
Shin et al. Appl Biol Chem           (2019) 62:68  
https://doi.org/10.1186/s13765-019-0475-8

ARTICLE

Production, characterization, 
and cross-reactivity of a polyclonal antibody 
against Arabidopsis TARGET OF RAPAMYCIN
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Abstract 

TARGET OF RAPAMYCIN (TOR), a member of the phosphatidylinositol 3‑kinase‑related family of protein kinases, is 
encoded by a single, large gene and is evolutionarily conserved in all eukaryotes. TOR plays a role as a master regu‑
lator that integrates nutrient, energy, and stress signaling to orchestrate development. TOR was first identified in 
yeast mutant screens, as its mutants conferred resistance to rapamycin, an antibiotic with immunosuppressive and 
anticancer activities. In Arabidopsis thaliana, the loss‑of‑function tor mutant displays embryo lethality, but the precise 
mechanisms of TOR function are still unknown. Moreover, a lack of reliable molecular and biochemical assay tools lim‑
its our ability to explore TOR functions in plants. Here, we produced a polyclonal α‑TOR antibody using two truncated 
variants of TOR (1–200 and 1113–1304 amino acids) as antigens because recombinant full‑length TOR is challenging 
to express in Escherichia coli. Recombinant His‑TOR1−200 and His‑TOR1113−1304 proteins were individually expressed 
in E. coli, and a mixture of proteins (at a 1:1 ratio) was used for immunizing rabbits. Antiserum was purified by an 
antigen‑specific purification method, and the purified polyclonal α‑TOR antibody successfully detected endogenous 
TOR proteins in wild‑type Arabidopsis and TOR orthologous in major crop plants, including tomato, maize, and alfalfa. 
Moreover, our α‑TOR antibody is useful for coimmunoprecipitation assays. In summary, we generated a polyclonal 
α‑TOR antibody that detects endogenous TOR in various plant species. Our antibody could be used in future studies 
to determine the precise molecular mechanisms of TOR, which has largely unknown multifunctional roles in plants.

Keywords: Arabidopsis thaliana, Cross‑reactivity, Polyclonal antibody, TARGET OF RAPAMYCIN, Truncation

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Introduction
Rapamycin, a natural antibiotic produced by the soil 
bacteria Streptomyces hyproscopicus, displays antifungal 
activity through arrest of the cell cycle at the G1 phase 
and has potent immunosuppressive and cytostatic anti-
cancer activities [1]. It has been reported that rapamycin 
suppresses the immune system by blocking the cell cycle 
in T-lymphocytes of mammals [2]. In addition, another 
natural product, FK506, which is structurally related to 
rapamycin, has been found as an immunosuppressant, 

and FK506-BINDING PROTEIN 12 (FKBP12) interacts 
with rapamycin [3].

The Ser/Thr kinase TARGET OF RAPAMYCIN (TOR) 
was first identified in budding yeast (Saccharomyces cer-
evisiae) via genetic mutant screening as its mutants con-
fer resistance to rapamycin [4]. TOR, which is encoded 
by a large gene and is a member of the phosphati-
dylinositol 3-kinase-related family of protein kinases, 
is evolutionarily conserved from yeasts to plants and 
mammals [5, 6]. TOR is a master regulator that inte-
grates nutrient, energy, and stress signaling to synchro-
nize developmental processes of cells by maintaining 
a robust rate of ribosome biogenesis and translational 
initiation [7, 8]. FKBP12 associates with rapamycin, and 
the complex of FKBP12–rapamycin interacts with the 
FKBP12–rapamycin-binding (FRB) domain of TOR. 
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The rapamycin–FKBP12–TOR ternary complex inhib-
its the activity of TOR complex 1 (TORC1) in yeast and 
animals, which is involved in cell growth, development, 
and proliferation in a temporal manner [9]. In plants, 
loss of TOR results in embryo lethality; therefore, induc-
ible TOR RNAi lines have been developed to explore the 
molecular and cellular function of TOR [10, 11]. TOR 
expresses from early stage to senescence stage, especially 
in growing tissues [10] and it seems to be involved in 
stress response as its expression is highly changed upon 
various stress including drought and UV (http://bar.utoro 
nto.ca). Moreover, recent studies showed that TOR plays 
essential roles in plant development, including embryo-
genesis, seedling growth, root and shoot meristem acti-
vation, leaf development, flowering, and senescence [12]. 
Diverse external and internal upstream signals, such as 
light, nutrients, starvation, stresses, and phytohormones, 
mediate TOR signaling by direct translational control of 
downstream genes [12]. As a kinase, TOR phosphoryl-
ates its downstream targets including E2 factors (E2fs; for 
the cell cycle), S6 kinase (S6K; the cell cycle and mRNA 
translation), PROTEIN PHOSPHATASE 2A SUBU-
NIT (TAP46; mRNA translation, N-assimilation, and 
autophagy), and PYRABACTIN RESISTANCE 1-LIKE 
(PYL; abscisic acid signaling) [12, 13]. Despite our 
increased understanding of the roles of TOR in mediat-
ing diverse plant developmental processes, molecular 
and biochemical evidence is still limited due to the lack 
of reliable assay tools for detecting TOR activity.

