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ABSTRACT: The primordial TOR pathway, known to control growth and cell
proliferation, has still not been fully described for plants. Nevertheless, in maize,
an insulin-like growth factor (ZmIGF) peptide has been reported to stimulate
this pathway. This research provides further insight into the TOR pathway in
maize, using a biochemical approach in cultures of fast-growing (FG) and slow-
growing (SG) calli, as a model system. Our results revealed that addition of
either ZmIGF or insulin to SG calli stimulated DNA synthesis and increased the
growth rate through cell proliferation and increased the rate of ribosomal protein
(RP) synthesis by the selective mobilization of RP mRNAs into polysomes.
Furthermore, analysis of the phosphorylation status of the main TOR and S6K
kinases from the TOR pathway revealed stimulation by ZmIGF or insulin,
whereas rapamycin inhibited its activation. Remarkably, a putative maize insulin-
like receptor was recognized by a human insulin receptor antibody, as
demonstrated by immunoprecipitation from membrane protein extracts of maize
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callus. Furthermore, competition experiments between ZmIGF and insulin for the receptor site on maize protoplasts suggested
structural recognition of the putative receptor by either effector. These data were confirmed by confocal immunolocalization
within the cell membrane of callus cells. Taken together, these data indicate that cell growth and cell proliferation in maize
depend on the activation of the TOR-S6K pathway through the interaction of an insulin-like growth factor and its receptor. This
evidence suggests that higher plants as well as metazoans have conserved this biochemical pathway to regulate their growth,
supporting the conclusion that it is a highly evolved conserved pathway.

itogens, hormones, and growth factors are produced by

living organisms to coordinate their growth and
development."” In most nonphotosynthetic eukaryotes, ranging
from yeast to mammals, the ancient and conserved signal
transduction TOR-S6K pathway coordinates growth and cell
cycle progression by stimulating the G,—S phase cell
transition,”" as well as metabolic processes related to energy
level or apoptosis.” This signaling process targets the
translational apparatus through the TOR pathway by selectively
increasing the extent of ribosomal protein synthesis and
inducing ribosomal biogenesis.”” The TOR pathway is
known to be activated by environmental signals, nutrients,
and stress, as well as by insulin or members of the insulin-like
growth factor (IGF) family."*~"" In plants, evidence has shown
that the TOR protein has been conserved throughout
evolution,"*™*° and it is further involved in growth control
and cell proliferation.'®™"® Most of the components of this
pathway, such as TOR, RAPTOR, FKBP12, and S6K1 and
S6K2 kinases, have also been reported for Arabidopsis."*~*" In
maize, orthologs of TOR" and S6K proteins*> have been
reported, as well. Other members of this pathway, including the
translationally controlled tumor protein (TCP),** the Mei2-like
protein,”* the lethal with Sec Thirteen 8/G protein b subunit-
like (LST8/GbL)> that interacts with Raptor, and the Tap46
subunit in complex with the PP2A kinase,”® have been reported
to regulate growth in the context of the TOR pathway in plants.
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IGFs are small signaling peptides widely present in animal
cells. They show diversification according to tissue or
developmental stage, even though their role in growth control
and development is conserved.”” In plants, several peptide
molecules (systemin, clavata3, and phytosulfokines)™ have
been reported to be involved in cell proliferation, but the
functional role of these proteins has not been linked to the
TOR pathway. In contrast, some reports have demonstrated
the existence of peptides recognized by insulin antibodies
present in dicocotyledoneous®®®' and monocotyledoneous®>
plants, suggesting the presence of IGFs in different plants.
However, their biochemical and physiological properties have
not been fully described or linked to the TOR pathway, but
some reports of members of the IGF family, such as the
mammalian epidermal growth factor (mEFG), have demon-
strated an increased rate of growth of sorgum seedlings.”® In
Solanum tuberosum (potato) and Arabidopsis plants, the EBP
homologue also regulates organ growth by stimulating
ribosome biogenesis®* through the TOR pathway.*> In maize,
a 5.7 kDa peptide, recognized by the human insulin antibody,
named Zea mays insulin-like growth factor (ZmIGF) has been
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purified from embryos, demonstrating that its tertiary structure
is similar to that of insulin as indicated by circular dichroism.*®
This peptide has biochemical characteristics that suggest its role
in the TOR pathway.>* Indeed, either insulin or ZmIGF
induces maize seedling growth and ribosomal protein syn-
thesis,'®>” as well as ribosome biogenesis.38 Furthermore,
ZmIGF has been shown to regulate cell growth by cell
proliferation in maize tissues, 9,40 suggesting that the
biochemical and functional properties are quite similar between
plant (ZmIGF) and animal (insulin or IGFs) growth factors.
This work provides further evidence of a highly conserved
TOR-S6K pathway in maize that regulates growth along with
cell division and reveals a putative cell membrane receptor that
interacts with either ZmIGF or insulin.

B EXPERIMENTAL PROCEDURES

Plant Material and Culture Conditions. Maize (Z. mays
L.) seeds from Tuxpefio Mexican race var. Costefio were used
to establish cultures of maize calli. Excised maize embryos from
mature quiescent or immature seeds 15—18 days after
pollination were used as the material for induction of slow-
growing (SG) and fast-growing (FG) calli, respectively. SG and
FG calli were established and maintained using a procedure
derived from a combination of the methods described in ref 41.
Briefly, mature and immature embryos were placed on
induction medium (N6i) that contained N6 basal salts and
vitamins, 3% sucrose, 2.3 g/L proline, 200 mg/L hydrolyzed
casein, 2 mg/L 2,4-dichlorophenoxy acetic acid, and 3.3 g/L
gellan (Sigma-Aldrich, St. Louis, MO) to solidify the medium.
The pH was adjusted to 5.7 before the gellan was added. After
3—4 weeks, the callus formed from the scutellum was separated
and subcultured on the previously described N6i medium
supplemented with 0.1 mg/L kinetin; this medium was called
proliferation medium (N6p) and was used for callus
maintenance. Cultures were kept at a temperature of 25 + 2
°C in the dark.

