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Abstract: Metallocarboxypeptidases are metal-dependent enzymes, whose biological activity is
regulated by inhibitors directed on the metal-containing active site. Some metallocarboxypeptidase
inhibitors are induced under stress conditions and have a role in defense against pests. This paper
is aimed at investigating the response of the tomato metallocarboxypeptidase inhibitor (TCMP)-1
to Cd and other abiotic stresses. To this aim, the tomato TCMP-1 was ectopically expressed in
the model species Arabidopsis thaliana, and a yeast two-hybrid analysis was performed to identify
interacting proteins. We demonstrate that TCMP-1 is responsive to Cd, NaCl, and abscisic acid
(ABA) and interacts with the tomato heavy metal-associated isoprenylated plant protein (HIPP)26.
A. thaliana plants overexpressing TCMP-1 accumulate lower amount of Cd in shoots, display an
increased expression of AtHIPP26 in comparison with wild-type plants, and are characterized by a
modulation in the expression of antioxidant enzymes. Overall, these results suggest a possible role
for the TCMP-1/HIPP26 complex in Cd response and compartmentalization.

Keywords: metallocarboxypeptidase inhibitors; abiotic stress; heavy metals; metal ion binding
proteins; Solanaceae; Arabidopsis thaliana

1. Introduction

Protease inhibitors (PIs) are an heterogenous group of molecules widely distributed in different
organisms, such as bacteria, fungi, animals, and plants. Among plants, four families (i.e., Poaceae,
Fabaceae, Solanaceae, and Brassicaceae) account for approximately 66% of all known plant PIs [1]. PIs
are crucial components for cellular homeostasis and survival, and participate in several physiological
processes, such as the mobilization of storage proteins in seeds, the regulation of endogenous
enzymatic activities, and the protection against pests [2,3]. In addition to proteins with higher
molecular mass such as serpins, the PI group comprises small/medium range polypeptides (<15 kDa),
which include inhibitors of metallocarboxypeptidase and cyclotides [1,4]. Small polypeptide-based
PIs are generally composed by a single domain including specific secondary structural elements
and disulfide bridges. The first described peptide-based PI, the potato carboxypeptidase inhibitor
(PCI; AAC95130), is a 39-residue globular peptide whose structure contains turns, beta strands, and
is stabilized by a special disulfide scaffold known as cystine-knot motif [5–7], which protects the
protein from enzymatic proteolysis, extreme pH, and heat shock. PCIs competitively bind to several
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target metallocarboxypeptidases (e.g., carboxypeptidase A) in an enzyme-substrate like manner,
resulting in the formation of a stable protease-inhibitor complex [8]. Metallocarboxypeptidases are
often zinc-dependent peptidases that catalyze the hydrolysis of peptide bonds at the C-terminus of
peptides and proteins. PCI inhibition mechanism toward metallocarboxypeptidases depends on two
specific motifs in its sequence: the residues 22–30 form an extensive hydrophobic surface allowing
contact with carboxypeptidase A, whereas the actual inhibitory segment of the PCI is located at the
C-terminal tail [7,9]. After binding, the C-terminal amino acid tail of the PCI enters the active site of
carboxypeptidase A. The C-terminal glycine (Gly39) of the PCI is cleaved-off by the protease exposing
Val38, whose carboxylate group coordinates with Zn2+ in the protease active site, blocking catalytic
activity [7,9].

Plant cystine-knot metallocarboxypeptidase inhibitors possess bioactivity also in mammalian
cells, since they can target human growth factor receptors either acting as an antagonist of growth
factor for receptor binding or by altering their signal transduction pathways [5,10–12]. Due to their
bioactivity and highly-stable structural scaffold, cystine-knot proteins have received great attention
for pharmacological application to develop diagnostic markers and therapeutic agents (for a review
see [4]).

Regarding the role of cystine-knot proteins in plants, it was demonstrated that PCIs accumulate
in potato tubers and in leaves after wounding [13,14] and after treatment with abscisic acid (ABA) and
jasmonate [14]. Consistently with a function in defense responses, the expression of a fusion gene
combining a maize PI and PCI conferred resistance to the lepidopteran Chilo suppressalis and fungal
pathogen Magnaporthe oryzae, two detrimental agents affecting rice crops [15]. Metallocarboxypeptidase
inhibitors homologous to PCIs were identified in other solanaceous species such as tomato and tobacco.
The tomato TCMP-1 (Solyc07g007250) codes for a mature protein of 37 amino acids, displaying 71%
identity with the PCI. Its expression is high in flower buds before anthesis, decreases in fertilized
flowers, and then slightly increases during fruit growth in green and ripe fruits [11]. Its transcription
is upregulated in leaves by wounding, as observed for PCIs, and in response to treatments with
systemin, methyl jasmonate, oligogalacturonic acid, and chitosan [16]. A comparative transcriptomic
analysis, conducted on Nicotiana tabacum leaf trichomes collected from untreated and Cd-treated plants,
identified two metallocarboxypeptidase inhibitors (i.e., NtMCPIa and b, AB518288 and AB518289) that
were induced in trichomes of Cd-treated plants [17]. Trichomes contribute to plant stress resistance
towards heavy metals by sequestrating and compartmentalizing the toxic ions. In this regard, Harada
and collaborators [17] hypothesized that NtMCPI could act as a carrier for the translocation of Cd to
tobacco leaf surface.

