiquitination of substrates without polymeriza-
tion, mono-ubiquitination, acts as a sorting signal for
protein endocytosis and as a regulation factor for diverse
proteins, including histones and transcription factors
[10].

In plant, genomic research of the model plant Arabidopsis
thaliana showed that there are two Els, 37 E2s and more
than 1,300 predicted E3s [11]. Although little is known
about protein ubiquitination in plants compared with
yeast and mammals, recent studies revealed that the plant
ubiquitination pathway is involved in the regulation of
morphogenesis, the circadian clock and responding to
hormone or pathogen signal molecules [12-15]. Despite

http://www.biomedcentral.com/1471-2229/9/39

the importance of ubiquitination in plants, much of the
plant ubiquitination cascade is still unknown because of
its complexity and the issues inherent to the use of Arabi-
dopsis plants for biochemical analysis. Although several
interactions between E2s and RING type E3s have been
demonstrated in vitro using recombinant proteins
expressed in Escherichia coli, these efforts are hampered by
the inability to obtain functional protein using conven-
tional methods [16].

With this in mind, we sought to develop a novel in vitro
method to analyze the ubiquitin pathway genome-wide.
The two major obstacles hindering the development of an
in vitro assay for genome-wide screening are the difficulty
of efficiently producing recombinant protein and the ina-
bility to detect ubiquitination in a high-throughput fash-
ion. To address the first problem we used the wheat cell-
free protein synthesis system, which has been previously
reported to produce a wide range of functional Arabidop-
sis and human proteins [17-19]. Moreover, a collection of
RIKEN Arabidopsis Full Length (RAFL) cDNA clones cov-
ering about 70% of Arabidopsis genes is available [20].
Using these RAFL clones as templates, recombinant pro-
teins involved in the ubiquitination pathway were
expressed in the wheat cell-free system and used for sev-
eral functional analyses. For screening, conventional
detection methods such as immunoblot analysis or radio-
isotope-labeled proteins are not suitable for the detection
of a large number of ubiquitination reactions. Recently, a
high-throughput luminescence method to detect protein
ubiquitination was reported [21], however this method
requires purified protein and creation of specialized vec-
tors to produce proteins. In this study, a novel in vitro
assay to detect polyubiquitin chain formation was devel-
oped using wheat cell-free synthesis and a modified lumi-
nescence-based detection method. We demonstrate (1)
creation of a simple in vitro method to detect polyubiqui-
tination using crude recombinant E3s, (2) discovery of the
activity of At1g55530 by screening a RING subgroup in
the reported assay, and (3) the polyubiquitination assay
in the presence of MG132 demonstrated the absence of
26S proteasome-dependent protein degradation activity
in wheat cell-free system.

Results

Detection of Polyubiquitin Chains on AtUBC22 E2 enzyme
Recently, AtUBC22 (At5g05080) E2 protein has been
shown to catalyze polyubiquitin chain formation without
an E3 ligase, although AtUBC35 (At1g78870) E3-inde-
pendent polyubiquitination activity could not be detected
[16]. We employed AtUBC22 and AtUBC35 as model E2
proteins to develop a novel polyubiquitination assay. We
have also demonstrated that addition of biotin ligase
(BirA) and biotin to the wheat cell-free protein produc-
tion system yields a single biotinylation on a target pro-
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tein containing a biotin ligation site [22]. Using this
method, biotinylated recombinant AtUBC22 and
AtUBC35 were synthesized and, without purification
from the translation mixture, the polyubiquitination reac-
tion was performed on the crude recombinant protein.
After the reaction, biotinylated AtUBC22 and AtUBC35
were purified using streptavidin-conjugated magnetic
beads and the polyubiquitin chain was detected by immu-
noblot analysis. As shown in Fig 1A, AtUBC22 showed
polyubiquitination, whereas AtUBC35 showed mainly
monoubiquitination. Interestingly, both E2s still had
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Figure |

