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Abstract
Ribosome-inactivating proteins (RIPs) are a group of proteins exhibiting N-glycosidase 
activity leading to an inactivation of protein synthesis. Thirteen predicted Jatropha curcas 
RIP sequences could be grouped into RIP types 1 or 2. The expression of the RIP genes 
was detected in seed kernels, seed coats, and leaves. The full-length cDNA of two RIP 
genes (26SK and 34.7(A)SK) were cloned and studied. The 34.7(A)SK protein was suc-
cessfully expressed in the host cells while it was difficult to produce even only a small 
amount of the 26SK protein. Therefore, the crude proteins were used from E. coli express-
ing 26SK and 34.7(A)SK constructs and they showed RIP activity. Only the cell lysate 
from 26SK could inhibit the growth of E. coli. In addition, the crude protein extracted from 
26SK expressing cells displayed the effect on the growth of MDA-MB-231, a human breast 
cancer cell line. Based on in silico analysis, all 13 J. curcas RIPs contained RNA and ribo-
somal P2 stalk protein binding sites; however, the C-terminal region of the P2 stalk binding 
site was lacking in the 26SK structure. In addition, an amphipathic distribution between 
positive and negative potential was observed only in the 26SK protein, similar to that found 
in the anti-microbial peptide. These findings suggested that this 26SK protein structure 
might have contributed to its toxicity, suggesting potential uses against pathogenic bacteria 
in the future.
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Introduction

Jatropha curcas (commonly known as the physic nut) belongs to the Euphorbiaceae family 
and is a drought-resistant plant distributed in tropical regions [1]. It has been exploited as 
an alternative source for biodiesel production because it accumulates relatively a high con-
tent of oil in the seed kernel [2]. The seed cake, a by-product after oil-extraction, is used 
as animal feedstock because of its high protein content. However, seeds of some J. curcas 
varieties contain toxic substances, for example, nitric oxide, phorbol ester, cyclic peptides, 
and ribosome-inactivating proteins (RIPs).

RIPs are proteins with rRNA N-glycosidase (EC 3.2.2.22). They catalyze the cleavage 
of the N-glycosidic bond at a specific adenine residue in the conserved sarcin/ricin loop 
of prokaryotic and eukaryotic rRNA [3]. Adenine depurination precludes the binding of 
elongation factors to ribosomes leading to a translation inhibition and finally to cell death 
[4–7]. RIPs are categorized into three types. Type 1 RIPs consist of a single polypeptide 
chain with a molecular weight of approximately 25–30 kDa. Type 2 RIPs contain two poly-
peptide chains connected by disulfide linkage. Chain A possesses enzymatic activity while 
chain B has lectin activity. The molecular weights of type 2 RIPs are in the range 60–65 
kDa. Type 3 RIPs are produced as an inactive form with molecular mass approximately 
56–63 kDa. Activation of type 3 RIPs occurs through proteolytic cleavage [8]. Cell entry 
has been proposed through binding of the chain B of RIPs type 2 to cell surface receptors, 
allowing the endocytosis of chain A into the cell [9]. However, the entry routes of RIPs 
type 1 and type 3 are still unknown.

J. curcas RIPs have been studied for more than a decade. Curcin is the well-studied type 
1 RIP which initially was purified from the seed kernel. The molecular weight of curcin is 
approximately 28 kDa [4]. Biological activities of curcin have been reported including anti-
microbial, anti-tumor, and pesticidal activities [10, 11]. In addition to curcin, other RIPs 
are also presented in J. curcas such as curcin-L [12], curcin 2 [13, 14], and curcin C [15]. 
Curcin-L is a type 1 RIP which shows a high sequence similarity to curcin but this protein 
was expressed only in the leaves of stressed plants [12]. Curcin 2 is another homolog of 
curcin. This protein has a molecular weight of approximately 32 kDa and the expression of 
curcin 2 was activated by fungal infections, cold stresses, and heat stresses [13]. The trans-
genic tobacco expressing curcin 2 displayed an increased tolerance against viral and fungal 
pathogens [14]. Additionally, a novel type 1 RIP, namely Jc-SCRIP, has been purified from 
the seed coat of J. curcas [16]. Jc-SCRIP has N-glycosidase activity, in vitro cytotoxicity to 
cancer cell lines and antimicrobial activity against human pathogens [16].