Cd is one of the most toxic pollutants for plants. It can be absorbed by the roots and transported
to the shoots causing various phytotoxic effects, such as wilting, leaf chlorosis, and cell death. Cd is
chemically similar to some essential mineral elements (i.e., Ca, Zn, and Fe) and exerts its toxic effect by
replacing these elements in key metalloproteins [18]. To cope with Cd stress, plants utilize coordinated
strategies responding to the necessity both to directly detoxify the metal and to counteract the cellular
stress induced by it. For example, Cd translocation and compartmentalization by means of metal
transporters and chelating agents play an important role in metal detoxification [19]. Among metal
ligands, heavy metal-associated isoprenylated plant proteins (HIPPs) were only recently taken into
consideration. HIPPs are plant-specific metallochaperones characterized by two heavy metal-associated
domains and an isoprenylation motif [20]. These proteins are involved in a variety of stresses, possibly
playing a role in signal transduction [21,22]. In particular, HIPP26 binds Cd as well as other metals [23]
and is associated with Cd tolerance in Arabidopsis thaliana [23,24].

Regarding the general mechanisms of stress response, a peculiar role is played by the response
to oxidative stress. In the case of heavy metals, reactive oxygen species (ROS) also act as signaling
intermediates under metal stress and therefore need to be under tight control by the cell antioxidant
system [25]. Moreover, although Cd is not directly involved in redox reactions, it is able to generate
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oxidative stress through indirect mechanisms, such as alteration of the respiratory and photosynthetic
chains and imbalance of anti-oxidative defenses [25,26].

In the present paper, we conducted an in-depth characterization of the TCMP-1 gene of
tomato. We prove that TCMP-1 expression is induced in tomato leaves by Cd, ABA, and NaCl.
By high-throughput yeast two-hybrid (Y2H) screen using the cystine-knot motif containing region
of the tomato metallocarboxypeptidase inhibitor (TCMP), we identified the heavy metal-associated
isoprenylated protein 26-like (HIPP26; Solyc01g111600) as a putative TCMP interactor. Here, we
demonstrate that HIPP26 interacts with TCMP-1 in yeast cells. To gain further insight on the role of
TCMP-1, we ectopically expressed it in A. thaliana, a species that does not contain cystine-knot
metallocarboxypeptidase inhibitor-encoding genes. TCMP-1 expression determined an altered
tolerance to abiotic stresses and a different modulation of the AtHIPP26 in response to stress in
Arabidopsis. In addition, in TCMP-1-expressing plants, the response to Cd in terms of antioxidative
defense and induction of stress-responsive transcripts, differed from that observed in wild-type
plants. This suggests that, although solanaceous-specific, TCMP-1 is able to interfere with endogenous
stress-related pathways in Arabidopsis. TCMP-1-overexpressing plants treated with Cd display a
reduction in the accumulation of the metal in leaves as compared with wild-type plants. Overall our
data support a possible role for TCMP-1 in plant response to heavy metals.

2. Results

2.1. Cd-Responsive Expression of TCMP-1 in Tomato Leaves

A phylogenetic analysis conducted on five characterized metallocarboxypeptidase inhibitors
of Nicotiana tabacum (NtMCPIa and NtMCPIb), Solanum tuberosum (StPCI), and Solanum lycopersicum
(SlTCMP-1 and SlTCMP-2), revealed that NtMCPIa and NtMCPIb are more closely related to SlTCMP-1
and StPCI, while SlTCMP-2 (Solyc07g049140) constitutes a separate branch (Figure 1a, left). In this
regard, SlTCMP-1 protein is 44% and 46% identical to NtMCPIa and NtMCPIb, respectively (Figure 1a,
right).

Considering that NtMCPIa and NtMCPIb transcripts were found to be differentially expressed
in leaf trichomes after Cd treatment [17], we decided to monitor their expression pattern in leaves
collected from three-week-old tobacco plants grown in hydroponics and treated with 10 µM CdSO4 for
24 and 72 h (Figure 1b). Both genes were strongly upregulated upon Cd stress at the two timepoints.
NtMCPIa had higher expression after 72 h of treatment, whereas NtMCPIb transcript reached its
maximum of expression at 24 h of Cd treatment. Due to the high amino acid sequence identity of
SlTCMP-1 with NtMCPIs, we decided to analyze the expression of tomato TCMP-1 in response to
Cd. As for tobacco plants, three-week-old tomato plants were treated with 10 µM CdSO4. Tomato
leaves were collected before the beginning of the treatment (time 0) and at 6 and 72 h after it (Figure 1c).
TCMP-1 expression was induced in leaves after 72 h of treatment. Thus, the tomato TCMP-1 is a
Cd-responsive gene.



Molecules 2020, 25, 700 4 of 17

Molecules 2019, 24, x 3 of 16 

 

In the present paper, we conducted an in-depth characterization of the TCMP-1 gene of tomato. 
We prove that TCMP-1 expression is induced in tomato leaves by Cd, ABA, and NaCl. By high-
throughput yeast two-hybrid (Y2H) screen using the cystine-knot motif containing region of the 
tomato metallocarboxypeptidase inhibitor (TCMP), we identified the heavy metal-associated 
isoprenylated protein 26-like (HIPP26; Solyc01g111600) as a putative TCMP interactor. Here, we 
demonstrate that HIPP26 interacts with TCMP-1 in yeast cells. To gain further insight on the role of 
TCMP-1, we ectopically expressed it in A. thaliana, a species that does not contain cystine-knot 
metallocarboxypeptidase inhibitor-encoding genes. TCMP-1 expression determined an altered 
tolerance to abiotic stresses and a different modulation of the AtHIPP26 in response to stress in 
Arabidopsis. In addition, in TCMP-1-expressing plants, the response to Cd in terms of antioxidative 
defense and induction of stress-responsive transcripts, differed from that observed in wild-type 
plants. This suggests that, although solanaceous-specific, TCMP-1 is able to interfere with 
endogenous stress-related pathways in Arabidopsis. TCMP-1-overexpressing plants treated with Cd 
display a reduction in the accumulation of the metal in leaves as compared with wild-type plants. 
Overall our data support a possible role for TCMP-1 in plant response to heavy metals.  