Here, we generated two recombinant truncated poly-
peptides of TOR (1–200 and 1113–1304 amino acids 
[aa]), which were expressed in Escherichia coli. The puri-
fied polypeptides were mixed and injected to rabbits to 
generated polyclonal TOR antibody, which successfully 
detected the native full-length Arabidopsis TOR pro-
teins. Notably, our purified polyclonal α-TOR antibody 
has cross-reactivity with its orthologous proteins in crop 
plants, including tomato (Solanum lycopersicum), maize 
(Zea mays), and alfalfa (Medicago sativa). Thus, the poly-
clonal α-TOR antibody may enable future studies of the 
molecular and biochemical functions of TOR.

Materials and methods
Plant materials and growth conditions
Arabidopsis thaliana wild-type (Col-0 ecotype) and 
the estradiol-inducible TOR RNAi line (tor-est) [11] 
were surface-sterilized, grown in Murashige and Skoog 
(MS) media, and subsequently transferred to fresh MS 
media in the absence or presence of estradiol (10  μM) 
for another 5 days. To determine cross-reactivity of the 
antibody, seeds of Arabidopsis (Col-0), tomato (Solanum 
lycopersicum), maize (Zea mays), and alfalfa (Medicago 
sativa) were surface-sterilized, prepared on MS media 

(for Arabidopsis), B5 agar media (for tomato), or soil (for 
maize and alfalfa) and grown in a growth chamber for 7 
(maize), 8 (Arabidopsis), and 10 days (tomato and alfalfa) 
under a 16-h-light/8-h-dark photoperiod with a fluo-
rescence rate of 100–120 μmol m−2 s−1 of white light at 
23 °C.

Construction and expression of recombinant truncated 
His‑TOR proteins
Two fragments of TOR, encoding amino acids (aa) 1–200 
 (TOR1−200) and 1113–1304  (TOR1113−1304), were cloned 
into the donor vector (pCR8-TOPO) and subsequently 
moved into the gRSET vector containing a 6×His tag 
(His-) using the recombination-based Gateway clon-
ing system (Invitrogen) according to the manufacturer’s 
instructions. The plasmids were transformed into Escher-
ichia coli BL21 (DE3) for recombinant protein expres-
sion, and the transformed cells were grown at 37 °C until 
 OD600 = 0.6. After induction by 0.5  mM isoprophyl-1-
thio-β-d-galactopyranoside (IPTG), the cells were grown 
for another 3 h at 30 °C and then harvested by centrifuga-
tion (6000 rpm) for 10 min. The cells were resuspended 
in 1× PBS and frozen at − 20 °C until use.

