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ARTICLE INFO ABSTRACT

Keywords: Given their critical role in plant reproduction and survival, seeds demand meticulous regulatory mechanisms to
Nicotiana tabacum effectively store and mobilize reserves. Within seeds, the condition of storage reserves heavily depends on
Seeds

environmental stimuli and hormonal activation. Unlike non-protein reserves that commonly employ dedicated
regulatory proteins for signaling, proteinaceous reserves may show a unique form of ’self-regulation’, amplifying
efficiency and precision in this process. Proteins rely on stability to carry out their functions. However, in specific
physiological contexts, particularly in seed germination, protein instability becomes essential, fulfilling roles
from signaling to regulation. In this study, the elongation factor 1-alpha has been identified as a main pro-
teinaceous reserve in Nicotiana tabacum L. seeds and showed peculiar changes in stability based on tested
chemical and physical conditions. A detailed biochemical analysis followed these steps to enhance our under-
standing of these protein attributes. The protein varied its behavior under different conditions of pH, temper-
ature, and salt concentration, exhibiting shifts within physiological ranges. Notably, distinct solubility transitions
were observed, with the elongation factor 1-alpha becoming insoluble upon reaching specific thresholds
determined by the tested chemical and physical conditions. The findings are discussed within the context of seed
signaling in response to environmental conditions during the key transitions of dormancy and germination.

Soluble proteins
Protein stability
Mass spectrometry

1. Introduction these direct mechanisms, the most prevalent ones involve

protein-mediated modulation of key enzymes in the context of metabolic

The role of protein instability and degradation in cell signaling has
been widely investigated and observed across diverse contexts at all
levels of life (Adam, 1996; Faden et al., 2019; Jurkiewicz and Batoko,
2018). This holds true for seeds and their regulation of reserves in terms
of both accumulation and mobilization. Various areas of cell biology
provide examples of signaling mechanisms influenced by protein
instability. Spanning from gene regulation and expression to epige-
netics, the described phenomena encompass not only indirect effects at
the gene level but also include direct interactions between proteins
(Villalobos Solis et al., 2020; Zientara-Rytter and Sirko, 2016). Among

regulation, as well as protein-mediated activities that can influence
membrane permeability and trafficking (Jin et al., 2018; Ling et al.,
2019). In this respect, seeds present a fascinating example where this
regulation needs to be meticulously orchestrated, aligning with the
plant’s cycle during fruit and seed maturation, and subsequently during
seed germination. In both instances, these processes are steered by
hormonal signals originating from the embryo (Ali et al., 2020; Antoni
etal., 2011; Holman et al., 2009), leading to either the accumulation or
mobilization of reserves. Among seeds, those with proteinaceous re-
serves stand out as particularly interesting. Here, the regulation and
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sensing of reserves are anticipated to primarily involve self-regulatory
mechanisms through direct sensing, eliminating the necessity for pro-
tein effectors to mediate the signal (Dorone et al., 2021; Field et al.,
2023; Piskurewicz et al., 2023). In the model plant Nicotiana tabacum L.,
the reserves within the seeds consist primarily of proteins and oils (Li
et al., 2018). In this model organism, the intricate mechanisms gov-
erning seed dormancy, activation, and their responsiveness to environ-
mental factors and hormones have been extensively documented
(Agacka-Motdoch et al., 2021; Farci et al., 2020; Li et al., 2016; Cocco
et al., 2022). In alignment with these studies, the current research fo-
cuses on the soluble protein fraction of tobacco seeds, which represents a
major component. This fraction was notably enriched in a dominant
protein pool, characterized as a complex with high molecular weight.
This complex has been identified through Mass Spectrometry (MS) as the
elongation factor 1-alpha (EF1-a), a highly conserved protein. In plants,
EF1-a plays a crucial role in regulating protein synthesis and is involved
in responses to abiotic stressors such as temperature, salt, and drought.
Additionally, it also contributes to environmental adaptation (Fu et al.,
2012; Xu et al., 2023). Accordingly, this specific fraction was employed
as a tool to explore the seed’s reaction to various chemical and physical
factors, including temperature, pH, and salt concentrations. The isolated
complex was identified as the predominant protein in the seeds,
underscoring its paramount role in the protein reserves of this particular
species. When subjected to a range of temperature gradients, shifts in
pH, and variations in salt concentration, the enriched extract and its
primary component, the EF1-a complex, show distinct behaviors. More
precisely, under these circumstances, the protein undergoes systematic
transitions characterized by alterations in solubility. These transitions
are analyzed as unique attributes that could potentially facilitate the
evaluation of environmental factors like temperature, water availability,
and nutrient levels. These properties could serve as an effective tool for
gathering information about the prevailing environmental conditions in
relation to the seed’s physiological stage. The EF1-a is a multifaceted
protein, known for its crucial role in protein translation, directly influ-
encing ribosomal activity, as well as its transcription and
post-transcriptional regulation in response to salt stress, fluctuations in
Ca?*, and shifts in pH (Ransom-Hodgkins et al., 2000; Kuang et al.,
2019). Moreover, previous studies evidenced its positive correlation
with the Lys-rich reserve proteins in maize embryo and reported the
EF1-a as an indicator of protein quality, specifically in cereal crops and
corn lines (Lopez-Valenzuela et al., 2004; Sun et al., 1997). This study
provides evidence for its designation as a primary seed reserve, capable
of engaging in self-regulatory mechanisms through the direct sensing of
environmental factors. Results are discussed in the context of seeds
germination/dormancy where effective and precise environmental
stimuli must be finely interpreted for their reliability.