2. Results 

2.1. Cd-responsive Expression of TCMP-1 in Tomato Leaves 

A phylogenetic analysis conducted on five characterized metallocarboxypeptidase inhibitors of 
Nicotiana tabacum (NtMCPIa and NtMCPIb), Solanum tuberosum (StPCI), and Solanum lycopersicum 
(SlTCMP-1 and SlTCMP-2), revealed that NtMCPIa and NtMCPIb are more closely related to 
SlTCMP-1 and StPCI, while SlTCMP-2 (Solyc07g049140) constitutes a separate branch (Figure 1a, 
left). In this regard, SlTCMP-1 protein is 44% and 46% identical to NtMCPIa and NtMCPIb, 
respectively (Figure 1a, right).  

 
Figure 1. (a) Left, evolutionary relationships and protein sequence alignment of 5 well characterized 
metallocarboxypeptidase inhibitors of Nicotiana tabacum (NtMCPIa and NtMCPIb), Solanum 
tuberosum (StPCI), and Solanum lycopersicum (SlTCMP-1 and SlTCMP-2). The evolutionary history was 
inferred using the neighbor-joining method [27]. The optimal tree with the sum of branch length = 
1.67701287 is shown. The percentage of replicate trees in which the associated taxa clustered together 
in the bootstrap test (100 replicates) is shown next to the branches (values circled). The tree is drawn 
to scale, with branch lengths (below the branches) in the same units as those of the evolutionary 

Figure 1. (a) Left, evolutionary relationships and protein sequence alignment of 5 well characterized
metallocarboxypeptidase inhibitors of Nicotiana tabacum (NtMCPIa and NtMCPIb), Solanum tuberosum
(StPCI), and Solanum lycopersicum (SlTCMP-1 and SlTCMP-2). The evolutionary history was inferred
using the neighbor-joining method [27]. The optimal tree with the sum of branch length = 1.67701287 is
shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (100 replicates) is shown next to the branches (values circled). The tree is drawn to scale, with branch
lengths (below the branches) in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method [28]
and are in the units of the number of amino acid substitutions per site. The analysis involved 5 amino
acid sequences. All positions containing gaps and missing data were eliminated. There were a total
of 75 positions in the final dataset. Evolutionary analyses were conducted in MEGA5 [29]. Right,
CLUSTAL Omega multiple sequence alignment of the 5 selected proteins [30]. The consensus symbols:
“*” identical residues; “:” residues with strongly similar properties; “.” residues with weakly similar
properties. (b) NtMCPIa and NtMCPIb mRNA levels in leaves of Nicotiana tabacum plants treated with
10 µM CdSO4 and collected after 6 and 72 h. (c) SlTCMP-1 expression in leaves collected from tomato
plants after 6 and 72 h of treatment with 10 µM CdSO4. The values reported in (b,c) are means ± SE of
3 replicates.

2.2. SlTCMP-1 Promoter Is Responsive to Abiotic Stresses

The altered expression of TCMP-1 in response to Cd treatment, prompted us to conduct an in
silico analysis of the SlTCMP-1 promoter regulatory region searching for stress-responsive elements
(Figure 2a). A 2334 bp-long sequence upstream of the ATG translation initiation codon of TCMP-1 was
chosen as putative promoter sequence (Figure 2a). By using the Plant Promoter Analysis Navigator
(PlantPAN3.0; [31]), a cis element starting at position 795 of the plus DNA strand implicated in Cd
responsiveness was found (Figure 2a), which corroborates the results on the TCMP-1 gene expression
regulation by Cd (Figure 1c). In addition, several cis elements related to wounding and abiotic stress
as well as to plant defense were also predicted (Figure 2a). Given this indication, we analyzed TCMP-1
expression in tomato plantlets after imposing various stress treatments, using ABA, which acts as
a mediator in plant responses to a range of stresses, and NaCl (Figure 2b). Treatment with 50 µM
ABA induced TCMP-1 expression after 72 h, whereas salt treatment (250 mM NaCl) produced an
upregulation after both 6 and 72 h (Figure 2b).
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Figure 2. (a) Distribution of relevant solanaceous-specific cis acting elements predicted in tomato
metallocarboxypeptidase inhibitor (TCMP)-1 promoter (plus strand). A 2334 bp-long sequence
upstream to the translational start site of TCMP-1 was analyzed. Cis-acting elements are underlined
and presented with different colors. (b) SlTCMP-1 expression in leaves collected from tomato plants
after 6 and 72 h of treatment with 50 µM abscisic acid (ABA) and 250 mM NaCl. The values reported are
means ± SE of 3 replicates. Statistically significant variation (p < 0.05) is marked with different letters.