Preparation of antigens and generation of polyclonal 
antibody in rabbit
Frozen cells were thawed and incubated with 1% (v/v) 
Triton X-100 for 20  min before disruption by sonica-
tion. Soluble (supernatant [Sup]) and insoluble pel-
let (precipitate [Ppt]) fractions of His-TOR1−200 and 
His-TOR1113−1304 were separated by centrifugation at 
12,000  rpm, 4  °C, for 10  min and confirmed in 10% 
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). To obtain sufficient amounts of pro-
teins and produce concentrated antigens, the Ppt fraction 
was disrupted by several rounds of sonication followed 
by a treatment with Triton X-100 (1%). After centrifuga-
tion, the Ppt and Sup fractions were redivided. Bands of 
His-TOR1−200 and His-TOR1113−1304 were excised from 
the acrylamide gel, and proteins were eluted from the 
gel strips using Electro-Eluter (Bio-Rad). Both recom-
binant proteins of the same concentration were mixed 
at a ratio of 1:1 (250 μg of His-TOR1−200:250 μg of His-
TOR1113−1304) and subsequently mixed with Complete 
Freund’s Adjuvant in a 1:1 (v/v) ratio. Prepared antigen 
was injected into New Zealand White rabbit in the Insti-
tutional Animal Care and Use Committee (IACUC)-
licensed facility at Gyeongsang National University 
(GNU-171023-B0046). Rabbits were vaccinated with the 
antigens three times at 15-day intervals. Blood samples 
were collected from immunized rabbit, and whole serum 
was collected by centrifugation at 1000×g for 10  min 
at 4  °C. Antiserum was purified using antigen-specific 
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affinity purification as described previously [14]. Shortly, 
insoluble His-TOR1−200 and His-TOR1113−1304 separated 
in 10% SDS-PAGE were transferred onto a polyvinylidene 
difluoride (PVDF) membrane and the membranes were 
only excised the portion of His-TOR1−200 and His-
TOR1113−1304 to reduce the non-specific bindings. The 
blots were blocked with 1% (w/v) bovine serum albu-
min (BSA) in 1×TBS buffer and subsequently mixed 
with the antiserum (diluted 1 mL antiserum in 9 mL 1% 
BSA) overnight at 4  °C. Blot strips were washed three 
times with 1× TBS, sliced into 1 mm width (for helping 
antibody elution from blot strips), and bound polyclonal 
α-TOR antibody was eluted with 900 μL 0.1  M glycine 
(pH 2.5) and immediately neutralized with 100 μL 2  M 
Tris–HCl (pH 8.0). Concentration of the purified anti-
body is 0.139 μg μL−1, and stored at − 20 °C until use.

Immunoblot analysis using purified α‑TOR antibody
Plant tissues were extracted in urea/SDS buffer contain-
ing 8 M urea, 5% (w/v) SDS, 100 mM Tris–HCl (pH 6.8), 
1  mM EDTA, 2% (v/v) β-mercaptoethanol, 0.00125% 
(w/v) bromophenol blue, and protease/phosphatase/
proteasome inhibitors (1 mM PMSF, 5 μg mL−1 leupep-
tin, 1 μg mL−1 aprotinin, 1 μg mL−1 pepstatin, 5 μg mL−1 
antipain, 5 μg mL−1 chymostatin, 2 mM  Na2VO3, 2 mM 
NaF, and 50  μM MG132). Supernatants after centrifu-
gation (12,000  rpm/10  min/4  °C) were separated in 6% 
SDS-PAGE and transferred onto a PVDF membrane. 
Immunoblot analysis was performed using our rabbit 
polyclonal α-TOR antibody (1:500 or 1:1000 dilution), 
and endogenous TOR protein was detected by chemi-
luminescence using an ECL-detecting reagent (Thermo 
Scientific). Nuclear fractionation was isolated using Cel-
LyticTM PN Plant Nuclei Isolation Kit (Sigma-Aldrich) 
according to the manufacturer’s instructions. Anti-
HSP90 antibody and anti-histone H3 (Abcam) antibody 
were used as cytosolic  and nuclear fraction markers, 
respectively.

