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ABSTRACT. SINATS is a plant E3 ligase that regulates auxin
signaling and root morphogenesis by ubiquitination of the NACI
protein. Consequently, it may be a putative regulator of aspects of plant
development cycles that are controlled by auxin. Efficient production,
purification and correctly folded form of this protein are important
requirements for functional studies. We produced and quantitatively
compared fusion expression of the “maltose binding protein (mbp)-
maize sinatS” construct in two different strains of Escherichia coli.
One-step purification of fused products gave about 33 mg protein/L
bacterial cell culture for E. coli TB1 cells and approximately 18 mg
protein/L bacterial cell culture for E. coli DH5a cells. Continuous
expression of the fused product and similarity of growth patterns were
observed in both cultures.
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INTRODUCTION

One of the key pathways of post-translational regulation of the levels of specific pro-
teins in eukaryotic cells is the ubiquitin-dependent proteolytic cascade. In this cascade, ubig-
uitin, a small 76-residue protein is specifically bound to a lysine residue of a target protein
directing the tagged protein to be degraded through a 26S proteosomal complex (Smalle and
Vierstra, 2004; Moon et al., 2004; Mazzucotelli et al., 2006). The discovery of the ubiquitin-
dependent proteolytic cascade has revolutionized the concept of intracellular protein degrada-
tion process in eukaryotes. Over the past few years, the main regulatory functions of protein
ubiquitination in various cellular processes such as cell cycle progression, protein traffick-
ing, and signaling pathways has been well described in mammals (Hershko and Ciechanover,
1998; Ciechanover, 1998).

Attachment of a ubiquitin molecule to the target protein is mediated by a 3-step enzy-
matic mechanism. The first step involves an ATP-dependent attachment of a ubiquitin mole-
cule to the ubiquitin-activating enzyme (E1) through the formation of a high-energy thio-ester
bond between the C-terminus of ubiquitin and a cysteine within the E1. In the next step, the
ubiquitin molecule is transferred from the E1 enzyme to a cysteine residue in a ubiquitin-
conjugating enzyme (E2). The last step of the conjugation process involves the transfer of
ubiquitin to the target protein via the ubiquitin-protein ligase (E3). A stable isopeptide bond is
formed between the carboxyl terminus of ubiquitin and the g-amino of the lysine residue on
the target protein. Ubiquitination can be efficiently modified by multiubiquitin chain assembly
factors (E4) that transfer additional ubiquitin moieties (Koegl et al., 1999; Moon et al., 2004).

E3 ubiquitin-protein ligases are the essential determinants of specificity in the sub-
strate conjugation process. They are responsible for target protein recognition and degradation
(Su et al., 2006). Currently, E3 ligases are classified into 2 major categories: human E60-
associated protein (HECT)-type ligases that directly transfer the ubiquitin tag to the substrate
(Huibregtse et al., 1995) and the really interesting new gene (RING) or adaptor types that re-
cruit both protein substrate and E2 enzyme to a multi-protein complex (Freemont et al., 1991;
Lorick et al., 1999; Pickart, 2001). Both HECT and RING types of E3 ligases have been well
characterized with regard to their biological functions in mammalians. Different types of E3
ligases are widely used in mammals (Bates and Vierstra, 1999; Kosarev et al., 2002; Downes
et al., 2003; Mazzucotelli et al., 2006).

Recent genomic, transcriptomic and proteomic analyses have shown that over 5%
of Arabidopsis functional genome encode proteins that are homologous to the components
of the ubiquitin proteolytic system in mammals (Bachmair et al., 2001; Smalle and Vierstra,
2004; Moon et al., 2004). Approximately 90% of this gene set encode for different types of
E3 ligases. In Arabidopsis plant, this proteolytic system was found to significantly contribute
to the growth and developmental processes (Hellmann and Estelle, 2002). Among plant E3
ligases, SINATS is one of the well-studied and important enzymes. Arabidopsis SINATS has
been reported to act as an attenuator of auxin response in root morphogenesis (Xie et al., 2002;
Mazzucotelli et al., 2006). Because of its regulatory activity toward auxin, SINATS has been
thought to control several aspects of plant development by attenuating auxin signals.