2.3. The Tomato HIPP26, A Heavy Metal-Associated Isoprenylated Protein 26-like, Interacts with TCMP-1
In Vivo in Yeast

To investigate the role of TCMPs in tomato, we conducted a high-throughput yeast two-hybrid
(Y2H) screen using the cystine-knot motif containing region of TCMP as bait to search for interacting
partners (our unpublished data). Among the putative partners, we identified an interactor protein
(Solyc01g111600.2) which codes for heavy metal-associated isoprenylated plant protein 26-like (hereafter
indicated as SlHIPP26). The region responsible for the interaction with the bait covers the entire
SlHIPP26 153-amino acid long sequence. To test whether SlHIPP26 physically interacts with TCMP-1,
a direct GAL4-based two-hybrid in vivo assay was conducted. The nucleotide sequence containing the
cystine-knot motif and corresponding to the mature 37 amino acid-long TCMP-1 peptide representing
the bait was expressed as a fusion to the GAL4 DNA-binding domain (BD) (pGBKT7-BD-TCMP-1
recombinant vector) (Figure 3). As prey we used the entire protein coding sequence of SlHIPP26
which was fused in frame to the GAL4-activation domain (AD) (pGADT7-AD-SlHIPP26) (Figure 3).
As shown in Figure 3, TCMP-1 and SlHIPP26 proteins interact in yeast cells (Figure 3).

Using the TomExpress RNA-Seq platform [32], we found that SlHIPP26, which displays 92%
sequence similarity with HIPP26 of Arabidopsis (Figure S1), is ubiquitously expressed in tomato,
with leaves and meristems being the organs that display the highest levels of expression (Figure S2).
It is interesting to note that after Cd treatment, TCMP-1 expression is induced in the leaves, where its
partner is highly expressed.
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Figure 3. Yeast-two hybrid analysis of TCMP-1 interaction with heavy metal-associated isoprenylated
plant protein 26-like (SlHIPP26). Yeast cells transformed with different combinations of constructs
containing TCMP-1 fused with the DNA binding domain (BD) (bait; TCMP-1), HIPP26 fused with the
activation domain (AD) (prey; HIPP26), the BD alone (bait; empty), and the AD alone (prey; empty)
were grown on two different selective media. Interaction of p53 with SV40 was used as a positive
control of the mating system. (a) The mated cultures were spotted on SD/-Leu/-Trp control plates
to confirm the presence of both plasmids in yeast cultures. (b) The mated cultures were spotted on
synthetic quadruple dropout agar plates (SD/-Leu/-Trp/-His/-Ade/X-Gal/Aureobasidin A) to check
genuine positive interactions. Positive interaction was confirmed by the growth of blue colonies ( ,
indicates that two increasing dilutions of the mated cultures were used).

2.4. SlTCMP-1 Overexpression in Arabidopsis thaliana Induces A Different Modulation of HIPP26 in Response
to Stress

To better define the role of TCMP-1 gene, we decided to produce TCMP-1 expressing lines in
Arabidopsis, a species that lacks cystine-knot carboxypeptidase inhibitor-encoding genes. We placed
the coding region of TCMP-1 gene behind the cauliflower mosaic virus (CaMV) 35S promoter and
transformed it into Arabidopsis by floral dipping (Figure S3, upper). Two lines (i.e., 35S::TCMP-1#A and
35S::TCMP-1#B), expressing the transgene (Figure S3, lower) were selected for further analysis.

The expression of the transgene did not determine any visible morphological alteration in the
transgenic lines, which appeared indistinguishable from wild-type (WT) plants (data not shown).
To evaluate if TCMP-1 expression modifies the AtHIPP26 transcription in response to different abiotic
stresses, the expression of AtHIPP26 gene was analyzed in leaves after treatment with ABA, NaCl,
and CdSO4. In control conditions, the TCMP-1 overexpression in A. thaliana did not alter HIPP26
expression levels (data not shown). Differently, in abiotic stress conditions, the presence of TCMP-1
induced a modulation of HIPP26 expression in A. thaliana. After one day of exposure to 50 µM
ABA, AtHIPP26 transcript level was higher in TCMP-1 overexpressing lines in respect to wild-type
(Figure 4a). Similarly, AtHIPP26 expression levels were higher in both overexpressing plants than
in wild-type after 6 and 24 h of 250 mM NaCl treatment (Figure 4b). Exposure to 10 µM CdSO4,
a concentration that induces a moderate stress [33], for 24 and 72 h induced a higher AtHIPP26
expression in TCMP-1-overexpressing plants in respect to wild-type (Figure 4c). Overall these results
demonstrate that TCMP-1 overexpression enhanced the response of HIPP26 to stress conditions.
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Figure 4. Real-time polymerase chain reaction (PCR) analysis of AtHIPP26 transcript in wild-type
(WT) and TCMP-1 overexpressing A. thaliana plants treated for 6, 24, and 72 h with (a) 50 µM ABA, (b)
250 mM NaCl, and (c) 10 µM CdSO4. The histograms show the 2−∆∆CT values ± SE (n = 3). Each value
reported in histograms is normalized to the same sample in control conditions at the same time point.
Statistically significant variations (p < 0.05) are marked with different letters.