Immunoprecipitation and coimmunoprecipitation
Proteins of Arabidopsis wild-type and tor-est seedlings, 
prepared as mentioned above, were extracted in extrac-
tion buffer containing 100  mM Tris–HCl (pH 7.5), 
150  mM NaCl, 0.5% (v/v) NP-40, 1  mM EDTA, 3  mM 
DTT, and protease/phosphatase/proteasome inhibi-
tors, and the supernatants (Input) were obtained by cen-
trifugation (12,000  rpm/5  min/4  °C). Rabbit polyclonal 
α-TOR antibody was incubated with Protein-A agarose 
(Sigma) for 1 h at 4 °C and subsequently mixed with the 
supernatants for another 3 h at 4 °C. Beads were washed 
three times with extraction buffer and resuspended in 
cold 1 × PBS. Input and coimmunoprecipitated proteins 
were mixed with the loading buffer and separated in 6% 

SDS-PAGE. Immunoblot analysis was performed with 
the rabbit polyclonal α-TOR antibody as described above.

Results and discussion
Expression and purification of truncated recombinant TOR 
variants
TOR proteins, evolutionarily conserved in all eukary-
otes, possess five domains: HEAT (Huntington, Elon-
gation Factor 3 regulatory, subunit A of PP2A, TOR1) 
repeats, FAT (FRAP-ATM-TTRAP), FRB, kinase, and 
FATC (C-terminal FAT domain) (Fig. 1a) [12, 13]. Arabi-
dopsis TOR is a large, single gene encoding 2481 amino 
acids; thus, recombinant full-length AtTOR is difficult 
to express in E. coli. To generate a TOR-specific poly-
clonal antibody, we designed two truncated fragments of 
TOR,  TOR1−200 and  TOR1113−1304 (Fig. 1a). Previously, a 
synthetic peptide consisting of CTLNRVIADLCSRGN-
PKEGAP  (TOR39−59) in the HEAT domain was used as 
a polyclonal TOR antibody and successfully detected 
native TOR proteins in Arabidopsis [11]. We avoided the 
kinase domain in TOR to reduce cross-reactivity of our 
antibody with other various kinase proteins.

Two fragments of TOR were obtained by PCR and 
cloned into gRSET, which is a His-tagged fusion pro-
tein expression vector, by the Gateway system. The two 
truncated recombinant TOR proteins were individually 
expressed in E. coli in a small-scale culture (3 mL), and 
we found that both truncated recombinant proteins (with 
estimated sizes of 28 kDa for His-TOR1−200 and 26 kDa 
for His-TOR1113−1304) were highly enriched in the insol-
uble pellet (Ppt) fractions by 0.5  mM IPTG induction, 
whereas they were not found in the soluble (Sup) frac-
tions (Fig. 1b, c).

To produce more recombinant protein, the cells 
expressing each truncated recombinant His-TOR pro-
tein were grown in 50 mL culture, but the concentrations 
in the Ppt fractions were still low. To concentrate both 
recombinant proteins, Ppt fractions were disrupted by 
sonication twice, and the resulting Ppt and Sup fractions 
were separated by centrifugation (Fig. 2a, b).

To purify His-TOR1−200 and His-TOR1113−1304, we dis-
sected narrow gel strips corresponding to the portion 
containing each protein and eluted the proteins from 
the gel using electro-eluter. Eluted proteins were col-
lected with three fractions from top to bottom, and the 
estimated concentrations of both His-TOR proteins were 
approximately 1.5 μg μL−1 in the top portion, 7.5 μg μL−1 
in the middle, and 15  μg μL−1 in the bottom, which is 
normalized by known concentrations of BSA (Fig.  2c). 
The multisonication step in the middle of antigen prep-
aration increased the concentration of proteins com-
pared to our previous protocols [14]. Thus, we secured 
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sufficient amounts of truncated recombinant TOR pro-
teins for generating polyclonal antibody.