Detection of E3-independent polyubiquitination of
AtUBC22 by luminescent analysis. A, Polyubiquitin
chain on AtUBC22 but not on AtUBC35 was detected by
immunoblot analysis. In this assay, polyubiquitination reaction
was carried out with FLAG-tagged ubiquitin, and detected by
immunoblot analysis using anti-FLAG antibody. B, Schematic
diagram of detection of polyubiquitin chains by luminescent
analysis. Protein A-conjugated acceptor beads and streptavi-
din-coated donor beads are bound to anti-FLAG antibody
bound to FLAG-tagged ubiquitin and biotinylated E2, respec-
tively, and these two beads are in closed proximity when
polyubiquitin chain formed. Upon excitation 680 nm, a singlet
oxygen is generated from the donor beads, and then trans-
ferred to the acceptor beads within 200 nm, and the singlet
oxygen reacts the acceptor beads which in turn emits light at
520-620 nm. This light is measured by AlphaScreen kit and
change to signal value. C, Polyubiquitin chain on purified
recombinant E2 was detected by luminescent analysis in the
presence (El +) or absence (EI -) of exogenous El. Error
bars represent standard deviations from three independent
experiments.
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activity in absence of exogenous E1 in polyubiquitin reac-
tion mixture (Fig. 1A, middle lanes), suggesting that
wheat cell-free system has high endogenous E1 activity.

While immunoblot analysis is an excellent detection
method, it is not suitable for high-throughput detection
of numerous polyubiquitination reactions. Initially, we
attempted to use luminescent analysis, based on the
AlphaScreen technology, to detect the polyubiquitination
activity of AtUBC22 and AtUBC35. In principle, if a poly-
ubiquitin chain is formed by FLAG-tagged and bioti-
nylated ubiquitins, it will bring into proximity the
streptavidin-coated donor bead (bound to biotin) and the
protein A-conjugated acceptor bead (bound to anti-FLAG
IgG), producing a luminescent signal (Fig. 1B). Consider-
ing that the wheat cell-free system has high endogenous
E1 activity (Fig. 1A), it may also have endogenous E2 and
E3 activity. In order to avoid formation of polyubiquitin
chains by an endogenous wheat germ ubiquitin pathway,
purified E2s were used in this assay. As shown in Fig 1C,
high luminescent signal was observed in the presence of
AtUBC22 in E1-dependent manner. In contrast, AtUBC35
showed low signal. The two luminescent signals were
approximately consistent with immunoblot data that
AtUBC22 and AtUBC35 have high and low polyubiquiti-
nation activities respectively, as demonstrated in Fig 1A.
These results indicate that the luminescent method can
detect polyubiquitin chain formation by using the two
types of ubiquitins.

Ubiquitination and Polyubiquitination Analyses of HECT-
TypeE3 Ligases

Polyubiquitination activity of E3 ligases activated by the
step-wise E1 to E3 cascade is well documented [3]. We
next attempted to reconstruct this cascade in vitro and to
detect the E3-formed polyubiquitin chains using our
luminescent method. Due to the size of HECT-type E3
ligases, ranging from 100 to 428 kDa in Arabidopsis, pro-
duction of active protein by traditional expression meth-
ods may not be easy and biochemical analysis using only
truncated recombinant protein has been carried out previ-
ously [23]. We attempted to produce full-length Arabi-
dopsis HECT-type E3 ligase proteins using the wheat cell-
free system and monitored ubiquitin-conjugation and
polyubiquitination by luminescence. Two genes that
encode Arabidopsis HECT-type E3 ligase, UPL5 and UPL7
[24], were analyzed in this study. We obtained UPL5 and
UPL7 cDNA from the RAFL library and produced FLAG-
tagged protein in the wheat cell-free system. Ubiquitina-
tion of FLAG-labeled UPLs (UPL-FLAGs) was investigated
by both the luminescent and immunoblot methods. The
successful production of the two recombinant HECT pro-
teins was observed by immunoblot analysis (Fig. 2A) and
used in the luminescence assay without purification. To
detect ubiquitination of the HECT proteins, UPL-FLAGs
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Figure 2