2.5. Cd Treatment Influences Oxidative Stress Response and Metal Accumulation in A. thaliana Plants
Overexpressing SlTCMP-1

Heavy metal stress conditions produce reactive oxygen species (ROS) in plants causing oxidative
stress damage and, at the same time, ROS play a signaling role in plants adaptation to stress [34].
As reported by Smeets et al. [33], Cd treatment induced an alteration of transcript abundance of several
genes involved in plant antioxidant machinery in A. thaliana. After Cd treatment a significant increase
in the activity of both Fe superoxide dismutase (FSD) and ascorbate peroxidase (APX) was observed,
while Cu/Zn superoxide dismutase (CSD) decreased [33] probably due to a modulation of enzyme
biosynthesis at the transcriptional level [35]. To test the sensitivity of TCMP-1-overexpressing lines
to ROS, we analyzed the expression of genes coding for enzymes involved in ROS detoxification in
Cd-treated plants (Figure 5).
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Figure 5. Real-time PCR analysis of (a) FSD1, (b) FSD2, (c) CSD1, and (d) CSD2 transcripts in wild-type
(WT) and TCMP-1-overexpressing plants treated for 24 h with 10 µM CdSO4. The histograms show the
2−∆∆CT values ± SE (n = 3). Each value reported in histograms is normalized to the same sample in
control conditions at the same time point. Statistically significant variations (p < 0.05) are marked with
different letters.

When plants were grown on medium supplemented with 10 µM CdSO4 for 10 days, the expression
of FSD1 was downregulated in TCMP-1-overexpressing plants, whereas the expression of CSD1 and
CSD2 was upregulated in comparison to that in wild-type (Figure 5a,c,d). Furthermore, an increase
expression in the levels of the plastidial FSD2 was observed in both TCMP-1-overexpressing lines
although more marked in 35S::TCMP-1#A line (Figure 5b). Collectively, expression of superoxide
dismutase (SOD) genes in transgenic plants is significantly perturbed in comparison with wild-type.
Moreover, the effect of Cd treatment was investigated by measuring the superoxide anion radical (O2−)
in leaves using the nitroblue tetrazolium (NBT) staining method. After treatment with 10 µM CdSO4

for 10 days, no visible differences in O2− accumulation were observed (Figure S4b). Cd accumulation
was measured in the shoots of plants treated in a hydroponic solution containing 10 µM CdSO4.
After 10 days under this treatment regimen, 35S::TCMP-1 transgenic shoots remained phenotypically
indistinguishable from control plants (Figure S4a). However, Cd content in the shoots of 35S::TCMP-1
lines was significantly lower (approximately 10%) than that in wild-type shoots (Figure 6a). Thus,
the expression of the transgene resulted in a lower Cd accumulation in shoot. On the other hand, in
roots, Cd accumulation is different between the two overexpressing lines, with line 35S::TCMP-1#A
accumulating Cd levels similar to wild-type, and 35S::TCMP-1#B showing higher Cd content (Figure 6b).
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Figure 6. Cd accumulation in shoots (a) and roots (b) of wild-type (WT) and TCMP-1-overexpressing
plants grown for 10 days in hydroponic solution containing 10 µM CdSO4. Each value represents the
mean ± SE (n = 3). Statistically significant variations (p < 0.05) are marked with different letters.

2.6. SlTCMP-1 Overexpression in A. thaliana Affects Germination Rate under Stress Condition

Considering that abiotic stress responsive elements were found in the promoter of SlTCMP-1
(Figure 2a), the effect of SlTCMP-1 overexpression was analyzed in A. thaliana in response to different
abiotic stresses. To investigate the tolerance to abiotic stress of wild-type and transgenic lines,
different treatments of Cd, NaCl, and ABA were performed on Murashige and Skoog (MS) medium
to determine the germination rates (Figure 7). For control condition and NaCl treatment, seedlings
were considered as germinated when they produced green cotyledons, while in the presence of Cd
and ABA, germination was determined by radical emergence (Figure 7). Under control conditions no
differences were observed in germination of wild-type and TCMP-1-overexpressing plants (Figure 7a).
Cd exposure at 100 and 200 µM reduced the germination of overexpressing plants after 3 and 6
days of treatment as compared to Cd-treated wild-type seeds (Figure 7b,c). Similarly, after 3 days of
exposure to 50 and 100 mM NaCl, the percentage of germinating plants was significantly lower in the
TCMP-1-overexpressing lines compared to wild-type plants. However, after 6 days of exposure to
NaCl, overexpressing plants showed a recovery in germination capacity (Figure 7d,e). The germination
capacity was also tested adding ABA to the medium considering radical emergence. Treatment with
0.5 and 1 µM ABA for 3 and 6 days reduced the germinability of overexpressing plants in comparison
with wild-type (Figure 7f,g). Thus, the ectopic expression of TCMP-1 in Arabidopsis determined an
increased sensitivity to stress and Cd treatment.
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Figure 7. Effect of NaCl, ABA, and Cd on wild-type (WT) and TCMP-1-overexpressing line germination.
(a) Germination in control condition. Effect of (b) 100 and (c) 200 µM CdSO4, (d) 50 and (e) 100 µM
NaCl, and (f) 0.5 and (g) 1 µM ABA exposure for 1, 3, and 6 days after sowing. Each value represents
the mean ± SE. Approximately 100 seeds from each genotype were analyzed in three independent
experiments. Statistically significant variations (p < 0.05) are marked with different letters.