Because of the commercial importance of the maize plant, there is a significant interest
in understanding its genomic sequence and identifying the biological functions of its encoded
genes. There is enormous information on the phenotypic descriptions, disease effects, and
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resistance in this plant. This information can be synergistically integrated with well-defined
genes at the transcriptional and functional levels (Alexandrov et al., 2009).

Currently, various E3 ubiquitin protein ligase genes have been identified by maize ge-
nome annotation processes or derived from its large-scale cDNA sequencing projects. Among
these genes, sinat5 encoding the structural homologs of Arabidopsis sinat5 was one of the
frequently reported sequences that have been derived from the maize cDNA population. How-
ever, there is no report on the biological structures and functions of maize SINATS. The im-
portant requirement for conducting such studies is the high-level production and purification
of the correctly folded protein. Maltose-binding fusion protein production and purification
system has previously been used for the functional analysis of Arabidopsis SINATS enzyme
(Xie et al., 2002).

In this study, we produced and compared the expression level of maize SINATS as a
part of the maltose-binding fusion protein in 2 different strains of Escherichia coli.

MATERIAL AND METHODS
Materials

Zea mays L. seeds were obtained from Dr. Bahram Baghban Kohnehrouz (Department
of Plant Breeding and Biotechnology, University of Tabriz). E. coli strain DH5a was provided
by Dr. Bahram Baghban Kohnehrouz. E. coli strain TB1 and pMALc2X vector for bacterial
transformation, recombinant vector construction, and protein expression studies were supplied
in the Protein Fusion and Purification System kit (Cat. No. ES000S; New England, Bio Lab.).
Plasmid vector pGEM-T easy used for polymerase chain reaction (PCR) product cloning was
from our laboratory stock. The DNA Extraction Kit (Cat. No. K0513; CinnaGen, Fermentas)
was used for the purification of the restricted fragment from the agarose gel. Restriction en-
zymes EcoRI and BamHI used in the cloning procedure were from CinnaGen Company. All
the other chemicals used in this research were of molecular biology grade.

Cloning of SINATS ¢DNA

In order to clone sinat5 cDNA from the root tissues of the maize plant, reverse tran-
scriptase (RT)-PCR method was used. For total RNA isolation, about 0.2 g root material
was fine powdered using liquid N, and 2 mL Trizol reagent was added to homogenize the
powder at room temperature. Next, 200 puL chloroform was added to the mixture, mixed for
15 s, incubated on ice for 5 min, and centrifuged at 13,000 g for 15 min. The upper phase was
transferred to another tube, and RNA was precipitated using an equal volume of isopropanol.
The pellet was washed in 1 mL 75% ethanol, dried at room temperature, and dissolved in
30 uL RNase-free water. Poly(A™) RNA was purified from the total RNA by using oligo dT-
columns, according to the manufacturer protocol. Specific primers used for the amplification
were designed based on the already reported sinatS cDNA from maize plant (accession No.
EU955347). The following primer set containing EcoRI and Hindlll restriction sites was
designed using the Primer3 software (http://www.primer3plus.com/web_0.4.0/input.htm):
forward: 5'-aatggaattccaggaaatgctggatge-3'; reverse: 5'-tcacggatcctcactecttccagatee-3'.

The RT-PCR was performed using one-step AcessQuick™ RT-PCR System (Cat. No.
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A1701; Promega). Aproximately 0.5 pug of each mRNA sample was mixed with 2X 25 pL
Master Mix and 1 pL primer set. The mixture was adjusted to a final volume of 50 pL using
nuclease-free water. The reaction mixture was incubated at 45°C for 45 min and subjected to
PCR cycling. PCR was carried out after a pre-denaturation stage at 95°C for 3 min, followed
by 25 cycles of 1 min denaturation at 95°C, annealing for 1.5 min at 55°C, extension for 2 min
at 72°C, and a final extension for 10 min at 72°C. The amplified products were then extracted
from the agarose gel, and cloned in pGEM-T easy cloning vector (Ausubel et al., 1991). The
cloned fragments were sequenced at the Microsynth DNA Sequencing Center, Switzerland.

The nucleotide sequence of the isolated cDNA was analyzed by using the Basic Local
Alignment Search Tool (BLAST) at http://www.ncbi.nlm.nih.gov/.