Analysis of recombinant Arabidopsis HECT-type E3
ligases (UPL7 and UPLS5). A, Production of FLAG-tagged
recombinant UPL proteins was detected by immunoblot
analysis. For analysis, 5 ul of crude recombinant UPL proteins
were loaded, and detected by immunoblot analysis using anti-
FLAG antibody. B, Schematic diagram of detection of ubiqui-
tin-conjugation of UPLs by luminescent analysis. Protein A-
conjugated acceptor beads and streptavidin-coated donor
beads were bound to anti-FLAG antibody bound to FLAG-
tagged recombinant UPLs and biotinylated ubiquitin, respec-
tively, and detected by same principle and procedure
described in Figure I1B. C, The ubiquitination of crude
recombinant UPL7 and UPL5 was detected by luminescent
analysis described in B. Bio-Ub means biotinylated ubiquitin.
D, polyubiquitination of crude recombinant UPL7 and UPL5
was detected by luminescent analysis with anti-His antibody.
Mix-Ub indicated the mixture of His-tagged and biotinylated
ubiquitin. E and F, Mobility shift of UPLs (E) and formation of
polyubiquitin chains (F) were detected by immunoblot using
anti-FLAG antibody and Alexa488-conjugated streptavidin,
respectively. The polyubiquitination reaction was done with
FLAG-tagged recombinant UPLs in presence or absence of
crude AtUBCS, and then recombinant UPLs were purified by
anti-FLAG antibody-conjugated agarose. Error bars repre-
sent standard deviations from three independent experi-
ments.
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and biotinylated ubiquitin were used. When biotinylated
ubiquitin is conjugated to the UPL-FLAG, a high lumines-
cent signal is obtained (Fig. 2B). As a result of the analysis,
ubiquitin-conjugation of UPL5 was observed (Fig. 2C). In
addition, polyubiquitin chains formed by UPLs were
detected with the luminescence assay using His-tagged
and biotinylated ubiquitin. To subtract polyubiquitin
chain formation from endogenous E2 and E3 in wheat
cell-free system, the assay was performed without recom-
binant UPL and only low signal was detected (Fig. 2D,
"UPL-" lane). As expected, luminescent signal was
observed in recombinant UPL5 and UPL7 (Fig. 2D).
Although the luminescent signal of UPL7 was lower than
that of UPL5, the signal was still two-fold higher than the
endogenous background signal. These results were con-
firmed by immunoblot analysis that showed distinct
mobility shifts of UPL5 (Fig. 2E) when detecting FLAG-
tagged UPLs, and polyubiquitin chain formation of UPL5
monitoring Alexa488-conjugated streptavidin (Fig. 2F).
Comparing the amount of polyubiquitin chain formation
in absence of UPLs (Fig. 2F, "UPL-" lane), UPL7 formed
weak but distinct polyubiquitin chains in presence of
AtUBCS. These luminescent signals were consistent with
immunoblot data. Interestingly, polyubiquitin chains
were formed by UPL5 without supplementing exogenous
E2 protein (Fig. 2D and 2F, "AtUBCS8-" lane), suggesting
that wheat germ extract has endogenous E2 activity as well
as endogenous E1 activity. These data indicate that the
wheat cell-free production system is able to produce high
molecular weight proteins in functional forms and that
our luminescence method can detect activity of HECT-
type E3 ligases without purification. This is the first data
showing that full length recombinant HECT-type E3s have
ubiquitin-conjugating and polyubiquitination activity.
Taken together, the luminescent method based on the
wheat cell-free system could be useful for biochemical
analysis of HECT-type E3 ligases.

Detection of Polyubiquitin Chains by RING-Type CIP8 E3

Ligase

It is reported that at least 469 predicted RING-type E3
ligases are encoded in the Arabidopsis genome [25]. Like
the HECT-type E3, we attempted to express and carry out
the functional analysis of the RING-type E3 ligases. In this
study, we selected CIP8 as a model RING-type E3 ligase,
which is reported to possess a RING finger motif and have
typical features of an E3 ligase [26]. At first, polyubiquiti-
nation activity of purified CIP8 in presence or absence of
exogenous E1 and purified E2 (AtUBC8) was investigated
by luminescence. As shown in Fig 3A, luminescence anal-
ysis using His-tagged and biotinylated ubiquitin showed
the polyubiquitination of purified CIP8 only when exog-
enous E1 and purified E2 were added to the reaction mix-
ture. The CIP8-dependent polyubiquitination was
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Figure 3