2. Materials and methods
2.1. Plant material and protein extraction

Nicotiana tabacum L. (cv. Petit Havana) seeds were obtained from
plants grown at 25°C, 50% relative humidity, and a photoperiod of 12 h
of light per day. As a light source a LED lamp with a light intensity of
150-200 pmol photons/(slmz) has been used. For protein extraction,
seeds were added with 400 L of Grinding Buffer (GB; 50 mM MES pH
6.5; 10 mM MgCly-6 Hy0; 10 mM CaCly-2 Hp0) and mechanically
ground with a pestle for micro-centrifuge tube. After fragmentation and
homogenization, the suspension of broken seeds was centrifuged at
15000 x g for 10 min at room temperature to remove the seeds’ frag-
ments. After collecting the supernatant, the pellet underwent a further
extraction step in 100 pL GB. This extraction procedure was always
performed with three parallel and independent preparations starting
from 40 mg seed each. Immediately after preparation, the obtained
samples were stored at —20°C and used for the subsequent steps of
analysis. Preliminary experiments adding protease inhibitors to the GB
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did not lead to any difference in terms of protein patterns, therefore the
final protocol has been designed without. Unless differently stated, the
entire procedure has been performed at room temperature.

2.2. Size exclusion chromatography

The obtained protein extraction pool was subjected to Size Exclusion
Chromatography (SEC) either using a Superdex 200 10/300 GL (5200)
or a Superdex Increase 75 10/300 GL (S75) columns (Cytiva Life Sci-
ences) previously equilibrated in GB. The S200 run was carried out at a
flow rate of 0.8 mL/min on 200 pL of injected volume and monitored by
measuring the absorbance at 254 nm and 280 nm. The S75 run was
performed at 0.5 mL/min and recorded at the absorbance of 280 nm. To
ensure that the presence of small molecules did not alter the chro-
matographic profile, the S75 run was also performed in the same
experimental condition with a sample where the small components were
removed by using a 10 kDa MW cutoff concentrator. The elution volume
for each peak were used for calculating the apparent mass of the peaks in
the sample. Apparent masses were calculated with respect to a regres-
sion curve obtained by plotting the logarithm of the masses of a mo-
lecular marker (Gel Filtration Standard, Biorad) with respect to their
elution volume, as shown by Haniewicz and coworkers (Haniewicz
et al., 2015). In these studies, all chromatography columns were sub-
jected to the ReGenFix procedure (https://www.regenfix.eu/) for
regeneration and calibration prior use.

2.3. Denaturing electrophoresis

The visualization of the proteins present in the extract and the
components of the related complex were evaluated through Sodium
Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE), with
10% (w/v) separating polyacrylamide/urea gels and 4% (w/v) stacking
gels (Fey et al. 2008). The samples were denatured with Rotiload (Roth),
boiled for 5 min, and centrifuged before loading. After the electropho-
retic separation the gels were stained overnight with Coomassie Brilliant
Blue G250 and destained prior visualization.