Production and identification of polyclonal α‑TOR antibody
Previously, we successfully generated polyclonal anti-
body using a mixture of two truncated fragments of 
GIGANTEA, a circadian clock controlled flowering time 
regulator, as an antigen [14]. Based on this, we mixed 
the two truncated TOR proteins to a final concentration 

of 500  μg using the same concentration of each pro-
tein (250  μg His-TOR1−200 + 250  μg His-TOR1113−1304) 
and further mixed with Complete Freund’s Adjuvant 
in a 1:1 (v/v) ratio. Antigen was injected to rabbits 
three times at 15-day intervals for immunization, and 
antiserum was collected from blood samples by cen-
trifugation followed by incubation at 4  °C. Membrane-
based antigen-specific affinity purification was used 
to purify the polyclonal α-TOR antibody from serum 
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Fig. 1 Design and expression of recombinant truncated Arabidopsis TOR fragments in E. coli. a Schematic representation of Arabidopsis TOR and 
design of truncated fragments for antigens. Two fragments of TOR, 1–200 aa  (TOR1−200) and 1113–1304 aa  (TOR1113−1304), are shown as bars under 
the TOR protein. HEAT repeats, Huntingtin, Elongation factor 3, subunit of PP2A, and TOR1; FAT, FRAP‑ATM‑TRRAP domain; FRB, FKP12‑rapamycin 
binding domain; FATC: C‑terminal FAT domain. b, c Expression of recombinant His‑TOR1−200 (b) and  TOR1113−1304 (c) proteins in E. coli. Cells harboring 
gRSET::TOR1−200 and gRSET::TOR1113−1304 were individually induced by 0, 0.1, and 0.5 mM IPTG in a small‑scale culture (3 mL LB liquid media). Insoluble 
pellet (Ppt) and supernatant (Sup) fractions were separated in 10% SDS‑PAGE. Molecular size markers (kDa) are represented on the left. Arrows show 
the recombinant His‑TOR1−200 (b) and His‑TOR1113−1304 (c) proteins

(See figure on next page.)
Fig. 2 Preparation and concentration of recombinant His‑TOR1−200 and His‑TOR1113−1304. a Workflow depicting the procedure for producing cell 
lysates expressing His‑TOR1−200 and His‑TOR1113−1304 to concentrate the Ppt fractions. b Preparation of antigens for concentrated Ppt fractions. Ppt 
fractions containing His‑TOR1−200 and His‑TOR1113−1304 isolated from cell lysates were subjected to several rounds of sonication and divided into Ppt 
and Sup fractions as described in a. The proteins were separated in 10% SDS‑PAGE. c Concentration estimates of His‑TOR1−200 and His‑TOR1113−1304. 
Ppt fractions as prepared in b were rerun in 10% SDS‑PAGE, and the bands corresponding His‑TOR1−200 and His‑TOR1113−1304 were excised from 
gels. The proteins were eluted from gel strips using the electro‑eluter and run in 10% SDS‑PAGE. Eluted proteins were collected by three different 
fractions (top, middle, and bottom) in a collection tube. BSA was used as a marker protein to estimate the protein concentrations. Molecular size 
markers (kDa) are represented on the left
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using recombinant His-TOR1−200 and His-TOR1113−1304 
proteins.

Purified polyclonal α-TOR antibody was tested using 
Arabidopsis wild-type (Col-0) plants and an estradiol-
inducible TOR RNAi (tor-est) line. To induce the silenc-
ing of TOR in Arabidopsis, 3-day-old tor-est seedlings 
grown in MS media were transferred to media with or 
without estradiol for another 5 days. Based on previous 
study, tor-est plants in the presence of estradiol displayed 
dramatic suppression of plant development, as did wild-
type plants grown in rapamycin, while in the absence of 
estradiol or rapamycin, tor-est and wild-type plants grew 
normally, respectively [11].

Using immunoblot analysis with both whole serum 
and purified α-TOR antibody, we successfully detected 
endogenous TOR proteins with an approximate size of 
280 kDa in wild-type Arabidopsis tissues (Fig. 3a). How-
ever, we did not detect TOR proteins in tor-est plants 
grown in the presence of estradiol, whereas the tor-est 
plants grown in the absence of estradiol showed similar 
levels of TOR proteins to that of the wild type (Fig. 3a). 
Thus, both whole serum and purified antibody could 
detect native TOR proteins. In addition, we determined 
the optimum dilution of purified α-TOR antibody by 
testing a dilution of 1:500 and 1:1000 (v/v; antibody:5% 
skim milk) and found that TOR proteins were strongly 
detected in dilutions of 1:500 and also visualized in a 
dilution of 1:1000 (Fig.  3b). Therefore, we recommend 
using a working dilution of 1:500 of our purified poly-
clonal α-TOR antibody.