Treatment of Maize Calli with ZmIGF or Insulin. Maize
SG calli were grown in solid N6p medium in the dark and
incubated with 200 microunits/mL (7 ng/mL) ZmIGF or
insulin (SG-Zm or SG-], respectively). For S weeks, the cultures
were transferred every week into fresh medium and given a
fresh dose of ZmIGF or insulin. Control cultures of SG and FG
calli were maintained under the same culture conditions
without the addition of ZmIGF or insulin. At the end of the
experiments, the calli were flash-frozen in liquid nitrogen and
stored at —80 °C until they were used.

Reagents. Bovine insulin and rapamycin were purchased
from Sigma-Aldrich, and HeLa cell protein extract was
purchased from Millipore.

ZmIGF Purification and Sequencing. ZmIGF was
obtained from total soluble protein extract from germinated
maize embryonic axes by anionic, cationic, and affinity
chromatography using an insulin antibody as a recognition
ligand as previously described.®® The purified peptide
demonstrated a single peak by reverse phase high-performance
liquid chromatography analysis and a molecular mass of 5700
Da.

ZmIGF was subjected to de novo sequencing at the Facultad
de Medicina of the Universidad Nacional Autonoma de Mexico
by using typical LC—MS/MS workflows employing trypsin as a
protease. The peptide was fragmented using both CID and
ETD, and an Orbitrap mass spectrometer was set to acquire an
MSI1 scan at 60000 resolution from m/z 300 to 2000, followed

9130

by seven CID or ETD MS2s for the top seven most intense
ions. Dynamic exclusion was set for three repeat counts with an
ion exclusion list size of 500 and repeat and exclusion durations
of 30 s. A 70 min linear gradient from 5 to 40% ACN was used
to chromatographically separate peptides prior to their
introduction into the mass spectrometer. Spectra were searched
against MSDB (http://ftp.ncbinih.gov/repository/MSDB) and
the B73 maize genome translations (http://ftp.maizesequence.
org/current/working-set/ ) using PEAKS with the decoy fusion
method. Two of the resulting peptides aligned with a protein
already deposited in GenBank as entry P81009. This ZmIGF
sequence was subjected to alignment with the sequences
corresponding to the B chain from insulin, IGF-I, IGF-II, and
IGF-mini using the ClustalQ tools site (http://www.ebiac.uk);
the same amino acid sequences were used to obtain a three-
dimensional representation of each peptide. The following
Protein Data Bank (PDB) entries were used to represent the
structures: 1MSO (insulin), 2GFI (IGF-I), 1IGL (IGF-II), and
1TGR (IGF-mini). PyMOL (http://www.pymol.org) was used
to generate the images.

Growth Rate Evaluation. FG and SG maize calli were
cultured in liquid N6p medium without (control) or with 200
microunits/mL (7 ng/mL) ZmIGF (SG-Zm) or insulin (SG-I)
under the same conditions as indicated above. This material
was used to evaluate the growth rate. The fresh weight of each
sample was determined for these calli before they were dried at
60 °C to establish the dry weight. The dry weight was measured
after calli had been desiccated at 60 °C up to the steady-state
weight, and these values were used to calculate the dry:fresh
weight ratios. The experiments were performed in triplicate and
the results subjected to statistical analysis.

Endogenous Content of ZmIGF. A Western blot assay
was used to detect ZmIGF in total soluble protein extracts from
FG, SG, SG-Zm, and SG-I calli after they had been cultured for
S weeks without the addition of exogenous growth factors
(ZmIGF or insulin). Equal amounts of total soluble protein
from each callus type were resolved via 15% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) and
transferred onto a PVDF membrane (Millipore). The
membrane was incubated overnight at 4 °C with a polyclonal
antibody directed against human insulin (Santa Cruz
Biotechnology) diluted 1:5000. Subsequently, the PVDF
membrane was incubated with a secondary HRP-conjugated
antibody (Millipore) diluted 1:5000 and revealed by reagents in
the Immobilon Western kit (Millipore) and X-ray film. The
densities of the bands were evaluated using Image] version
1.36b (http://rsb.info.nih.gov/ij/) and expressed as bar
histograms. The experiments were performed in triplicate and
the results subjected to statistical analysis.

Semiquantitative Reverse Transcription Polymerase
Chain Reaction (RT-PCR) for the Evaluation of Cell Cycle
Genes. Total RNA from each callus type was used to evaluate
the expression of selected genes. For each gene, forward and
reverse oligonucleotides were designed and synthesized at the
Molecular Unit of the Cellular Physiology Institute of the
Universidad Nacional Autonoma de Mexico. Table 1 of the
Supporting Information contains the sequences of the designed
oligos used for each gene. Analysis by RT-PCR was performed
using 100 ng of total RNA with the SuperScript One-step RT-
PCR kit (BRL, Life Technologies/Invitrogen, Carlsbad, CA)
following the manufacturer’s instructions. Amplification con-
ditions were established for each evaluated gene, and the
number of cycles was set to linearity to obtain a semi-
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quantitative measurement of the mRNA content (Figure 1 of
the Supporting Information). Experiments were performed in
triplicate and the results subjected to statistical analysis.