3. Discussion

This study was designed to gain insights on the role of tomato metallocarboxypeptidase inhibitor
(TCMP-1) in response to stress conditions. Similar to its homolog in potato, this protease inhibitor is
induced in leaves by wounding and by elicitors of responses to biotic stress [13,14]. These experimental
evidences are in accordance with a role for this protein in defense against pests [15]. Our study
demonstrates that TCMP-1 is also responsive to abiotic stress, such as saline stress and Cd toxicity.

Considering a possible biotechnological application, we tried to express SlTCMP-1 in Arabidopsis,
with the aim of understanding its contribution to metal stress response. Indeed, this protein, and
its biological context, is not present in this model species since no homolog to TCMP-1 is detected
in the Arabidopsis genome. The ectopic expression of SlTCMP-1 in Arabidopsis does not alter plant
development and no visible phenotype was observed under standard growth conditions. When
exposed to Cd stress, even if no overall difference was observed in the amount of O2− accumulation,
A. thaliana TCMP-1 overexpressing plants accumulate less Cd in shoots, in comparison to wild-type
plants. Even if it is not considered a redox-reactive metal, since it does not react with H2O2 to generate
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reactive oxygen species via Fenton reaction, Cd can nevertheless induce oxidative stress by depleting
antioxidant thiol-containing compounds and enzymes or altering the distribution and homeostasis of
other metals, including the redox active ones [36]. Among the enzymes involved in ROS detoxification,
superoxide dismutase (SOD) is responsible for the dismutation of superoxide to hydrogen peroxide [37].
In the A. thaliana genome, seven SOD-coding genes are present: three FeSOD (FSD1, FSD2, and FSD3
isoforms), three Cu/ZnSODs (CSD1, CSD2, and CSD3 isoforms) and one MnSOD (MSD1). SOD
expression is modulated in response to various stresses that induce ROS accumulation [33]. Alteration
of the cellular oxidative status upon Cd treatment induced an increase in FSD1 and a reduction in
CSD2 expression [33]. Moreover, Cd induced an increase in the activity of FeSOD, while it reduced
CuZnSOD activity in A. thaliana; the observed alteration of SOD activity is probably due to a different
enzyme biosynthesis controlled at the translational or transcriptional level [35]. Upon Cd treatment,
A. thaliana plants overexpressing SlTCMP-1 showed a reduced FSD1 expression and an increase in
CSD1 and CSD2 expression levels in comparison to wild-type (this work), which could be correlated
with the lower Cd content in leaves. The opposite effect on the expression of plastidial FSD2 and
cytosolic FSD1 was probably due to the different subcellular localization of the two proteins.

Since SlTCMP-1 is responsive to abiotic stress, we analyzed the effects of Cd, ABA, and NaCl
treatments on germination of transgenic Arabidopsis plants. All three treatments delayed seed
germination in both wild-type and transgenic plants, with the latter being more sensitive to the stress
imposed. It is known that Cd inhibits seed germination through a variety of mechanisms, in particular
by misbalancing the ROS content which is, in turn, highly correlated to ABA signaling. Indeed, ROS
are thought to modulate hormonal interactions, by stimulating Gibberellin (GA) biosynthesis and
inducing ABA catabolism (reviewed in [38]). However, the relationship between ROS and hormone
signaling in controlling seed germination is still under debate. In addition, the osmotic stress applied
as NaCl treatment inhibits seed germination in transgenic plants to a greater extent than wild-type.
Salt stress induces cellular ROS imbalance, being strictly interconnected with ABA signaling through
an ABA-dependent pathway; for instance, tobacco plants overexpressing ABA-induced transcription
factor WRKY17 from cotton showed enhanced germination sensitivity to salt stress and ABA treatment
and lower expression of ROS-scavenging genes [39].

By Y2H screen, this study proves that SlTCMP-1 interacts with the metal-ion binding protein
SlHIPP26. SlHIPP26 is highly similar to the Arabidops is HIPP26 (also known as AtFP6), whose
expression is induced by abiotic stress, such as cold and saline conditions, and is differentially
modulated by heavy metal application. Indeed, Cd and Zn ions induce AtHIPP26 expression, while
Cu and Pb do not enhance AtHIPP26 expression [23]. Overexpression of AtHIPP26 is able to induce
Cd tolerance in transgenic plants [40]. Localization experiments showed a putative dual localization:
(i) at the plasma membrane, where it putatively interacts with acyl-CoA-binding protein 2 (ACBP2)
and could be involved in mitigating lipid peroxidation due to Cd stress [23]; and (ii) in the nucleus,
AtHIPP26 harboring a nuclear localization signal, where it could interact with transcription factors,
such as AtHB29 and AtHB21, modulating gene packages involved in tolerance to Cd stress [40].
Moreover, AtHIPP26 is able (at least in vitro) to bind metals such as Cd, Cu, and Pb [40] and seems to be
specifically expressed in vascular tissues. In Nicotiana benthamiana, HIPP26 proteins also seem to bind
to the potato mop-top virus movement protein TGB1; by a still unknown mechanism, such interaction
is responsible for a release of membrane-associated NbHIPP26, and its redirection via microtubules to
the nucleus. In this last compartment, the TGB1-HIPP26 complex activates drought stress response,
facilitating virus long-distance movement [41]. Therefore, by binding to a variety of stress-related
molecules (i.e., movement proteins, heavy metals) NbHIPP26 can be considered a sensor which acts as a
plasma membrane-to-nucleus signal. It is worth noting that upon abiotic stress conditions, endogenous
AtHIPP26 is responsive to heterologous expression of SlTCMP-1, even though A. thaliana lacks genes
homologous to SlTCMP-1. In fact, in our TCMP-1 overexpressing plants, AtHIPP26 expression is
induced by ABA, NaCl, and Cd to a greater extent than in wild-type. Considering that HIPP26 plays a
role in the signaling pathway between perception of stress and modulation of target gene expression,
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the increased amount of HIPP26 and the presence of the interactor SlTCMP-1 might be responsible for
the altered modulation of ROS scavenging genes in shoots. It would be interesting to evaluate whether
these effects are attenuated when TCMP-1 is overexpressed in a hipp26 mutant background.