2.4. Thermal shift assays

The thermal shift assay in vitro was then performed on the protein
extract which was subjected to a discontinuous temperature gradient in
the range between 40 and 100°C by gaps of 10°C. For each of the 7
resulting conditions, triplicates of 80 pL of the extract were tested by
incubating them under the tested temperature for 20 min. The same
procedure was followed for the experiments at different temperatures
but using different pH and salts concentrations (see details in the par-
agraphs below). After incubation the samples were immediately sub-
jected to denaturation and SDS-PAGE run. Eventually, the theoretical
melting temperature (Tp), based on the primary sequence, was deter-
mined in silico by using the software online platform DeepSTABp (https
://csb-deepstabp.bio.rptu.de/; Jung et al., 2023). A growth temperature
range between 20 and 40°C and a cell environment were used as pa-
rameters for the calculations.

2.5. Salt concentration assays

Effect under different salt concentrations was evaluated on tripli-
cates of the protein extract in GB buffer under a final concentration of
CaCly equivalent to 0 mM, 10 mM (standard condition), 20 mM, and
40 mM. Experiments were carried out on 80 uL of extract under the
temperature gradient described in the above paragraph.

2.6. pH Assays

Effect under different pHs was evaluated on triplicates of protein
extracts obtained in different buffers depending on the pH tested. In the
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experiments by SEC, the pH range 5.0-7.0 was tested, while for SDS-
PAGE experiments, the pH range 4.0-8.0 was assessed. Tests at pH 4.0
and 5.0 were performed using Acetate buffer (50 mM CH3COONa;
10 mM MgCl,-6 H30; 10 mM CaCl,-2 H,0); tests at pH 5.5, 6.0 and 6.5
were performed using GB (50 mM MES; 10 mM MgCl-6 Hy0; 10 mM
CaCly-2 H0), tests at pH 7.0 and 8.0 were performed using Tris-HCl
buffer (50 mM Tris, 10 mM MgCl,-6 H,0; 10 mM CaCl,-2 Hy0).

2.7. High-resolution ESI-MS and MS/MS analysis

The total crude extract, in triplicate, and the SEC fraction of the main
peak (11 mL elution volume) were used for Mass Spectrometry (MS)
analysis. Briefly, samples were submitted to in-solution digestion using
trypsin (PierceTM Trypsin Protease, MS Grade — Thermo-Fisher Scien-
tific, Waltham, MA, USA) in enzyme/proteins ratio of 1/50 (w/w).
Tryptic peptides extracts were subjected to the desalting procedure
using OMIX C18 100 pL pipette tips (Agilent Technologies, Santa Clara,
CA, USA) according to the instructions. Peptides were lyophilized and
resuspended in aqueous solvent A, 0.1% formic acid (FA) for nano-RP-
HPLC-high resolution ESI-MS and MS/MS analysis using an Ultimate
3000 Nano System HPLC (Dionex - Thermo-Fisher Scientific) coupled
with a LTQ Orbitrap Elite (Thermo-Fisher Scientific). The Easy Spray
reverse-phase nano column (250 mm x 75 pm inner diameter, Thermo-
Fisher Scientific) was a C18 with 2 pm beads. Elution was achieved with
aqueous solvent B (0.1% FA, 80% Acetonitrile v/v) in 100 min at a flow
rate of 0.3 pL/min with the following gradient: 0-3 min at 4% B,
3-80 min 4-50% B, 80-90 min 50-80% B, 90-92 min 80-90% B,
92-100 min 90% B. The mass spectrometer was operating at 1.5 kV in
the data-dependent acquisition mode, with a capillary temperature of
275 °C and S-Lens RF level at 68%. Full MS experiments were performed
in positive ion mode from 350 to 1600 m/z with resolution 120,000 (at
400 m/z). The 10 most intense ions were subjected to CID fragmentation
setting 35% of normalized collision energy for 10 ms, isolation width of
2 m/z and activation q of 0.25. Spectra were acquired by Xcalibur
software (v. 3.0, Thermo-Fisher Scientific) and analyzed by Proteome
Discoverer (PD) software (v. 2.2, Thermo-Fisher Scientific) with the
SEQUEST HT cluster search engine (University of Washington, licensed
to Thermo Electron Corporation, San Jose, CA, USA) against the Uni-
ProtKB Nicotiana tabacum database (894 entries, accessed in July 2023).
The precursor peptide mass tolerance was set to 10 ppm, with fragment
ion mass tolerance of 0.6 Da. Peptides were filtered for high confidence
and a minimum length of 6 amino acids; settings of FDR were 0.01
(strict) and 0.05 (relaxed). Protein abundances were retrieved by PD
Label-Free quantification based on the area of unique peptide precursor
ions. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository (Per-
ez-Riverol et al., 2022) with the dataset identifier PXD045983.