Expression of the sinat5 gene as fused product

The RT-PCR amplification product after agarose gel purification step was digested
with EcoRI and BamHI restriction enzymes, run on 1% agarose gel, extracted and purified
from the gel, and ligated into the pMALc2X expression vector, which had already been
linearized at the EcoRI and BamHI sites within the multiple cloning region. The ligation
mixture was separately transferred to competent £. coli TB1 and DH5a. cells. For the prepa-
ration of competent cells, bacterial cells were grown in Luria Bertani (LB) media. When the
OD,, reached 0.4, the cells were kept in ice for 15 min, centrifuged at 3500 rpm for 10 min
at 4°C, and washed with 10 mL 100 mM CaCl,. Subsequently, they were centrifuged at 5000
rpm for 10 min, resuspended in 2 mL chilled 50 mM CaCl,, and kept in ice for 12 h. For
the transformation of bacterial cells, the ligation reaction was mixed with 25 pL competent
cells, incubated on ice for 5 min, heated to 42°C for 2 min, and incubated at 37°C for 20
min after addition of 0.1 mL LB medium. The transformed cells were plated on LB medium
(supplemented with Amp and X-gal) at 37°C, and a recombinant clone was selected for gene
expression studies.

Extraction and purification of the expressed fusion protein

In order to extract the fusion proteins from the transformed cells, the test cells were
separately grown in 500 mL rich broth/glucose/Amp. For the induction of fused protein ex-
pression, the inducer molecule isopropyl-f-d-thiogalactopyranoside (IPTG) was added to a
final concentration of 0.3 mM, and the mixture was incubated for 8 h. The cells were harvested
by centrifugation at 4000 g for 10 min, and the pellet was dissolved in 25 mL extraction buffer
containing 20 mM Tris-Cl, 200 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1
mM azide, and 10 mM B-mercaptoethanol (BME). The cells were frozen in the same buffer
at -20°C overnight and then sonicated in short pulses of 15 s. The sample was centrifuged at
10,000 g at 4°C for 20 min, and the supernatant was used as crude extract.

The fusion protein was purified from the crude extract by affinity column chromatog-
raphy. A column packed with amylase resin specific for the maltose-binding protein (MBP),
which was a part of fused protein, was used. The fusion protein was eluted out from the col-
umn by using the column buffer (extraction buffer plus 10 mM maltose). The eluted product
was analyzed for its homogeneity by subjecting it to 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (Laemmli, 1970).
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Assessment of recombinant bacterial growth

To determine the effects of the expressed fused products on the growth of the recombi-
nant bacteria, the growth of bacteria was assessed by measuring the OD of the cultures at A
at 1-h time intervals. Bacterial growth curves were plotted for each test culture and compared
to each other.

RESULTS AND DISCUSSION

Besides Arabidopsis, genomic studies have been conducted on E3 ubiquitin ligases of
other plants, particularly in species whose genome has been completely sequenced (Schwech-
heimer and Schwager, 2004). Because of its commercial importance, maize attracts significant
interest for sequencing studies that will facilitate its genetic improvement (Alexandrov et al.,
2009). Since 2008, several Arabidopsis homologs of E3 ligase genes, expressed sequence
tags and full-length cDNA have been predicted in maize and released in universal databases.
Among these predicted genes, sinat5 homolog (accession No. EU955347) is one of the fre-
quently reported sequences. SINATS is a single subunit E3 ligase that has been recently found
to target NAC1 transcriptional factor for ubiquitination and downregulation of auxin signals
in Arabidopsis plant cells (Xie et al., 2002).

The similarity between maize and Arabidopsis sequences was found to be 78% (Fig-
ure 1). On the basis of their high-sequence identity specifically based on the RING domain ho-
mologies, their properties and enzymatic activities are believed to be similar. However, most
RING domains have been known to exhibit unique structural characteristics beyond primary
structures that may affect the specificity of the recruitment of ubiquitin-conjugating enzyme
(E2) or substrate recognition process (Kandias et al., 2009).
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Figure 1. Alignment between maize and Arabidopsis SINATS. Predicted amino acid sequence of maize SINATS
(accession No. EU955347) was aligned with the sequence of correspondence protein in Arabidopsis (accession
No. AF480944). Sina C-terminal substrate binding domain (towards E2 ubiquitin-conjugating enzyme) was shown
inside the box. The alignments were performed by ClustalW.