DNA Synthesis Evaluation. DNA synthesis was evaluated
as previously described.”® Briefly, maize calli cultured for §
weeks with 200 microunits/mL (7 ng/mL) ZmIGF or insulin
or without the growth factor (control) were incubated for 2 h
with 10 uCi/mL of [*H]thymidine [specific activity of 3.18
TBq/mmol (Amersham Biosciences)]. For animal tissue
evaluation, 300 mg of adult Wistar rat liver was incubated for
48 h in 2 mL of Krebs-Ringer medium without (control) or
with 200 microunits/mL (7 ng/mL) ZmIGF or insulin in the
presence of 10 uCi/mL of [*H]thymidine (specific activity of
3.18 TBq/ mmol). DNA was extracted from each tissue with the
DNA purification kit (PUREGENE DNA, Purification System,
Minneapolis, MN) and quantified by spectrometry, and the
incorporation of [*H]thymidine was assessed using a liquid
scintillation counter (LS 6500, Beckman Coulter).

['*C]Glucose Uptake. Glucose incorporation was measured
according to the method described in ref 42. Briefly, 300 mg of
adipose tissue obtained from an adult male Wistar rat that had
been without food for 18 h was incubated for 1 h at 37 °C
under slow agitation, in 2 mL of Krebs-Ringer medium with 25
uCi of ["Clglucose [specific activity of 3.0 TBq/mmol
(Amersham)] in the presence of either ZmIGF or insulin
(200 microunits each) or without any growth factor as a
control; after centrifugation, the amount of ['*C]glucose was
measured in the supernatant with an LS 6500 scintillation
counter from Beckman.

TOR and S6K Phosphorylation Status. To evaluate the
phosphorylation status of the TOR and S6K proteins, FG, SG,
SG-Zm, and SG-I calli were obtained as described above. In
parallel experiments, rapamycin (100 nM) was added to the
culture medium and the mixture incubated for an additional 24
h. Total phosphorylated proteins from each callus type were
obtained from total soluble protein extracts using the
PhosphoProtein purification kit (QIAGEN, GmbH, Hilden,
Germany) following the manufacturer’s instructions. Phos-
phorylated proteins were resolved via 10% SDS—PAGE,
transferred onto a PDVF membrane (Millipore), and incubated
with either phospho (anti-TOR phospho $2448 and anti-p70
S6K Thr 389 from Abcam and Santa Cruz Biotechnology,
respectively), or total (anti-mTOR and anti-p70 S6K C-18 from
Abcam and Santa Cruz Biotechnology, respectively) antibodies
diluted 1:5000 in parallel overnight assays at 4 °C, followed by
secondary antibody HRP-conjugated incubation (1:10000
dilution) and detection with reagents in the Immobilon
Western kit and X-ray film. The band densities were obtained
as described in previous paragraphs. Experiments were
performed in triplicate and the results subjected to statistical
analysis.

De Novo Ribosomal and Cytoplasmic Protein Syn-
thesis. Ribosomal and cytoplasmic protein synthesis was
evaluated in FG, SG, SG-Zm, and SG-I maize calli as described
in ref 43. Briefly, maize calli cultured for 5 weeks with 200
microunits/mL (7 ng/mL) ZmIGF or insulin or without a
growth factor (control) were incubated for 2 h with 400 uCi of
[**S]methionine [specific activity of 43.475 TBq/mmol
(Perkin-Elmer, Boston, MA)]. Ribosomal and cytoplasmic
proteins were extracted, and [**S]methionine incorporation was
measured using an LS 6500 liquid scintillation counter from
Beckman.
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mMRNA Selective Mobilization. To evaluate the ribosomal
mRNA selective mobilization, ribosome complexes were
isolated according to method described in ref 37. Briefly,
total soluble FG, SG, SG-Zm, and SG-I callus protein extracts
were centrifuged through a 60% sucrose cushion to obtain
ribosome complexes. These complexes were dissolved and
fractionated by centrifugation in a sucrose density gradient [15
to 60% (w/v)]. Fractions were separated using a gradient
fractionator, and the absorbance of each fraction (at 254 nm)
was measured and used to construct ribosomal complex
profiles. Fractions comprising monosome (7—9) and polysome
(15—17) peaks were pooled, and mRNA was isolated using the
Trizol reagent. These RNAs were used to evaluate the mRNA
content of the p0 and sA ribosomal proteins by RT-PCR. A
kinetic reaction was performed for each product to show that
decrease in the linear range (Figure 2 of the Supporting
Information).

Cell Membrane Isolation and Plant Receptor Immu-
noprecipitation. Membranes were obtained from FG maize
calli as follows. Thirty grams of tissue was homogenized for 20 s
in a blender with extraction buffer [620 mM sorbitol, 50 mM
HEPES/BTP (pH 7.8), 15 mM f-mercaptoethanol, 5 mM
ascorbic acid, 3 mM EDTA, 1 mM DTT, 1 mM KCl, 0.6%
PVP, 0.2% BSA, and complete protease inhibitor cocktail
(Roche) in a 1:3 (w/v) proportion]. The homogenate was
filtered through four layers of gauze and centrifuged at 11200g
and 4 °C for 15 min. The supernatant was further centrifuged
at 40000g and 4 °C for 80 min. The pellet was solubilized in a
buffer containing 350 mM sorbitol, 2 mM HEPES/MES (pH
7.6), 1 mM DTT, 1 mM KC|, and 1.6 mg/mL complete
protease inhibitor cocktail.** Fifty micrograms of maize
membrane extract and total HeLa cell protein extract
(Millipore) was immunoprecipitated using the Co-IP kit
(Thermo Scientific, Rockford, IL) according to the manufac-
turer’s instructions using an antibody against the human insulin
receptor (Santa Cruz Biotechnology). Immunoprecipitated
proteins were resolved via 10% SDS—PAGE and transferred
to a PVDF membrane. The Western blot was performed as
described previously using the same antibody against the
human insulin receptor diluted 1:3000 and secondary HRP-
conjugated antibody diluted 1:10000. Albumin was used as
negative control to confirm antibody specificity.