2.8. Bioinformatic analysis

The primary sequence of the EF1-« has been taken from the Uniprot
database (entry P43643) and used in the PeptideCutter software
(https://web.expasy.org/peptide_cutter/ - Gasteiger et al., 2005) for
predicting possible cleavage sites for specific proteases/molecules.

3. Results

3.1. The soluble fraction extracted from tobacco seeds is primarily
composed of a single dominant protein

To profile the primary soluble constituents, we isolated the crude
extract from tobacco seeds using mechanical fragmentation. This extract
underwent an initial assessment via UV-Vis absorption spectroscopy,
revealing a prominent peak at 218 nm as well as a secondary peak at
270-274 nm (Fig. 1). Whereas the first peak suggests the presence of
significant amounts of small molecules and/or nucleic acids within the
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Fig. 1. Analysis of the crude extract solution using absorption spectros-
copy. The crude extract solution exhibits a broad absorption band within the
UV range, featuring a prominent primary peak at 218 nm accompanied by a less
conspicuous secondary peak at 270-274 nm.

extract, the secondary peak can be attributed to the proteinaceous
fraction, which in tobacco seeds accounts for 25-30% of their weight (Li
et al., 2018; Popova et al., 2018). Accordingly, we further investigated
the proteinaceous fraction by profiling the protein composition using
denaturing electrophoresis. The analyzed samples exhibited a distinct
pattern of bands, with one band at an apparent mass of ~50 kDa
standing out prominently in the soluble fractions (Fig. 2). This pre-
liminary characterization therefore indicated that this buffered aqueous
solution comprises a combination of proteins and small molecules,
underlining the complex nature of the constituents within the tobacco

Increasing

volumes — 4X

M 1x—

116

Fig. 2. Denaturing electrophoresis of the crude extract solution. Lanes
labeled from 1x to 4x represent varying amounts of loaded crude extract so-
lution (soluble fraction), ranging from one to four times the standard amount.
With M is indicated the molecular marker. The asterisk indicates the main
protein constituent characteristic of the sample.
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seed extract.

3.2. In the extracted soluble fraction, the singular dominant protein exists
as a dimer or trimer

Next, the soluble fraction underwent Size Exclusion Chromatography
(SEC) with a dual objective: firstly, to determine the oligomeric state of
the primary protein component, and, secondly, to assess the presence of
other proteins as well as small molecules in the sample. Upon SEC, the
sample revealed multiple peaks, with a prominent and distinct one
appearing at an elution volume of ~11 mL. This dominant peak
exhibited an apparent molecular mass of ~129.5kDa, estimated
through comparison with a molecular marker (Fig. 3). Furthermore, a
group of final peaks with high absorbance was observed at volumes
beyond 20 mlL, indicating the substantial presence of a small molecules
fraction within the crude extract. To rule out the possibility of this final
component being a degradation product of the main protein, we sub-
jected a sample from the same stock to a washing process using a 10-
kDa-cutoff concentrator. After incubation to allow potential degrada-
tion, the sample was then reprocessed using the same method and the
aforementioned component at high-elution volumes consistently van-
ished, confirming that this fraction is not linked to sample degradation
events (Fig. 3). Through a comparison between the mass identified by
SDS-PAGE (~50 kDa) and the one estimated from a regression curve on
the SEC column using a molecular marker (129.5 kDa), an oligomeri-
zation index of ~2.6 has been assigned. This suggests that, in vivo, the
protein might exist in a dimeric or trimeric form. Subsequently, the
extracted protein pools obtained from both the crude extract and the
SEC were subjected to MS analysis, finally identifying the main
component as the Elongation Factor 1-alpha (EF1-o — Uniprot entry
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Fig. 3. Size exclusion chromatography of the crude extract solution. In the
chromatogram (black curve) obtained from size exclusion chromatography of
the crude extract solution, distinct peaks are observed. The peaks with high
apparent molecular weights primarily represent proteins (protein zone), while
the remaining peaks with low apparent molecular weights correspond to sec-
ondary products (small molecules zone). After concentration and subsequent
injection, sample degradation was evaluated, yielding the red curve. A molec-
ular marker (blue dots) was employed to estimate the mass of the primary
protein component considering its elution volume at 11 mL. Utilizing the
resulting regression curve (green dot-dashed line), an apparent mass of
129.5 kDa was determined.
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P43643; Table 1).