Next, we examined subcellular localization of TOR in 
Arabidopsis using our polyclonal antibody. Using frac-
tionation protocols, cytoplasmic and nuclear fractions 
were isolated from wild-type and est-tor plants. We found 
that TOR is predominantly localized in cytoplasm, but 
rarely in nucleus (Fig. 3c). Previous study demonstrated 
that Arabidopsis TOR possesses six putative nuclear 
localization sequences and localizes in both the cytosol 
and the nucleus by onion epidermal cell assay [15]. Thus, 
nuclear-localization of TOR in Arabidopsis needs to be 
elusive using another detection protocols.

Cross‑reactivity of polyclonal α‑TOR antibody
Next, we tried to determine whether our α-TOR anti-
body has cross-reactivity with TOR orthologous in other 
plants. Due to the physiological importance of TOR in 
plants, nucleotide and protein sequences of 32 ortholo-
gous have been identified in 32 different plant spe-
cies [16]. Arabidopsis TOR shares 81.2, 80.1, and 72.4% 
amino acid sequence identity with that in tomato, alfalfa, 
and maize, respectively (Additional file 1: Figs. S1, S2). A 
previous study demonstrated that TOR specifically trans-
mits glucose energy signals in leaves to control the cell 

cycles in the root meristem [17]. These findings suggest 
that the TOR kinase plays an essential role in root meris-
tem activity. More recently, it was also reported that TOR 
mediates the shoot meristem activity by photosynthesis-
derived light and glucose signals [18]. This suggests that 
TOR regulates plant growth and development via meris-
tem activity in both roots and shoots.

IB: Purified α-TOR

1:10001:500

245 - 

IB: Whole serum IB: Purified α-TOR

Col-0 tor-esta 

b 

245 - 

Est −       +

WB

CBB

−       + −       + −        +

Col-0 tor-est

Col-0 tor-est

Est −      + −       + −       + −       +

Col-0 tor-est

WB

CBB

α-TOR 

α-HSP90

α-Histone H3

Cytosolic Nuclear

245 - 

c 

100 - 

75 - 

10 - 

Fig. 3 Confirmation and titration assay using polyclonal α‑TOR 
antibody. a Immunoblot analysis to confirm the specificity of whole 
serum and purified polyclonal α‑TOR antibody. Three‑day‑old 
Arabidopsis wild‑type and tor‑est seedlings were grown in the 
absence or presence of estradiol for another 5 days. The proteins 
were separated in 6% SDS‑PAGE and immunoblot analysis was 
conducted using a 1:500 dilution. b Titration of purified polyclonal 
α‑TOR antibody. The antibody was titrated with 1:500 and 1:1000 
dilutions using the same plant extracts shown in a, and immunoblot 
analysis was conducted. c Subcellular localization of TOR proteins. 
Cytosolic and nuclear fractions were separated and conducted for 
immunoblot analysis using α‑TOR (1:500), α‑HSP90 (1:20,000) as a 
cytosolic marker, and α‑histone H3 (1:3000) as a nuclear marker. 
Molecular size markers (kDa) are represented on the left. Est, estradiol; 
IB, immunoblot; CBB, Coomassie brilliant blue‑stained blot
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Therefore, we tested whether our polyclonal Arabidop-
sis TOR antibody could not only detect its orthologous 
proteins in other plants, but also in different tissues such 
as shoots and roots. First, we tested the cross-reactivity 
of our polyclonal TOR antibody in Arabidopsis, tomato, 
maize, and alfalfa. As shown in Fig. 4, our Arabidopsis-
based polyclonal TOR antibody successfully detected 
TOR in young seedlings of Arabidopsis (8 days old) and 
its orthologous in young seedlings of tomato (10 days 
old), alfalfa (10 days old), and maize (7 days old), sug-
gesting that our TOR antibody has cross-reactivity with 
TOR proteins in different plant species. Second, we 
tested our purified TOR antibody in different tissues and 
detected TOR in both shoots and roots of Arabidopsis, 
tomato, alfalfa, and maize (Fig.  4). Arabidopsis TOR is 
essential for early development; its transcripts are highly 
expressed in early seedlings displaying strong primary 
meristem activity [10]. Consistent with this previous 
report, we detected TOR proteins in all tissues of young 
seedling plants, regardless of whether they were monocot 
or dicot plants.