In addition to their biological activities, structural analysis of RIPs has been reported 
to provide the link between the functions and protein structure. The crystal structure of 
the ricin A chain (RTA) displayed key amino acid residues (Y80, Y123, E177, R180, and 
T211). These amino acids were hypothesized to form an RNA binding pocket and play a 
key role in ribosomal RNA binding [17]. Indeed, the crystal structure of the recombinant 
RTA with pteroic acid (the RTA substrate analog) showed that pteroic acid was bound with 
some amino acids including Y80 and R180. In addition, the binding of RTA resulted in a 
deficiency of RTA activity [18]. The RIPs not only bind to the ribosomal RNA but also 
to the ribosome. The ricin A chain forms a complex with the human ribosomal P2 stalk 
through hydrogen bonds with the amino acids (Y183, R235, F240, and I251) in the hydro-
phobic pocket [19].

The objectives of this work were to investigate the biological activities of J. curcas RIPs 
recombinant protein and to understand whether the protein structure was related to the protein 
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toxicity, by considering in the developed structural model RNA binding site residues, riboso-
mal binding site residues, the electrostatic potential map, and hydrophobicity of J. curcas RIPs 
compared with the ricin A chain. This study might help to understand the correlation between 
the toxicity of J. curcas RIPs and their protein structures.

Methodology

Sequence retrieval, Phylogenetic Tree Analysis, and 3D Structure Prediction

The amino acid sequences of RIPs from J. curcas, other plant RIPs, and non-RIPs proteins 
were retrieved from the NCBI and Kazusa DNA research institute (version 4.515) (http://​
www.​kazusa.​or.​jp/ jatropha) databases. These amino acid sequences were aligned, and a 
phylogenetic tree was generated using the MEGAX software (https://​www.​megas​oftwa​re.​
net). The RIP amino acid sequences were aligned by multiple sequence comparison by Log-
expectation (MUSCLE) method [20]. Phylogenetic tree was calculated using neighbor joining 
statistic mode with the number of Bootstrap replications as 1000 (analyzed on 11/10/2018). 
The 3D structure, RNA binding site, ribosomal P2 binding site, molecular surface, and elec-
trostatic potential were generated using the Swiss model (https://​swiss​model.​expasy.​org/​inter​
active) [21–25]. The searching models were the structure of the ricin A chain with pteroic acid 
as substrate analog (Protein Data Bank: 1BR6) [18] and the ricin A chain without substrate 
analog (Protein Data Bank: 2AAI) [26]. These predicted conformations were further analyzed 
using the software package BIOVIA Discovery Studio Visualizer (version 2017, R2). The reli-
ability of predicted RIPs conformations was validated using the online Ramachandran plot 
analysis servers including RAMPAGE (http://​mordr​ed.​bioc.​cam. ac.uk/~rapper/rampage.php) 
[27] and PROCHECK (http://​servi​cesn.​mbi.​ucla.​edu/​PROCH​ECK/) [28].

Expression Analysis of J. curcas RIP Genes

The expression profiles of RIP genes were analyzed in two J. curcas varieties KUBP33 and 
KUBP79. Both varieties were provided by the Suwanwajokkasikit Field Crops Research Sta-
tion, Nakhon Ratchasima, Thailand. Reverse transcriptase-polymerase chain reaction (RT-
PCR) was performed according to the manufacturer’s instructions. In brief, J. curcas trees 
have been cultivated under field conditions without temperature and humidity controls for 3–4 
years. Young leaves, immature seed coats, and immature seed kernels were collected and total 
RNAs were extracted using a GF-1 total RNA extraction kit (Vivantis, USA). Subsequently, 
2.5 µg of total RNAs were converted to cDNA using the ImProm-IITM reverse transcriptase 
system (Promega, USA). Then, 125 ng of cDNAs was amplified with gene-specific primers 
(Supplementary Table 1) using the following PCR conditions: pre-denaturing at 95 °C for 5 
min, 25 cycles with denaturing at 95 °C for 30 s, annealing at 50–65 °C for 30 s, extension at 
72 °C for 30 s, and final extension at 72 °C for 10 min. The internal control was 18S rRNA.