Of the single subunit RING-type E3 ligases, SINATS seems to be an important one,
since it may control several aspects of plant development by attenuating auxin signals (Xie
et al., 2002). Therefore, further experiments are needed to identify the developmental roles
of this protein in the plant system. SINATS might be a good biotechnological tool for genetic
improvement of auxin-dependent developmental processes in plants.

The important requirement for conducting functional studies of proteins is the ef-
ficient production and purification of correctly folded proteins in heterologous systems that
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are mostly bacteria. Among these bacteria, E. coli is a popular system used for the production
of foreign proteins in the form of recombinant or fused products (Makrides, 1996; Andersen
and Krummen, 2002). Several strategies have been developed to enhance gene expression
and posttranslational steps, specifically protein folding in E. coli cells. Of these strategies,
fusion tags were originally developed for enhancing protein folding and stability in a native
conformation (Terpe, 2006). Fused MBP tags not only provide high level of protein expression
because of a strong promoter, but also efficiently enhance the folding and stability of fused
proteins. This ensures that the bioactivity of the fused products is minimally affected (Kapust
and Waugh, 1999).

MBP tags have already been used for the expression of different types of foreign pro-
teins in E. coli. A previous study reported the expression and purification of Arabidopsis SINATS
by using MBP tags (Xie et al., 2002). The correct folding of the MBP-Arabidopsis SINATS con-
struct and the stability of this fusion protein have facilitated functional studies in vitro.

In the present study, the expression levels of mbp-maize sinat5 construct were deter-
mined and compared between 2 different strains of E. coli, TB1 and DH5a.. Because of the in-
volvement of the SINATS protein in root morphogenesis, the gene was cloned from root tissues
grown under normal growth conditions. The cloning was carried out by using RT-PCR with
specific primer pairs designed based on the already reported cDNA sequences from different
tissues of maize. Analysis of the RT-PCR end-products on 1% agarose gel revealed a detectable
amplified fragment having a molecular size that was consistent to the calculated size for maize
putative sinat5 cDNA. For further confirmation, the amplified cDNA was cloned on pGEM-T
easy vector followed by nucleotide sequencing. Analysis of the sequence data revealed that
the amplified cDNA was 100% identical to the already reported sequence. A photograph of the
agarose gel and the nucleotide sequence of the amplified product are shown in Figure 2.

Aatggaattocaggasatgotggatgecacbgiackbgbbggbgatc ababbragaathbodccadaaccaaatghgg

M SIMNATS caagetatggraac ghgc ghgagrtact ggaatgoo chgbgbgtttgagtgooat ghatccbccaatto abcagtgr
HECaarggacabactobgtghbtot ggatgraage caaggghte ahaate grbgtr caaratgr agge abgaactggy
faaratiigatgrettgrtctggailaggbggrgr abr artagagrthccabgr aagbace agaactttgggtgrt
£9949r abatatE CEbart 2bhara 200t 044 a0 A0 gaabEQEd b OE LAt AL Agar Eab b aChEgEr Eatat gL
99atCtgaatgrac ggthgrtggh gatathocgh abrtagtadatCacttgadagatgaccataaggtogacatgca

94?:1—- £2a%gg4a gL 4CCEHC 420 460 QtE at ghC 24940 A24RCCHCALgad gEEgagdaatgrtacctggat gotcacgy
831 —eam EELECagrtgrtts grCaghart i bgrrt gracttrgagrtttocagrtggaratagrgc L gt gb ac a6 grc

TECCECCQgEtCatg999gacgar QrLgdggrrddgaactard grtacd grotggaggtcgggggragrgggrgcad
gatgacatggragggcgbgrchrggage abC aga Qi CagrC dc Cggadgghce gggacagrbacgac gggrhoatea
BECAQCgr 13Catgge qobe B CEbr BE 99gtgargaraqgad 9gagrtraagetge gggte acc gggaggat atgyg
ai toogtga

Figure 2. Analysis of RT-PCR end-product from maize roots. RT-PCR was performed using one-step AcessQuick™
RT-PCR System using the specific primers designed based on the already reported sequence from mixed tissues. To
confirm the amplified SINATS gene, the amplified fragment was cloned and sequenced. The sequence result and the
position of the primers were shown in the figure. Lane M = EcoRI and HindIII double-digested lambda DNA marker.