Detection of polyubiquitination and self-ubiquitination of CIP8. A to D, The polyubiquitination assay was carried out
with purified (A and B) or crude recombinant CIP8 (C and D) and detected by luminescent analysis with anti-FLAG antibody (A
and C) and immunoblot analysis (B and D). His-Ub or Mix-Ub indicate His-tagged ubiquitin or the mixture of FLAG-tagged and
biotinylated ubiquitin, respectively. The polyubiquitination assay using luminescent analysis was carried out with recombinant
CIP8 without tag in the presence or absence of ubiquitin related components indicated below each graph. E, Ubiquitination of
crude recombinant CIP8 was observed by luminescent analysis with anti-FLAG antibody. The assay was carried out with or
without biotinylated ubiquitin and crude AtUBC8 recombinant protein. Bio-Ub means biotinylated ubiquitin. Error bars repre-
sent standard deviations from three independent experiments.

confirmed by immunoblot analyses detecting both FLAG-
CIP8 and His-tagged ubiquitin (Fig. 3B). On the other
hand, luminescent analysis with crude CIP8 protein
showed high polyubiquitination activity both in the pres-
ence or absence of purified E2 (Fig. 3C), and was con-
firmed by immunoblot analysis with crude protein (Fig.
3D). These data indicated that, like recombinant UPLS5,
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crude CIP8 also utilized endogenous wheat extract E1 and
E2 proteins, and therefore we could carry out the simple
polyubiquitination analysis of E3 without addition of
exogenous E1 and E2 proteins. Furthermore, immunoblot
analysis detecting purified CIP8 (Fig. 3B) showed a mobil-
ity shift of FLAG-tagged CIP8 to higher molecular weights
due to ubiquitination, whereas the mobility of the E2 was
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not altered (data not shown). This result indicates that the
CIP8-dependent polyubiquitin chains might be elongated
on CIPS8 itself. This data is consistent with a recent report
showing that TRIM5a, a typical RING-type E3 ligase in
human, also undergoes self-ubiquitination, forming poly-
ubiquitin chains on itself [27]. To clarify whether the
mobility shift of CIP8 was concomitant with polyubiqui-
tin chain formation resulting from self-ubiquitination, we
tried to detect ubiquitination of CIP8 by the luminescent
method using crude FLAG-CIP8 protein and biotinylated
ubiquitin. The luminescent method clearly detected the
binding of biotinylated ubiquitin to FLAG-tagged CIP8
both in the presence and absence of exogenous E2 (Fig.
3E). Similar to polyubiquitin formation, the ubiquitina-
tion of CIP8 also occurred without the addition of exoge-
nous E2 protein (Fig. 3E, "AtUBC8-" lane). Taken
together, these data demonstrate that the luminescent
method could detect formation of RING-type CIP8-
dependent polyubiquitin chains and self-ubiquitination
of crude CIP8.

Screening of RING-Type E3 Ligases Having
Polyubiquitination Activity

Recent papers have reported that the polyubiquitin chain
is an important biological regulator. Identification of
activity and features of E3 ligases offers important infor-
mation about the ubiquitin-dependent regulation system.
Our luminescent method based on the wheat cell-free sys-
tem produced a simple and high-sensitivity detection of
CIP8-dependent polyubiquitin chains without any purifi-
cation (Fig. 3C). Using these tools, we screened new E3
ligases for the ability to form polyubiquitin chains like
CIPs.

The RING-type E3 ligases in Arabidopsis were divided into
30 subgroups based on domain structure, and CIP8 is cat-
egorized into subgroup 6 as it contains a coiled-coil
domain [25]. Eight other RING-type E3s from subgroup 6
were selected for screening, and the simple polyubiquiti-
nation assay was carried out with FLAG-tagged and bioti-
nylated ubiquitins, and the crude recombinant RING-type
E3s without addition of exogenous E1 and E2. The screen-
ing result showed significant polyubiquitination activity
of At1g55530, whereas other RING-E3 proteins were not
active (Fig. 4A). Immunoblot analysis of purified recom-
binant At1g55530 confirmed the polyubiquitination
activity and indicated that At1g55530 was self-ubiquiti-
nated (Fig. 4B). The polyubiquitination activity of
At1g55530 suggests that it may have a biological role for
proteasome-mediated degradation like CIP8 [26]. These
results show that the wheat cell-free protein expression
system and the luminescent ubiquitination detection
method could support functional high-throughput
screening of E3 proteins.
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Figure 4