Table 1 reports the proteins identified by High-Resolution MS/MS in
the crude extract with molecular weight ranging from 73.7 to 11.4 kDa.
Among them, EF1-a, Malate dehydrogenase, cytosolic Glyceraldehyde-
3-phosphate dehydrogenase, 2-alkenal reductase (NADP(+)-depen-
dent), and Uridine 5-monophosphate synthase were found enriched in
the SEC fraction. Of those, EF1-a was found not only to be the most
abundant but also carrying a mass (49.3 kDa) which coincides with the
apparent mass of the main band observed in SDS-PAGE.

3.3. The pH selectively affects the solubility of EF1-a

As seeds undergo dehydration in preparation for dormancy, the re-
sidual water content diminishes, resulting in a heightened concentration
of solutes and, consequently, in a pH reduction (Leprince et al., 2017;
Nagel et al., 2015). This change in pH is a contributing factor in sus-
taining dormancy. As such, pH is anticipated to influence the shift from
dormancy to germination, as the pH levels rise alongside decreasing
saturation levels. This shift positively impacts protein solubility,
potentially contributing to the germination process by allowing the re-
serves’ mobilization. To test this hypothesis, the characterized fraction
was subjected to extractions under different pH conditions within the
range of 4.0-8.0. As anticipated, at changes toward higher pH values,
the extraction of the dominant protein occurred more efficiently,
whereas the other proteins in the background also increased but in a
much lower extent (Fig. 4). This distinct effect, which selectively en-
hances the solubilization of the target protein while leaving the rest
almost unchanged, allows us to rule out the possibility that the observed
effects are merely due to a generic pH-related action. Experiments on the
same extracts resolved by SEC confirmed the results observed with
denaturing electrophoresis and showed a positive linearity between the
increase in pH and the protein solubility (Fig. 4).

3.4. The protein EF1-a senses temperature fluctuations

While pH can serve as an indirect internal signal by reflecting the
hydration status of seeds and consequently influencing the transition
from dormancy to germination, temperature functions as a direct
external trigger. Temperature can directly impact target proteins,
especially protein reserves, possibly influencing their solubility (Le
Sueur et al., 2022; Pericin et al., 2008). Considering these factors, our
next analytical step assessed the protein solubility in response to tem-
perature, testing physiological temperatures and beyond. As antici-
pated, the rise in temperature generally leads to an increase in solubility.
However, as depicted in Fig. 5, this increase did not follow a linear
pattern. Moreover, upon incubation at a given temperature, the effect on
solubility is also associated with a temperature-dependent degradation
pattern (Fig. 5). Increasing temperatures led to the appearance of a
secondary band at a molecular weight lower than 40 kDa. This sec-
ondary band eventually decreased until its complete disappearance at
temperatures above 60°C (Fig. 5, from lane 2-5). Additionally, the
concomitant appearance of a second degradation band above 35 kDa
was observed (Fig. 5, from lane 5). This phenomenon might likely result
from the selective hydroxylamine activity known to be present in seeds
during germination (Osuna et al., 2015). Among several others possible
cleaving molecules and proteases candidates, PeptideCutter (https://w
eb.expasy.org/peptide_cutter/) predicts hydroxylamine activity at po-
sitions 343 and 384 of the amino acid sequence leading to theoretical
fragments of approximately 42 kDa and 38 kDa, respectively. This
would explain the presence of both these fragments in the SDS-PAGE.
Although further investigations are needed, considering its reproduc-
ibility, this cleavage could be involved with signaling mechanisms
allowing to detect and respond to temperature changes that occur above
the optimal range. Beyond 50°C, solubility increases and degradation
pattern changes, reaching its peak around 90°C (Fig. 5, lane 8) and
collapsing at 100°C (Fig. 5a, lane 9). This behavior, occurring outside
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Table 1 -
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MS analysis of the main protein components in the characterized samples. The table shows the proteins identified by High-Resolution MS/MS listed in order of
decreasing abundance as found in the main soluble extract. The molecular weight of the entries ranges between 73.7 and 11.4 kDa. In light grey are indicated the
entries that were found to be enriched in the main SEC fraction.