Insulin and ZmIGF Competition Assay. Protoplasts were
used to determine ZmIGF and insulin competition for the
ZmIGF receptor site. These protoplasts were obtained from FG
calli by incubating cell suspension cultures in CPW medium*
supplemented with 13% manitol and digestion enzymes
Meicelase (2%) (Sigma) and macerozyme R10 (0.1%)
(Phyto Technology Lab, Shawnee Mission, KS). Cells were
left overnight at room temperature while being slowly agitated.
Protoplasts were recovered by centrifugation at 80g for 10 min;
the supernatant was removed, and protoplasts were resus-
pended in CPW medium supplemented with 21% sucrose.
Insulin was bound to biotin using the ImmunoProbe
Biotinylation Kit according to the manufacturer’s instructions
(Sigma-Aldrich). Variable protoplast culture volumes were spin
down by brief centrifugation to obtain a cell package of 500 uL
for each experimental set. These protoplasts were saturated
with 1000 microunits (35 ng) of biotinylated insulin in 1 mL of
N6p medium for 30 min (Figure 3 of the Supporting
Information). After the incubation, the medium was removed
and substituted with fresh N6p medium with increasing ZmIGF
doses for 30 min. The amount of biotinylated insulin in the
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Figure 1. Morphological and growth characteristics of FG, SG, SG-Zm, and SG-I maize calli. The calli were cultivated with or without the addition of
ZmIGF or insulin (200 microunits/mL). (A) Morphology of the callus after it had been cultured for S weeks. Scale bars are 1 mm. (B) The maize
calli growth rate was evaluated every week for 4 weeks. The data represent the average value of the dry:fresh weight ratios of three independent
experiments. (C) Endogenous ZmIGF content. FG, SG, SG-Zm, and SG-I calli were further cultivated for S weeks under the same conditions
without exogenous addition of ZmIGF or insulin. The Western blot, on total soluble protein extracts, was performed using human insulin antibody
to detect the ZmIGF signal. (D) DNA synthesis of maize calli during the fifth week of stimulation. Incorporation of thymidine into new DNA was
measured by count scintillation. (E) The expression of cell cycle genes cycD and pcna was evaluated by RT-PCR using total RNA from FG, SG, SG-
Zm, and SG-I calli. RT-PCR kinetics (Figure 1 of the Supporting Information) demonstrates that the reaction falls within the linear range of each
product. The histogram bars represent band densities as measured by Image] version 1.36b.

supernatants for each ZmIGF concentration was determined
using the avidin—HABA assay according to the manufacturer’s
instructions (Sigma-Aldrich).

For the time competition experiments, protoplasts were
incubated with a fixed dose (400 microunits/mL) of
biotinylated insulin to saturate the membrane receptors and
incubated at room temperature for 30 min while being slowly
agitated. The protoplasts were then spun down to remove the
medium, and an equal volume of fresh medium containing 400
microunits/mL ZmIGF was added to the protoplasts saturated
with the opposite factor. The biotinylated insulin content was
evaluated in the supernatant of each protoplast set every 5 min
for up to 30 min. Control experiments included protoplasts that
were saturated with biotinylated insulin and further incubated
with the corresponding volume of N6P medium without the
competitor (ZmIGF).

ZmIGF Receptor Immunolocalization. To identify the
location of the ZmIGF receptor, maize callus cells were washed
twice with PBS, blocked with 2% BSA in PBS (blocking buffer)
for 1 h, and incubated for 2 h with an antibody directed against
the human insulin receptor (Santa Cruz Biotechnology) diluted
1:40 in blocking buffer, washed once with PBS, and
subsequently incubated with the secondary Alexa Fluor 488-
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conjugated antibody diluted 1:25 in blocking buffer (Sigma) for
1 h, washed twice with PBS, and fixed with acetone for 30 min
at =20 °C. Cells were washed once more with PBS and
mounted with a drop of glycerin as the mounting medium on a
glass slide with a coverslip that was sealed with nail polish.
HeLa cells were grown onto coverslips for 24 h, washed once
with PBS, fixed with 3% formaldehyde in PBS for 30 min,
washed three times with PBS, blocked with 10% fetal bovine
serum in PBS (blocking buffer) for 60 min, incubated with
human insulin receptor antibody diluted 1:50 in blocking
buffer, washed once with PBS, incubated with secondary
antibody diluted 1:50 for 30 min, and mounted as described for
maize cells. Fluorochromes propidium iodide [1 pg/mL
(Figure 6)] and calcofluor [1 ug/mL (Figure 4 of the
Supporting Information)] (Sigma-Aldrich) were applied to
the mounting medium to visualize the cell nuclei, cell
membrane, and cell wall. Negative controls were obtained by
incubating the maize cells only in presence of the secondary
antibody; no signal was observed, and this indicated the
absence of the specific interaction of this antibody (Figure S of
the Supporting Information). Cells were viewed using an
Olympus FLUOVIEW FV1000 laser-scanning confocal micro-
scope to detect the fluorescent signal at the Unit of Microscopy

dx.doi.org/10.1021/bi401474x | Biochemistry 2013, 52, 9129—-9140
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of Facultad de Quimica of the Universidad Nacional Autonoma
de Mexico. The green fluorescent signal of the Alexa Fluor 488
conjugate was observed at the cell membrane. Alexa Fluor 488
fluorescence was excited with a diode laser at 473 nm, and
emission was detected between wavelengths of 485 and 585
nm. Propidium iodide was excited at 559 nm, and emission was
detected between 570 and 670 nm. Calcofluor was excited at
405 nm, and emission was detected between wavelengths of
40S and 520 nm. FV-10-ASW version 1.7 was used to generate
and process the images.