For protein expression, the amplified cDNA was inserted between EcoRI and HindIIl
restriction sites of the expression vector pMALc2X, downstream of the MBP sequence to
yield fused mbp-sinat5. The same expression procedure was used for both the strains. The ex-
pression of the fused product was induced by IPTG and analyzed in the soluble fraction of the
bacterial cultures. SDS-PAGE analysis of the total soluble proteins confirmed the presence of
an expressed product with a molecular size of about 72 kDa in both the test cultures (Figure 3).
The size of the expressed protein was consistent to the calculated molecular weight for MBP-
SINATS fusion construct, consisting of the MBP (42,482 kDa), the product of 281-amino
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acid residues of cDNA and 6-amino acid residues from the expression vector. Comparison of
the relative abundance of the expressed protein on the gels showed that maize SINATS was
expressed in higher amounts in TB1 cells.

FP

Figure 3. SDS-PAGE analysis of the expressed fused maltose binding protein (MBP)-maize SINATS. The crude
protein of the cultured test cells was extracted separately and the same volume of each sample was analyzed on 10%
polyacrylamide gel as described in Material and Methods. The gels were stained with Coommassie brilliant blue
dye. An extra-expressed band corresponding to a 72-kDa protein is observed on both gels. Right: TB1 strain; lane /
= cells carrying recombinant MBP plasmid; lane 2 = cells carrying non-recombinant MBP vector; /ane 3 = protein
molecular weight marker. Left: DHSa strain; lane I = cells carrying non-recombinant MBP vector; lane 2 = cells
carrying recombinant MBP plasmid; /ane 3 = protein molecular weight marker; FP = fused protein.

Single-step purification of the fused protein by using MBP affinity chromatography
revealed that about 33 mg maize SINATS was obtained per liter of bacterial culture for DH5a
cells. This shows a 2:1 ratio of yield between the 2 cell types. Therefore, the TB1 strain is suit-
able for conducting fusion expression and purification studies of the maize SINATS protein.

To evaluate the expression process during the induction period in each test culture, a
time course experiment was performed. The results showed that the expression of the fusion
protein was linearly correlated with the time of induction. This showed that the expression of
the fused product was continuously induced in each of the tested strains (Figure 4).
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Figure 4. Expression of fused maize SINATS by the pMALc2X plasmid using Escherichia coli strains TB1 and
DH5a as host cells in the presence of 0.3 mM IPTG (final concentration). The same experimental procedure was
used for the expression studies in both test strains as it has been mentioned in Material and Methods section. A
continuous and linear correlation is observed between the expression process and time of the induction in both E.
coli strains. Data are reported as the means of three replicates.
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In a parallel experiment, the growth rates of both recombinant bacteria were evaluated
under induced and non-induced conditions. The bacterial growth was assessed by measur-
ing the absorbance of the cultures at A at 1-h time intervals. The results indicated that the
growth of the bacteria was not affected by the induction of the fusion expression (Figure 5).
This indicated that the expression of the maize SINATS protein had no inhibitory effects on

the growth of E. coli cells.
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Figure 5. Bacterial growth patterns of the recombinant TB1 and DH5a host cells. The cells were grown in Luria
Bertani media under induced and non-induced conditions using the same experimental methods and the growth of
bacteria was assessed by measuring the absorbance of cultures at A nm. The similar growth patterns are observed
in both test strains. Data are reported as the means of three replicates.

Comparison of the growth curves indicated no significant difference in the growth
pattern of both test strains. This raised a question as to how the expression level of fusion prod-
uct was affected in DH5a cells. The continuous expression and similarity of growth curves
suggested that under induced and non-induced conditions the expression of the fused product
was not affected by the induction of the recombinant cells, but was continuously regulated
during the growth of the bacteria. However, this continuous regulation might be different in
the 2 E. coli strains, resulting in the different expression patterns. Therefore, further studies
are warranted to determine how the expression levels of the same fusion protein are altered in
2 different strains of E. coli cells when the same expression vector system and experimental
conditions are used.
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