Uniprot ID  Description MW [kDa] *PSMs  *Protein Unique Peptides  Replicates Abundances [Average]
P43643 Elongation factor 1-alpha 49.3 36 11 6,64E+07
Q9FSF0O Malate dehydrogenase 35.4 26 11 4,21E407
Q42962 Phosphoglycerate kinase, cytosolic 42.3 49 14 4,05E4+-07
P09094 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic (Fragment)  35.5 25 12 2,81E+07
Q9SLN8 2-alkenal reductase (NADP(+)-dependent) 38.1 20 7 2,46E+07
P29449 Thioredoxin H-type 1 139 15 6 2,36E+07
Q03461 Non-specific lipid-transfer protein 2 11.4 4 2 1,91E+07
Q9FXS3 Probable phospholipid hydroperoxide glutathione peroxidase 18.8 9 5 1,74E4+07
Q56E62 Nucleoside diphosphate kinase 1 16.3 16 6 1,41E+07
Q9XG77 Proteasome subunit alpha type-6 27.3 16 10 1,24E+07
P36182 Heat shock protein 82 (Fragment) 58 19 7 1,21E4+07
P69040 Eukaryotic translation initiation factor 5A-1 17.4 3 2 7,71E+06
082797 Proliferating cell nuclear antigen 29.3 11 6 6,16E+06
P50218 Isocitrate dehydrogenase [NADP] 46.7 8 6 5,39E+06
P68173 Adenosylhomocysteinase 53.1 11 7 4,65E+-06
P52885 GTP-binding protein SAR1 22.9 9 3 3,94E+06
Q03685 Luminal-binding protein 5 73.7 61 3 3,55E+06
P93395 Proteasome subunit beta type-6 25.2 7 3 3,34E+06
Q9XHL7 Translationally-controlled tumor protein homolog 18.7 5 3 3,15E4-06
Q42942 Uridine 5-monophosphate synthase (Fragment) 49.7 8 4 2,56E+06
P93342 14-3-3-like protein A 28.6 13 3 2,21E+06
P35494 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 61 4 3 1,60E-+06
P40691 Auxin-induced protein PCNT115 33.8 3 3 1,12E+06
Q42946 Oxygen-dependent coproporphyrinogen-III oxidase, chloroplastic 44.9 4 2 9,67E+05
049995 14-3-3-like protein B 28.8 11 2 5,11E+05

*PSMs: peptide spectrum matches
*Protein Unique Peptides: the total number of distinct peptide sequences unique to the protein.
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Fig. 4. Effect of pH variation on the crude extract solution. In (A), the gel lanes, marked from pH 4 to pH 8, depict the composition of samples at different pH
levels. Notably, as the pH rises, the intensity of the main band also increases, revealing a distinct pH-dependent pattern. With M is indicated the molecular marker. In
(B), an increase in pH directly correlates with an increase in the primary constituent of the crude extract when analyzed by SEC, as shown by the increase of the main
peak at ~11 mL. This observation reinforces the findings presented in Fig. 4. The three arrows in the graph indicate a clear positive correlation between pH levels and
absorbance (indicative of protein quantity). In the inset, a pH versus absorbance plot for the three tested pH conditions is showcased, corresponding to the peaks
indicated by the arrows. Additionally, a regression curve (depicted by a red dash-dotted line) is included for reference.

the physiological range, might be related to the protein’s structural
properties playing a role on solubility at physiological temperatures.
When comparing the intensity of the primary band and the heavier
degradation band at different temperatures, it is evident that they both
exhibit a plateau at lower temperatures. Subsequently, the intensity of
the primary band increases while that of the degradation decreases,
particularly between 50°C and 60°C. Eventually, the theoretical melting

temperature (Tp,) for EF1-a has been calculated. At temperatures within
the physiological growth range of 25-30°C, the T, exhibited values of
51.4 and 53.4°C, respectively. These values fall within the range of
temperatures where effective variations in the bands are observed.
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Fig. 5. Effect of Temperature variation on the crude extract solution. In
the gel, the lanes, labeled from 20°C to 100°C, illustrate the composition of
samples exposed to different temperatures. With increasing temperatures, the
intensity of the primary band rises, revealing a discernible temperature-
dependent pattern. This trend persists until 90°C. Upon incubation, in the
first lanes, two degradation bands appear to be associated with the main pro-
tein. The heaviest band vanishes at temperatures exceeding 60°C while the
other persists with a slight increase in intensity until 90°C. These bands are
likely representing a degradation product of the main band. The lane M in-
dicates the molecular marker.