As previously mentioned, TCMP-1 overexpressing Arabidopsis plants accumulate lower amounts of
Cd in shoots and show an enhanced expression of AtHIPP26 upon Cd stress. Regarding this last result,
it must be recalled that AtHIPP26 is able to bind Cd and, on the other hand, SlTCMP-1 is ectopically
expressed also in the roots of transgenic plants. Therefore, it would be reasonable to hypothesize that
Cd root-to-shoot translocation may be impaired in transgenic plants. Indeed, in the 35S::TCMP-1#B
overexpressing line, Cd content in roots increases in comparison to wild-type and 35S::TCMP-1#A,
but Cd content in shoots is similar between the two transgenic lines pointing to a probable effect of
SlTCMP1-HIPP16 interaction on root-to-shoot Cd translocation. Cd could either be “immobilized” by
over-accumulating HIPP26 itself, or by the heterologous complex HIPP26-SlTCMP-1 which could be
involved in accumulation of Cd in the apoplast of root cells, as previously suggested [17].

In conclusion, this work highlights that a new mechanism may be shifted from one species
to another, with similar molecular details, but giving different results. Indeed, if A. thaliana plants
overexpressing AtHIPP26 alone are more tolerant to Cd [23], it seems that AtHIPP26 induction driven by
SlTCMP-1 overexpression is associated with Cd sensitivity, at least considering seed germination, and a
reduced amount of Cd translocated to the above-ground tissues. Further studies are needed to unravel
the molecular pathways downstream of the HIPP26-TCMP-1 complex formation. The biotechnological
exploitation of such mechanism can be evaluated in phytoremediation approaches, considering metal
phytostabilization in the root compartment rather than in its accumulation in aerial tissues.

4. Materials and Methods

4.1. Plant Genotypes, Growth Conditions, and Treatments

Wild-type tomato (Solanum lycopersicum cv. L276) and tobacco (Nicotiana tabacum cv. Petit
Havana SR1) were used for the expression analysis of the metallocarboxypeptidase inhibitors TCMP-1
(Solyc07g007250) and NtMCPIa/NtMCPIb (AB518288.1/AB518289.1), respectively. Wild-type and
transgenic Arabidopsis thaliana plants (ecotype Columbia, Col-0) were tested for stress tolerance,
Cd accumulation, and expression of stress-related genes. For treatments in hydroponics conditions,
seeds were sterilized and sown on solid MS medium [42] supplemented with 30 g/L sucrose and
vernalized for 2 d at 4 ◦C. Plants were grown in half-strength Hoagland’s solution [43] for two weeks
in a controlled growth chamber (16 h photoperiod at 23 ◦C). Plants were then treated with 10 µM
CdSO4 (for all plant species considered), 250 mM NaCl, or 50 µM abscisic acid (ABA) (for tomato
and Arabidopsis); the control condition was obtained by maintaining plants in standard half-strength
Hoagland’s solution. For the analysis of gene expression, leaves were collected at different times (e.g.,
6, 24, and 72 h) after treatment. For the analysis of superoxide anion (O2−) and the quantification of
Cd accumulation, leaves were collected after 10 days from the beginning of Cd treatment. Leaves
were homogeneous in age, size, and exposition to light; leaves were collected in triplicate from three
different plants for each analysis.

4.2. Yeast Two-Hybrid Assay

To check the interaction between TCMP-1 and the heavy metal-associated isoprenylated plant
protein 26-like (Solyc01g111600.2.1; hereafter referred to as HIPP26), the Matchmaker Gold Yeast
Two-Hybrid System (Clontech, Saint-Germain-en-Laye, France) was used following the manufacturer’s
instruction with slight modifications [44,45]. The coding region corresponding to the 37 amino
acid-long mature portion of TCMP-1 protein was amplified using the primers reported in Table S1
(Supplementary Materials), cloned in frame in the double digested (BamHI/EcoRI) pGBKT7-BD vector
and then the recombinant vector introduced into Y2HGold yeast strain. Similarly, the coding region
of Solyc01g111600.2.1 corresponding to the entire protein was amplified (see primer pairs listed in
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Table S1), cloned in frame into the double digested (BamHI/EcoRI) pGADT7-AD vector, and finally
introduced into Y187 yeast strain. Both recombinant plasmids were checked by sequencing before
performing yeast mating. To verify the bait–prey interaction, a single colony of the Y2HGold yeast
strain harboring the pGBKT7 vector for DNA-BD-TCMP-1 expression was mated with a single colony
of Y187 yeast strain containing pGADT7 vector for AD-HIPP26 expression. The mated culture was
spread on agar plates containing the selective recommended media followed by incubation at 30 ◦C for
3 days. Single colonies were spotted on SD/-Leu/-Trp (to check for the presence of both recombinant
plasmids) and Quadruple dropout medium supplemented with X-alpha-gal and Aureobasidin A
(QDO/X/A) (SD/-Leu/-Trp/-His/-Ade/X-Gal/Aureobasidin A) plates, the last medium represents the
most stringent growth condition for the tested interaction, followed by incubation at 30 ◦C for 3 days.