Statistical Analysis. The Student’s  test was used to obtain
standard deviations in the required experimental calculation.

B RESULTS

Functional Similarities between ZmIGF and Insulin.
Previous findings have shown that maize seedling embryos
express a small 5.7 kDa peptide, known as ZmIGE.***® This
growth factor was found to share some biological functional
similarities with insulin, because both effectors stimulate
germination and seedling growth in maize®® through the
TOR pathway.'® Thus, to further examine the effects of ZmIGF
and insulin on maize tissue growth, cultures of FG or SG calli
were used as a model system. The SG callus was stimulated
with either effector (ZmIGF or insulin), and the FG callus was
used as a positive control. At the beginning of the stimulation,
SG calli appeared as a yellow to brown colored cell mass with a
watery and loose consistency and FG calli appeared as a white
compact cell mass. After being cultured for 5 weeks without the
addition of any growth factor, both control calli, FG and SG,
maintained their original morphologies. However, SG cultures
grown with either ZmIGF or insulin (SG-Zm or SG-],
respectively) showed a dramatic morphological change that
resembled FG calli (Figure 1A). The growth rate was evaluated
by determining dry:fresh weight ratios. The SG-Zm:SG-I
growth ratio increased four times with respect to that of the
control SG calli, reaching values similar to those found for the
FG calli after they had been cultured for S weeks, with either
insulin or ZmIGF (Figure 1B). Further, DNA synthesis was
also evaluated on these calli, revealing an increase of 2 orders of
magnitude in this parameter in SG calli stimulated with either
ZmIGF or insulin (Figure 1C). Moreover, the expression of cell
cycle genes, cycD and pcna, was evaluated by RT-PCR in the
linear range of each product, using total RNA from SG, FG, and
SG-Zm/SG-I calli. Results showed that the level of expression
of these genes significantly increased in the stimulated calli
(Figure 1D), supporting the conclusion that growth was due to
cell proliferation, rather than to cell enlargement. Previous
results from our research group have already proven that cell
division in calli tissues occurs by stimulation with ZmIGF or
insulin,®® and recent evidence also showed that this also
happens in maize seedlings, through the 4promotion of the G1—
S1 phase transition during the cell cycle.”” These data indicate a
phenomenon similar to that documented for animal cells in
response to insulin.**® To determine the endogenous growth
factor content of these calli Western blot analysis were
performed using an antibody raised against human insulin that
was previously demonstrated to recognize the purified
ZmIGE.*® Results revealed that the FG calli contained a high
level of ZmIGF, whereas the SG calli contained a low
concentration of this growth factor. Nevertheless, after being
cultured for 5 weeks, the SG-Zm- and SG-I-stimulated calli
demonstrated an endogenous ZmIGF content similar to that of
FG calli (Figure 1E). These values were maintained even after
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the calli had been cultured for several weeks without further
addition of exogenous growth factor, suggesting that the growth
of FG, SG, SG-Zm, and SG-I calli is related to their endogenous
growth factor content.

The data described above suggest that the functional
similarities between ZmIGF and insulin on plant tissues are
most probably due to common tertiary structural bases of the
two effectors. To further inquire about this phenomenon, the
effect of ZmIGF was tested on insulin-sensitive animal tissues.
To this end, the rate of incorporation of ["*C]glucose into the
rat adipose tissues, stimulated by either ZmIGF or insulin, was
performed. Results indicated that ZmIGF was capable of
inducing the uptake of glucose into the adipose rat cells to the
same extent as insulin did (Figure 2A). In a similar experiment,
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Figure 2. Functional equivalence of animal and plant growth factors.
(A) Uptake of ["*Clglucose from adipose rat cells by activation of
either ZmIGF or insulin. (B) Stimulation of DNA synthesis on rat liver
tissue caused by the effect of the growth factors evaluated by the
incorporation of [°H]thymidine into synthesized DNA.

DNA synthesis was also assessed by [*H]thymidine incorpo-
ration in rat liver tissues after stimulation by either ZmIGF or
insulin (Figure 2B). Results again corroborated the functional
similarities between ZmIGF and insulin, strongly suggesting
structural similarities, as well.