3.5. The protein EF1-a undergoes degradation prompted by the presence
of Ca®t

Given the significance of Ca%* in modulation and signaling, and in
order to delve deeper into the impact of chemical-physical factors on
protein solubility, we conducted experiments to observe the protein’s
response at increasing concentrations of this cation. Extraction experi-
ments were conducted at CaCl, concentrations of 0, 10, 20, and 40 mM.
Similarly to what observed with the temperatures experiments (Fig. 5),
concentrations of Ca>" above 20 mM were also found to be correlated
with the appearance of the degradation bands (Fig. 6). The intensity of
the heaviest band shows a progressive rise with higher cation concen-
trations (Fig. 6). Notably, the behavior at 20 mM cation concentration,
with an apparent decrease in the main band, coincides with a substantial
surge in the secondary band. This hints at an overall increase in the total
protein where a portion underwent cleavage, potentially indicating a

Fig. 6. Impact of Ca®>* concentration on the crude extract solution. As the
concentration of Ca* increases from 0 to 40 mM, starting from 10 mM (with a
faint band) onwards appears a degradation band (marked with an asterisk) with
increases its intensity at high concentrations of Ca**.
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regulatory mechanism at play.
4. Conclusions

Dormancy and germination are essential processes in the plant life
cycle and rely on the correct assessment of seed status in relation to the
surrounding environment (Footitt et al., 2013; Weitbrecht et al., 2011).
Hence, these vital processes depend on either indirect signals from ef-
fectors or direct ones from the inherent capability of the target protein
itself (Dorone et al., 2021; Jin et al., 2018). The latter ability encom-
passes sensing internal factors like pH, osmotic potential, and water
potential, as well as external factors such as temperature and photons
(Ma et al., 2019; Park et al., 2018; Wilkinson and Strader, 2020). In this
context, direct sensing holds significance due to its ability to provide
swift responses independent of upstream processes. This attribute be-
comes particularly crucial during the initial stages of processes where
activation begins from the very outset, triggering prompt "sparking"
events. In the case of seeds, these considerations are especially pertinent
for vital processes such as the accumulation of reserves in preparation to
dormancy or their mobilization during germination (Dorone et al., 2021;
Field et al., 2023; Piskurewicz et al., 2023). In this study, our primary
focus has been to elucidate the distinct effects of chemical and physical
factors on dormancy/germination, with a particular emphasis on the
most abundant protein, the EF1-a. Known for its pivotal role in protein
expression and ribosome regulation through its GTPase activity, the
EF1-a was here identified as the predominant protein in tobacco seeds,
providing supporting evidence for its role as a reserve protein. The
protein EF1-o has been initially isolated and then subjected to a
fundamental biochemical characterization, including its MS identifica-
tion (Figs. 1 to 3 and Table 1). Following that, an investigation into the
solubility of EF1-a was carried out under different pH values, temper-
atures, and salt concentrations (Figs. 4-6). In general, these
chemical-physical factors hold significant importance within the
framework of direct sensing mechanisms. They not only directly influ-
ence the protein target but also undergo considerable variations during
the shift from seed differentiation to dormancy and subsequently from
dormancy to germination. Here, analyses of these factors on the EF1-a
protein revealed a distinct alteration in its solubility and stability
compared to the other proteins within the extract. The selective effect
observed here could be linked to direct sensing processes during which
the alteration induced on the protein may stand as the primary
discriminator between dormancy, characterized by protein insolubility,
and germination, characterized by the increased solubility of reserves.
Of outmost significance, the three variables (pH, temperature, and Ca®*
concentration) examined for their effectiveness in affecting EF1-a sol-
ubility operated within physiological ranges, leading to consistency
between observations and physiological implications. Notably, these
findings align with the established sensitivities of EF1-a observed in
various species and metabolic contexts (Ransom-Hodgkins et al., 2000;
Fu et al., 2012; Kuang et al., 2019; Xu et al., 2023).