Screening of RING-type E3 ligases having polyubiqui-
tination activity. A, Polyubiquitination reaction of crude
recombinant E3 proteins was carried out with mixture of
FLAG-tagged and biotinylated ubiquitins, and investigated by
luminescent analysis with anti-FLAG antibody. B, Polyubiqui-
tination activity of Atlg55530 was confirmed by immunoblot
analysis. The assay was carried out using purified recom-
binant AtUBCS8 and Atlg55530, and mobility shift of FLAG-
tagged Atlg55530 and polymer of His-ubiquitin were
detected by immunoblot analysis using anti-FLAG and anti-
His antibodies, respectively. Error bars represent standard
deviations from three independent experiments.

Analysis of the Wheat Cell-free Based Ubiquitination in
the Presence of Proteasome Inhibitor

It is known that some cell extracts, such as rabbit reticulo-
cyte or Hela S-100 fraction, have 26S proteasome-
dependent proteolytic activity [28,29]. Based on the pres-
ence of endogenous E1 and E2 ubiquitination and polyu-
biquitination in the wheat cell-free system, it is expected
that the 26S proteasome activity will be very low (Fig. 2, 3
and 4). It was previously reported that the wheat germ
extract had little 26S proteasome-dependent protein deg-
radation activity [30]. Thus, we determined whether the
wheat cell-free system contains active 26S proteasome.
Using the crude recombinant proteins that formed polyu-
biquitin chains in this study, the polyubiquitination reac-
tion was carried out in presence or absence of MG132,
and accrual of the polyubiquitinated recombinant pro-
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Figure 5

Effect of proteasome inhibitor on stability of polyubiquitinated proteins. Polyubiquitination assays of crude FLAG-
tagged E2s and E3s were carried out in the presence or absence of biotinylated ubiquitin and 20 uM MGI32. A, FLAG-tagged
recombinant proteins were detected by immunoblot analysis using anti-FLAG antibody. B, Polyubiquitination chain formed by
each recombinant protein was detected by Alexa488-conjugated streptavidin.

teins and its polyubiquitin chain was estimated. As shown
in Fig 5, the amounts of UBC22, UPL5, UPL7 and
At1g55530 (Fig. 5A) and of its polyubiquitin chains (Fig.
5B) were hardly altered by MG132 treatment. This result
indicates that the proteolytic activity of the 26S proteas-
ome in the wheat cell-free system was below the detection
level. Thus, the wheat cell-free system could be suitable for
ubiquitination analysis.

Discussion

The ubiquitin signal is an important protein modification
in eukaryotes. Binding of a single ubiquitin to a target pro-
tein, mono-ubiquitination, is essential for membrane traf-
ficking, protein functions and protein-protein interaction
[7]. As for polyubiquitination, both Lys-48- and Lys-63-
linked polyubiquitin chains have been well characterized
in mammals and yeast. Lys-48 linked chains cause prote-
olysis of target proteins [6], and Lys-63 linked chains reg-
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ulate signal transduction such as cellular localization of
protein or protein-protein interactions [7]. In mammals,
the multi-functional activities of NF-xB are regulated by
the Lys-63 linked chain [31]. In plants, the function of the
Lys-63 linked chain is still obscure. However, Arabidopsis
E2 and its variants promote formation of the Lys-63
linked chain [32], suggesting that the Lys-63 linked chain
in plant cells might also function similar to animal cells.
Hence, comprehensive analysis of the ubiquitin-related
plant proteins would open a door for elucidation of the
plant ubiquitin pathway. In this study, we developed a
simple and highly sensitive ubiquitination assay method
by combination of the wheat cell-free protein synthesis
system and luminescent detection. In general, in vivo pro-
tein production requires many time-consuming steps
such as vector construction, cell culture and purification
to obtain the recombinant protein. In contrast, this cell-
free based luminescence method could analyze a large
amount of ubiquitin reactions without these steps.