Applications for our polyclonal α‑TOR antibody 
in immunoprecipitation assays
TOR is identified in all sequenced plants [19, 20], and 
associates with regulatory-associated protein of TOR 
(RAPTOR) and small lethal with SEC13 protein 8 
(LST8) to form TORC1 [21]. TORC1 is regulated by dif-
ferent stimuli such as light, nutrients, phytohormones 

and stress signal, and phosphorylates and activates 
downstream signal components [12]. Rho-like small 
GTPases (GTPase ROPs) in auxin signal and Cau-
liflower mosaic virus reinitiation factor transactiva-
tor–viroplasmin (TAV) increase TOR activity, whereas 
stress-inducible kinase SnRK1 and SnRK2 repress TOR 
[12, 13]. The TOR kinase also regulates multiple down-
stream proteins involved in the cell cycle, mRNA trans-
lation, lipid synthesis, N-assimilation, autophagy, and 
ABA signaling via phosphorylation [12, 13].

To understand the precise molecular mechanisms of 
TOR in plant development, investigating protein–pro-
tein interactions and reciprocal regulation in transla-
tional and post-translational levels are essential, and 
a useful antibody will help to explore unknown sub-
strates. Thus, we tested whether our polyclonal TOR 
antibody could be used for coimmunoprecipitation 
assays. Arabidopsis wild-type and tor-est plants were 
prepared in the absence or presence of estradiol as 
described in Fig. 3. Extracted proteins were mixed with 
protein-A agarose beads at 4  °C for 2  h following pri-
mary binding with our α-TOR antibody (4  °C for 1 h). 
After washing, input and immunoprecipitated proteins 
probed by α-TOR antibody were separated in 6% SDS-
PAGE and detected by our α-TOR antibody. As shown 
in Fig. 5, endogenous TOR proteins were immunopre-
cipitated by our α-TOR antibody in wild-type plants 
(both in the absence and presence of estradiol) and in 
tor-est plants in the absence of estradiol only, while 
TOR in tor-est plants grown in the presence of estra-
diol were not immunoprecipitated because transcripts 
of TOR are repressed by RNAi in the presence of estra-
diol, which indicates that endogenous TOR protein is 
specifically immunoprecipitated by our polyclonal TOR 
antibody (Fig.  5). Thus, our generated polyclonal TOR 
antibody could be used for coimmunoprecipitation 
assays to identify protein–protein interactions.
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CBB

Fig. 4 Cross‑reactivity of polyclonal α‑TOR antibody in other plant 
species. The proteins were extracted from whole plants (W), shoots 
(S), and roots (R) of Arabidopsis (8 days old), tomato (10 days old), 
alfalfa (10 days old), and maize (7 days old) seedlings and separated 
in 6% SDS‑PAGE. Immunoblot analysis was conducted using purified 
polyclonal α‑TOR antibody (1:500). Molecular size markers (kDa) are 
represented on the left. CBB, Coomassie brilliant blue‑stained blot

Col-0 tor-est

245 - 

Est −       +

α-TOR

−       + −      + −       +

Col-0 tor-est

Input IP by α-TOR 
Fig. 5 Immunoprecipitation assay using purified polyclonal α‑TOR 
antibody. Proteins of Arabidopsis wild‑type and tor‑est seedlings, as 
prepared in Fig. 3a, were extracted, and the proteins (Input) were 
mixed with purified polyclonal α‑TOR antibody‑bound protein 
A‑agarose beads (IP). Input and isolated proteins by IP were separated 
in 6% SDS‑PAGE, and immunoblot analysis was performed against 
α‑TOR antibody (1:500 dilution). Molecular size markers (kDa) are 
represented on the left
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