ZmIGF Adopts an Insulin-like Folding Structure. The
ZmIGF peptide was purified by an already established
procedure®® (Figure 3A) and subjected to sequencing by
mass spectrometry. Considering that the insulin-like super-
family (insulin, IGF-I, IGF-1], relaxin, and bombyxin) folding
behavior is controlled by their B chain domain,*” the obtained
ZmIGF amino acid sequence was aligned with the B chain from
insulin as well as with the equivalent B chain of IGF-I, IGF-I],
and IIGF-I-mini (a synthetic IGF formed by domains A and B
of IGF-I"). The alignment showed few similarities among
ZmIGF, insulin, and the others IGFs, mainly at the cysteine
residues (Figure 3B). Circular dichroism analysis in the far-UV
region of insulin,*® IGF-L,*" and ZmIGF>® has already shown
great tertiary structure similarities among these molecules,
particularly on their predominant a-helix structure. On the
basis of this information, a model of the correspondent B chain
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Figure 3. ZmIGF plant growth factor is structurally similar with members of the IGF family. (A) ZmIGF detection in E callus total protein extract
after purification, where insulin (I) was used as a positive control. Abbreviations: MW, molecular weight marker; TP, total protein; WB, Western blot
detection. Arrows denote the ZmIGF peptide. (B) Amino acid sequence alignment of chain B of insulin and IGFs with ZmIGF. Bold letters and dark
shading denote identical residues; light gray shading denotes equivalent amino acid substitutions. (C) Three-dimensional representation of amino
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of the ZmIGF peptide was obtained using the SWISS MODEL
Web site (http://beta.swissmodel.expasy.org/). The model
provided a three-dimensional representation of these molecules
that showed the structural similarity between the B chains from
ZmIGF and those from insulin as well as the corresponding
chains from the other IGFs (Figure 3C), particularly on the a-
helix structure that was predominant (Figure 3C).
Ribosomal Protein Synthesis and Selective Mobiliza-
tion of mRNA into Polysomes. TOR pathway activation is
known to selectively mobilize ribosomal protein mRNAs into
polysomes for translation.*” This process occurs to support the
ribosome biogenesis that is required for organisms to grow.
Thus, to corroborate that both factors, ZmIGF and insulin,
stimulate the same pathway, we performed the following
experiments. The effect of ZmIGF and insulin on de novo
ribosomal protein synthesis was evaluated using [*°S]-
methionine in the maize callus experimental model. Results
indicate that de novo ribosomal protein synthesis between
control FG and SG calli showed higher and lower extents of
[**S]methionine incorporation, respectively (Figure 4A). This
result correlated with the fast and slow growth rate of each
callus tested. After stimulation with ZmIGF or insulin, the SG-
Zm and SG-I calli demonstrated in both cases a large increase
in the extent of de novo ribosomal protein synthesis (Figure
4A), whereas cytoplasmic proteins were not significantly altered
in any type of callus (Figure 4B). To further analyze this
phenomenon, ribosomal complexes from FG, SG, SG-Zm, and
SG-I maize calli were extracted and fractionated by ultra-
centrifugation in a 15 to 60% sucrose density gradient (Figure
4C,D). Ribosome profiles demonstrated a high polysome
content for the FG, SG-Zm, and SG-I calli and a low content
for the SG calli, indicating that an increase in the polysomal
fraction was associated with a faster growth rate because of the
effect of the stimulating agent. Furthermore, mobilization of

9134

ribosomal protein mRNA into polysomes was evaluated. Thus,
mRNAs from the monosomal and polysomal fractions of each
type of callus were purified and used to evaluate the expression
of two genes encoding ribosomal proteins by RT-PCR in the
linear range of each product (Figure 2 of the Supporting
Information). We found that levels of mRNA from ribosomal
protein genes p0 and sA in the polysomal fraction were high in
the FG calli and low in the SG calli. After stimulation with the
effectors mentioned above, these mRNAs also demonstrated
high values in the polysomal factions from SG-Zm and SG-I
(Figure 4E). To further corroborate these findings, the gene
expression levels of ribosomal protein genes p0 and sA were
evaluated within the total RNA from each type of callus. Results
demonstrated no change in the total amount of these mRNAs
(Figure 4F), indicating that this phenomenon corresponded to
mobilization of specific mRNA into polysomes rather than to
increase the level of de novo transcription of these mRNAs.
Overall, these results support the interpretation that a
functional TOR-S6K pathway is present in maize cells and
that it is activated by ZmIGF. Thus, in maize, the TOR pathway
selectively regulates ribosomal protein synthesis by specific
mobilization of their mRNAs into polysomes, which is similar
to what has been shown to occur by insulin in several animal
models.”

TOR-S6K Pathway Activation. Phosphorylation of the
central TOR and S6K kinases has been demonstrated to occur
after insulin or IGF TOR pathway activation."'®** To further
confirm that the TOR pathway is similarly activated by ZmIGF
in maize calli, the phosphorylation status of TOR (Figure SA)
and S6 (Figure SB) kinases was analyzed by specific antibody
recognition in the control (FG and SG) and stimulated (SG-
Zm and SG-I) calli The results demonstrated that either
ZmIGF or insulin induced phosphorylation of these kinases.
After rapamycin had been added to the system, strong TOR
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Figure 4. Translational activation induced by ZmIGF or insulin in FG, SG, SG-Zm, and SG-I maize calli. De novo ribosomal and cytoplasmic protein
synthesis was evaluated by the incorporation of [**S]methionine into new proteins as described in Experimental Procedures: (A) ribosomal and (B)
cytoplasmic proteins. Ribosome complexes were fractionated through a density sucrose gradient ranging from 1S to 60%. (C and D) Ribosome
profiles of (C) control FG and SG calli and (D) stimulated SG-Zm and SG-I calli. ZmIGF plant growth factor induces selective mobilization of
mRNA into polysomes. (E) Expression of ribosomal genes p0 and sA was evaluated by RT-PCR using RNA extracted from monosome (M) or
polysome (P) fractions. Fractions 7—9 and 15—17 from sucrose density gradients were pooled to extract mRNA associated with monosomal and
polysomal fractions, respectively. (F) Total RNA (T) from each callus type was also used to evaluate ribosomal gene expression. RT-PCR kinetics
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and S6K kinase phosphorylation inhibition was observed
(Figure SA,B), consistent with reports indicating that
rapamycin inhibits the TOR pathway in animals®' and plant
systems.'®*>*® Overall, these data support the statement that
ZmIGF is responsible for inducing maize growth through the
activation of the TOR pathway by phosphorylating TOR and
S6K kinases.