4.3. Genetic Transformation of Arabidopsis Plants Expressing the Tomato TCMP-1 Gene

TCMP-1 expressing lines were generated in A. thaliana plants by Agrobacterium-mediated floral
dipping transformation [46]. The pCAMBIA 1200 binary vector harbors in the T-DNA the hygromycin
resistance gene and a genetic cassette containing a 234 nucleotide-long fragment corresponding to
the TCMP-1 coding sequence under the control of the CaMV 35S promoter (35S::TCMP-1) and of the
nopaline synthase gene terminator (nos). Transgenic plants were selected on MS agar plates (2.15 g/L
MS salts, 0.8% plant agar (w/v), 1% sucrose, pH 5.7) supplemented with 13 mg/L hygromycin B.
The expression of TCMP-1 coding sequence was checked by semiquantitative real-time polymerase
chain reaction (RT-PCR) analysis using primers reported in Table S1.

4.4. Analysis of Gene Expression

Total RNA was isolated with TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA); three
pools from leaves were used as biological replicates. After DNase treatment, first-strand cDNA was
synthesized using the Superscript II Reverse Transcriptase Kit (Thermo Fisher Scientific). Real-time
reverse transcription polymerase chain reaction (RT-PCR) was performed with a StepOnePlus Real-Time
PCR System (Thermo Fisher Scientific, Waltham, MA, USA) using Luna® Universal qPCR Master Mix
(New England Biolabs, Ipswich, MA, USA). Each reaction was carried out for 40 amplification cycles, in
triplicate using the primers reported in Table S1. The amplification efficiency of each primer pair was
confirmed using LinRegPCR v.7.5 software [47]. Data were normalized using the endogenous reference
genes SlActin (Solyc11g005330.2.1) for tomato, NtActin (XM_016628756.1) for tobacco, and Ubiquitin10
for Arabidopsis thaliana (At4g05320). Data analysis was performed using the 2−∆∆CT method [48],
comparing expression in each treated sample with the relative control collected at the same time.

4.5. In Vitro Analysis of Stress Tolerance on 35S::TCMP-1 Arabidopsis Plants

For germination analysis, Arabidopsis WT and transgenic seeds were sterilized and sown on plates
containing MS medium supplemented with 1% sucrose and different concentrations of ABA (0.5 and
1.0µM), CdSO4 (100 and 200µM), and NaCl (50 mM and 100 mM) for 1, 3, and 6 days. Plates were placed
in the phytochamber under controlled conditions (16 h light/8 h dark, illumination 100–120 µmol/m2/s,
day/night temperature 22 ◦C/18 ◦C). Approximately 100 seeds of each genotype were sown on each
plate and scored for germination considering the emersion of roots. For NaCl treatment, germination
was scored by cotyledons emersion. Each experiment was performed in triplicate.

4.6. Analysis of Superoxide Anion in Cd-Treated 35S::TCMP-1 Arabidopsis Plants

After 10 days of treatment with 10 µM CdSO4 in hydroponics, detection of O2·− was performed
by treating leaves with nitroblue tetrazolium (NBT) as described in [49]. Briefly, leaves were detached
from plants and vacuum-infiltrated with 10 mM potassium phosphate buffer pH 7.8, containing 10 mM
NaN3, and then incubated in 0.1% NBT in 10 mM potassium phosphate buffer pH 7.8 for 1 h at room
temperature. After the incubation, leaves were cleared by boiling in acetic acid:glycerol:ethanol (1:1:3
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v/v/v) solution and then stored in a glycerol:ethanol (1:4 v/v) solution until photographs were taken.
O2·− was visualized as blue spots produced by NBT reduction to formazan.

4.7. Analysis of Cd Accumulation of 35S::TCMP-1 Arabidopsis Plants

After 10 days of treatment with 10 µM CdSO4 in hydroponics, shoot and root apparatuses
of wild-type and 35S::TCMP-1 Arabidopsis plants were oven-dried at 60 ◦C and subjected to
microwave-assisted acid digestion (EPA 3050, AOAC 17th ED. 2000; 999.10). The Cd determination
was conducted with Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), SPECTRO
ARCOS (SPECTRO Analytical Instruments GmbH, Kleve, Germany; AOAC Official Method 985.01 20th
Edition). Calibration standards were matched with 1% absolute ethanol (Prolabo VWR International
PBI S.r.l., Milan, Italy). The concentration range of the calibration solution was between 0 and 100 mg/L.

4.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5 software. Multiple variables
were analyzed using one-way ANOVA followed by Tukey’s post hoc test. In histograms, data are
represented as means ± SE of 3 replicates. Statistically significant variations (p < 0.05) are marked with
different letters.

Supplementary Materials: The following are available online, Figure S1: Sequence alignment of HIPP26 proteins
of tomato and Arabidopsis (At4G38580) obtained by CLUSTAL Omega [30], Figure S2: Expression of SlHIPP26
gene in organs of various S. lycopersicum cultivars, Figure S3: Schematic drawing of 35S::TCMP-1 genetic construct
and RT-PCR analysis of TCMP-1 gene in wild-type and transgenic Arabidopsis thaliana plants, Figure S4: Effects
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