The distinct impact caused by pH variations within the physiological
range indicated that, when the pH shifts toward low values, the solu-
bility of EF1-a diminishes (Fig. 4). This phenomenon is anticipated to
occur in vivo during preparation to dormancy, where dehydration pro-
cesses coincide with an increased solute concentration and a subsequent
decrease in pH. A comparable rationale can be applied to the converse
scenario of seed hydration and germination. Consequently, increased
solute concentrations during seed dehydration serve as a clear indicator
toward dormancy, complementing the negative variations in pH asso-
ciated with these changes (Fig. 6). This mechanism encompasses an
array of solutes, including salts and proteins. This is also valid for a
specific regulatory cation like Ca%*, with roles in numerous regulatory
processes. In a state of dehydration, high solutes concentration and low
PH, are associated to a significant increase in [Ca®"] reaching values far
beyond its typical physiological levels. Therefore, an anomalous
behavior is anticipated as a result of the interplay between the seed’s
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dehydration requirements (associated with high concentrations of Ca2")
and the regular signaling dynamics mediated by Ca?*, where the cation
is typically present at low concentrations (< 2 mM), exerting its effects
through temporary spikes in concentration (10-20 mM) that serve as
signaling functions. Experiments involving Ca?* validated the predicted
anomalous behavior, where the solubility of EFl-a arises from the
interplay of two opposing phenomena (Fig. 6). The first is an increased
solubility linked to a rise in calcium concentration within lower and
cellular ranges (0-10 mM), which is expected to occur during rehydra-
tion and germination scenarios. Within this range, calcium levels align
with the typical signaling values (1-10 mM). This effect can lead to a
modulation of the protein concentration in solution, possibly through
conformational changes, aligning with conditions in which, as indicated
by the pH tests, the pH values tend to increase as expected with rehy-
dration and subsequent germination (Fig. 4).

The second behavior manifests when Ca®* concentrations exceed
10 mM, creating a context where the cation levels significantly surpass
the standard intracellular concentrations. This scenario is pertinent to
circumstances connected with dehydration and dormancy. Remarkably,
under these conditions, EF1-a also undergoes partial cleavage, a char-
acteristic previously documented for this protein but in different meta-
bolic contexts (Ransom-Hodgkins et al., 2000) and that might be the
result of a selective hydroxylamine activity, which is important during
germination (Osuna et al., 2015) and for which the predicted cleavage
fragment agrees with the findings here reported.

The mechanism by which the seed is able to distinguish between the
first and the second scenario could be attributed to a selective EF1-a
cleavage enhanced by [Ca2*], providing a discriminant mechanism by
which this protein could serve as a key target in signal transduction
pathways (Ransom-Hodgkins et al., 2000) to distinguish between
dormancy and germination. Regarding the second behavior, there might
appear to be a paradox, as elevated concentrations of Ca%* are usually
linked to lower pH, which is, in turn, associated with reduced protein
solubility rather than the contrary. However, it’s important to consider
that during this particular circumstance, the pH is indeed low (reflecting
dormancy). In these conditions, the presence of protein in the solution is
constrained by the pH but linked to the distinctive degradation band
that acts as a discriminant. This once again confirms a pure signal
behavior in this scenario.

Equally important is the role of temperature. The lack of a linear
trend within the temperature range just above the upper limit of the
physiological interval as well as the appearance of two protein bands
related to the main one in the same interval, represents a non-random
signal (Fig. 5). This signal, processed by the seed through the protein,
could serve as an indicator of unfavorable external conditions, possibly
linked to occurring environmental conditions associated to high tem-
peratures and dryness.

The current study has highlighted the significance of EFl-a in
conveying environmental cues to the seed via alterations in its solubility
and stability, which result from the interplay of solute concentration,
pH, and temperature. In real-world scenarios, these effects are antici-
pated to interact collectively, possibly involving various other factors.
It’s likely that not only EF1-a but also other proteins utilize similar
property changes as responses to shifts in the internal or external envi-
ronment. Significantly, the EF1-a presence in the seed is consistent with
similar studies in maize, where this factor has been used as an indicator
of the protein reserves’ quality in the endosperm on the base of its
regulatory role in cytoskeletal organization (Lopez-Valenzuela et al.,
2004; Sun et al., 1997). The high amount found here suggests a direct
involvement of EF1-a as a reserve protein, confirming again its multi-
faceted role within multiple cellular processes.

Additional research on this system will be crucial in unraveling the
precise mechanisms underlying these effects. A deeper comprehension
of these processes will yield valuable insights into the molecular
mechanisms occurring during the transition from seed dormancy to
germination.
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