ZmIGF and Insulin Interact with a Putative Plant
Insulin-like Receptor. These results confirm the presence of
an active TOR pathway in maize tissues that regulates growth.
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Further, it implies the presence of a plant insulin-like receptor
that transduces the external signal when interacting with the
ZmIGF effector. To test this postulate, FG callus cell
membrane protein extracts (C) as well as HeLa cell total
protein extracts (H), used as a control, were obtained and
immunoprecipitated with a commercial antibody raised against
the human insulin receptor (IR). It is worth mentioning that
the commercial IR antibody (Santa Cruz Biotechnology) used
in these experiments was designed against a peptide at the N-
terminus of the human insulin receptor that recognizes the

dx.doi.org/10.1021/bi401474x | Biochemistry 2013, 52, 9129—-9140
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external o subunit region but not the cytoplasmic portion of the
receptor that contains the kinase domain. The Western blot of
the immunoprecipitates showed only a single protein of
approximately 55 kDa corresponding to the putative ZmIGF
receptor of maize cell membranes. The positive control showed
the human IR receptor (125 kDa protein) in the HeLa cell
extract, corroborating the antibody specificity (Figure 6A). To
further confirm the specific interaction between ZmIGF or
insulin and a putative plant insulin-like receptor, we performed
competition assays. Toward this end, maize protoplasts were
obtained from FG maize calli and incubated with biotinylated
insulin up to saturation of the putative membrane receptor sites
(Figure 3 of the Supporting Information). These protoplasts
were then centrifuged and used for two different sets of
experiments. In the first set, the protoplasts already saturated
with biotinylated insulin were incubated at room temperature
for 30 min in a fixed volume with increasing concentrations of
ZmIGF to displace the previously attached factor. After a fixed
incubation period, the protoplasts were centrifuged and the
amount of biotinylated insulin released into the supernatant
was determined for each experimental set (Figure 6B). Results
indicated that ZmIGF is able to displace the biotinylated insulin
attached to the callus cell membranes, as a quantitative function
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relative to the control lacking the competitor (ZmIGF). In the
second experiment, maize protoplasts already saturated with
biotinylated insulin were incubated with a fixed dose (400
microunits/mL) of ZmIGF or none. The release of biotinylated
insulin into the medium was then evaluated at different time
periods (Figure 6C). Results indicate that the biotinylated
insulin already attached at the putative membrane receptor site
was displaced by the maize growth factor faster than the
control, in the absence of the growth factor that shows the
passive release of biotinylated insulin into the medium.
Membrane Receptor Immunolocalization. On the basis
of the results presented above, immunolocalization experiments
were performed to inquire about the presence of such a
receptor on intact cell membranes. To this end, FG maize cell
suspensions were obtained and incubated with the IR antibody
used above and a fluorescent secondary antibody. The plant
ZmIGF putative receptor signal was localized by confocal
microscopy at the maize cell membrane as the green fluorescent
dots present at the periphery of the cells (Figure 6Da).
Notice that this signal coincided with the red fluorescence
signal from propidium iodide that identifies the maize cell
membrane (panels b and c of Figure 6D). In addition, another
set of FG callus cells was incubated under the same conditions
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Biochemistry

A IP:I-R B c
150 70 30 | -=Control
<« I-R (125 Kda) . = =-Control —Competence
100 [
3 2
75 «  ZmIGF-R(55Kda) = OO z
50 = 50 =
37 ) a
£ 40 =
25 ° °
20 £ 30 £
= z 20 N 2 £
s b= 3 B
el :
0 100 200 400 800
10% SDS-PAGE Western blot
Coomassie Blue with human anti-IR ZmIGF (pU) Time (min)
D .
Maize cells E Hela cells

Figure 6. ZmIGF and insulin interact with a putative maize insulin-like membrane receptor. (A) Immunoprecipitation was performed with maize cell
membrane extract and insulin with antibody against human insulin receptor. The Western blot showed recognition of a putative receptor in
membrane protein extracts from maize callus tissues (C). HeLa cell protein extracts (H) were used as a positive control. These results are
representative of three independent experiments. Competition assays between ZmIGF and biotinylated insulin for the putative maize insulin-like
membrane receptor in maize cells. Maize protoplasts saturated with biotinylated insulin were used for two different experiments. Panel B shows
competition by concentration, in which saturated protoplasts were incubated with increasing ZmIGF concentrations. Release of biotinylated insulin
into the medium was evaluated. Panel C shows competition by time period, in which saturated protoplasts with biotinylated insulin were incubated
with a fixed ZmIGF concentration (400 microunits/mL), and the biotinylated insulin content was evaluated in the supernatant every S min for up to
30 min. In the graphic, competence represents the release of biotinylated insulin from cells into the culture medium by the displacement of ZmIGF
from the receptor site. Control experiments included protoplasts that were incubated with an equal volume of culture medium without the
competitor. Maize membrane receptor immunolocalization was performed by confocal microscopy. Images show cells incubated with an antibody
directed against the human insulin receptor and the Alexa Flour 488 secondary antibody. (D) Maize cells with the insulin-like receptor. (a) The
green fluorescent signal indicates the location of the maize ZmIGF receptor (Rc) on the cell membranes of calli. (b) Cells stained with propidium
iodide (IP) demonstrate red fluorescence at the cell membrane and in the nuclei. (c) The merged signals from panels a and b indicate an overlap of
the maize ZmIGF receptor and fluorochrome signals. (d) Cell shape and integrity determined via phase-contrast microscopy (Trans). (E) Control
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but with the calcofluor flourochrome to detect the cell wall, and Bl DISCUSSION

a blue fluorescent color was observed at the cell periphery The TOR signaling pathway, a central regulator for cell growth
(Figure 4 of the Supporting Information). Phase-contrast and proliferation in most nonphotosynthetic eukar-
. . . 2,4,5,50,52 : . 12,13,15,22,35
images confirmed the structural integrity of the cells (panel d of yotes, has also been recognized in plants,

even though all of the signaling components have not yet been
identified in these organisms. In particular, the upstream
components of this route, such as the effector and the receptor