Using this method, we conveniently detected polyubiqui-
tin chain formation of E2 and E3s by using two tagged
ubiquitins (Fig. 1, 2, 3 and 4). The result of polyubiquiti-
nation analysis of the E2s obtained from luminescent-
based detection method was verified by immunoblot
analysis (Fig. 1). Our analysis also produced recombinant
protein of HECT-type E3 ligases without truncation and
detected their ubiquitin-conjugation and polyubiquitina-
tion activity by luminescent analysis (Fig. 2C and 2D).
The ubiquitin-conjugation of UPL5 was not observed
when a reductant was added to the reaction (data not
shown), suggesting that UPL5 formed a thioester bond
with ubiquitin. In addition, the model RING-type E3
CIP8 possessed high polyubiquitin formation activity
without substrate, consistent with what was reported pre-
viously [26]. Crude recombinant CIP8 formed polyubig-
uitin chains in the absence of exogenous E1 and E2 (Fig.
3C and 3D), suggesting that the wheat cell-free system
might include enough endogenous E1 and E2 activity. It
was reported that wheat germ extracts have only a partial
ubiquitin pathway [30]. Although the process to isolate
wheat germ extract is different from the conventional
methods [33], this report strongly supports the existence
of endogenous ubiquitin pathway in our wheat cell-free
system. Indeed, luminescent analysis using crude recom-
binant protein showed slight polyubiquitin chain forma-
tion even in absence of recombinant E3 (Fig. 2D, Fig. 3C
and Fig. 4A, "E3-" lane), indicating that wheat cell-free
system might include not only E1 and E2, but E3s or other
factors that accelerates the polyubiquitin chain formation.
Further, quantitative immunoblot analysis using anti-
ubiquitin antibody showed that free ubiquitin was also
present in wheat germ extract at a concentration of at least
10 nM (data not shown). This is similar to the ubiquitin
concentration supplied in the in vitro assay. Although we
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developed a convenient screening method to detect E3
activity in this study, removal of the endogenous ubiqui-
tin and ubiquitin related components such as E1, E2 and
E3, would yield a more sensitive assay. However, wheat
cell-free system does not have 26S proteasome proteolytic
activity (Fig. 5), indicating that using crude recombinant
protein is sufficient for in vitro ubiquitination assays.

By using this method, we found that a previously unchar-
acterized RING type E3, At1g55530, possessed high poly-
ubiquitination activity without exogenous E1 and E2
proteins (Fig. 4). This result suggested that the method
developed here is expected to find the activity of other
unknown E3 ligases such as At1g55530. Despite having
only 32% sequence similarity, the E3s CIP8 and
At1g55530 showed similar biochemical functions. Polyu-
biquitin chains formed by CIP8 and At1g55530 elongated
on themselves, while another report showed that polyu-
biquitin chains were formed on E2 before transferring
them to substrates [34]. This reflects that the pattern of
polyubiquitin chain formation differs between individual
E3s and that the detailed mechanisms are still unknown.
These studies suggest the importance of functional analy-
sis using active recombinant proteins. Although we devel-
oped a simple screen using crude recombinant E3s in
absence of exogenous E1 and E2 (Fig. 4), this method
could not detect the activity of some E3 ligases that were
unable to utilize endogenous ubiquitination components
in wheat cell-free system. The polyubiquitination activity
of At5g20910 recombinant protein, expressed in E. coli in
the presence of AtUBC8 [25], was not active in our in vitro
system (Fig. 4A), suggesting that in some cases exogenous
E2 and/or other components are necessary additions.
Such modifications to the ubiquitination assays detailed
here would help elucidate the biochemical features of E3s
(e.g., addition of recombinant E2s to reaction mixture
could give us further information about the E2-E3 specif-
icity, and of other E3 components would lead to the elu-
cidation of structure of complex type E3 ligase such as
SCF).

Conclusion

In this study, we found that the wheat cell-free system was
an excellent expression system to produce recombinant
protein efficiently and to carry out in vitro ubiquitination
assays without the interference of proteolytic activity.
Coupled with luminescent analysis, detection of these
ubiquitin reactions in the crude translation reaction mix-
ture was possible. Thus, this method should be helpful for
solving the complicated ubiquitin pathway in plant.

Methods

Construction of DNA Templates for Transcription

We used RAFL as templates. DNA templates of E2s and
E3s for transcription were constructed by "Split-Primer"
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