Figure 6D), which is similar to that of the HeLa cells used as
control that showed the receptor is located at the periphery of

the cells within the cell membranes (panels a—d of Figure 6E), responsible for activating this pathway, have remained elusive.
as reported by the manufacturer of the antibody (Santa Cruz In this study, a biochemical approach was designed to further
Biotechnology). dissect the TOR pathway in maize by using the plant insulin-

like growth factor, ZmIGF,*® or insulin as a control, on slow-
and fast-growing cell cultures as biological models. Our results
i i i ] ' o confirmed that TOR pathway activation in maize calli is
is capable of interacting with either ZmIGF or insulin, induced by ZmIGE, as revealed by the phosphorylation of TOR

internalizing this signal to induce cell growth through the and S6 kinases (Figure 5), a finding similar to what has been
1,4,5,50,53
79,9V, and

Overall, these data support the proposal that a putative

ZmIGF receptor is present within the maize cell membrane that

activation of the TOR pathway. reported to occur in nonphotosynthetic eukaryotes
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plant models.'®'®** TOR pathway activation also involves
ribosome biogenesis, a well-known process required to sustain
growth in animals and plants.'*>** Our results further confirm
an increase in the rate of growth through cell division (Figure
1) along with an increase in the rate of ribosomal protein
synthesis (RP) by selective mobilization of RP-mRNAs into
polysomes induced by either ZmIGF or insulin (Figure 4). This
phenomenon has also been demonstrated on insulin-stimulated
maize seedlings,37 as well as in ribosome biogenesis, observed
in the same system.>® Furthermore, insulin and ZmIGF have
previously been shown to increase the rate of maize seedling
and callus mitosis,"** processes that were recently confirmed
to occur by the activation of S phase genes promoting cell cycle
progression in maize*® and Ambidopsis15 tissues.

The identity of IGF-like growth factors in plants is scarce;
even though few reports indicate their existence on
leguminose,30’31 maize, %3¢ potato,®* and Arabidopsis,3’5
although most of them have not been shown to regulate
plant growth through the TOR pathway. Therefore, our results
with respect to the functional equivalence between the animal
and plant growth factor are relevant. Furthermore, because
ligand receptor interaction is the first step in TOR pathway
activation, and the ligand structure is particularly relevant for
receptor recognition, the insulin structure provided important
information. In particular, the B chain a-helix, the main
component in the binding surface,** and its C-terminal domain
influence the conformation of monomeric active insulin that
presents biological activity by interacting with its receptor.>®
Therefore, the B chain tertiary structure similarities among the
ZmIGF model, insulin, and other members of the IGF family
suggest that ZmIGF adopts an insulin-like three-dimensional
structure that allows it to be recognized by the receptor in
animal cells (Figure 3), stimulating glucose uptake as well as
DNA synthesis in adipose tissue (Figure 2). These data
strongly suggest that the functional equivalence between
ZmIGF and insulin resides in a similar structural conformation
rather than a similar sequence, thus allowing the interaction
with either receptor.

Circular dichroism data previously reported for ZmIGF*®
and insulin*” also support this proposal. Furthermore, different
folding of insulin into one monomer and IGF1 into two
isomers is essential to achieve biological activity; regardless of
their sequences,*”*>*® these findings support the idea that
tertiary structure and conformation are more relevant than the
amino acid sequence for their function.

In animals, it is well documented that the IR membrane
receptor is a homodimer with two identical half-receptor
dimers composed of a and f subunits.”” The a extracellular
subunits interact with insulin®> or IGFs with weak affinity,"’
internalizing the signal for controlling a series of metabolic
processes through the TOR-S6K phosphorylation cas-
cade 245052

In this report, results of immunoprecipitation and
immunolocalization by confocal microscopy (Figure 6D,E) as
well as competition experiments with ZmIGF and insulin
(Figure 6B) have revealed the presence of an IGF-like growth
factor (ZmIGF) and a putative IGF-like receptor (Rc-ZmIGF)
in maize cells, which is capable of receiving, transducing, and
internalizing the growth factor signals (Figures 2, 4, and $), a
finding similar to what has been reported for insulin, IGF-],
IGF-II, and EGF receptors in animal cells.’***** Moreover,
EGF-like binding domains have been found in a cell wall-
associated receptor-like kinase (Waki) in Arabidopsis,*® a fact
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that suggests the existence of an EGF-like ligand; therefore, the
putative receptor reported in this research, which is also
associated with the cell wall, is quite relevant (Figure 4 of the
Supporting Information). Taken together, all these data
support the conclusion that the TOR pathway regulates cell
growth and proliferation in maize tissues through an effector—
receptor system that activates the signaling pathway. Finally,
this study strengthens the evidence that higher plants as well as
nonphotosynthetic eukaryotes have conserved equivalent
biochemical pathways for regulating cell growth and prolifer-
ation through similar effector—receptor systems, indicating
functional evolutionary conservation of this pathway in
eukaryotes from different kingdoms.>'*!7/183¢37.61
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