26SK and 34.7(A)SK Plasmid Construction

The coding sequences of 26SK and 34.7(A)SK were cloned using gene-specific primers 
consisting of: 26SK (forward) 5′-CGC CAT ATG AAA CGA GGA AAC ACG AAG-3′; 
26SK (reverse) 5′-GTG CTC GAG TTA AGC-3′; 34.7(A)SK (forward) 5′-GCG CAT ATG 
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ATG AAA GGT GGA AAC ATG AAG-3′; and 34.7(A)SK (reverse) 5′-GTG CTC GAG 
CTA AAG CAA TGG CAG CCA CTT-3′ using PCR conditions as followed: pre-denatur-
ing at 95 °C for 5 min, 30 cycles with denaturing at 95 °C for 30 s, annealing at 60 °C for 
30 s, extension at 72 °C for 30 s, and final extension at 72 °C for 10 min. The full-length 
cDNAs of 26SK and 34.7(A)SK were ligated into pET28a(+) (Novagen Merck KGaA, 
Germany) and pETDuet-1TM (Novagen Merck KGaA, Germany), respectively, by NdeI and 
XhoI restriction enzymes (Supplementary Table 1). Additionally, the plasmid harboring the 
full-length cDNAs of 26SK and 34.7(A)SK was analyzed using the fluorescence dye termi-
nator sequencing system (Macrogen Inc., Korea).

Expression of 26SK and 34.7(A)SK Recombinant Proteins

The 26SK and 34.7(A)SK recombinant proteins were induced in the E. coli host cell strain 
Rosetta (DE3) pRARE. The starter cells of 26SK were inoculated in Luria-Bertani (LB) 
media supplemented with 25 µg/ml kanamycin and 34 µg/ml chloramphenicol, whereas 
34.7(A)SK was inoculated in LB media supplemented with 100 µg/ml ampicillin and 34 
µg/ml chloramphenicol, respectively. Subsequently, the starter cells were cultured at 37 °C 
for 16–18 h with agitation at 220 rpm. The starter cells were inoculated into new LB media 
supplemented with appropriate antibiotics and cultured further for 2–3 h at 37 °C in a 
shaking incubator until the optical density at 600 nm (OD600) reached 0.4–0.6. The 0.1 mM 
IPTG was added to induce recombinant protein production. The cells were incubated at 
30 °C for 1 h in a shaking incubator at 220 rpm. After induction, the cell pellets were har-
vested using centrifugation at 3,000 rpm for 10 min and suspended in 1×phosphate buffer 
saline (PBS) containing 1 mM PMSF before proceeding to protein extraction. The crude 
protein concentrations of 26SK and 34.7(A)SK were measured using Lowry’s assay.

rRNA N‑Glycosidase Activity

The rRNA N-glycosidase activity of J. curcas RIPs crude protein extract was determined 
according to the modified method [29]. In brief, rRNA substrate was extracted from rab-
bit reticulocyte lysate (Promega Corp., USA) and was further treated with 10 µg of crude 
protein samples in 100 μl of reaction buffer (25 mM Tris–HCl, pH 7.6, 25 mM KCl, and 
5 mM MgCl2). The samples were incubated at 37 °C for 10 min. The RNA pellet was re-
suspended in 20 μl of DEPC-treated water and approximately equal volumes of the reac-
tion were placed into two microcentrifuge tubes. One tube was treated with 1 M aniline/0.8 
M acetic acid pH 4.5 and the other was untreated. The aniline-treated and aniline-untreated 
products were analyzed using 7M urea 6% polyacrylamide gel electrophoresis.

Antimicrobial Activity of 26SK and 34.7(A)SK Expressing Cells

The crude protein samples from E. coli Rosetta (DE3) pRARE cells carrying 
pET28a(+)-26SK, pETDuet-34.7(A)SK, and empty vectors were tested for antimicro-
bial activity against E. coli host cells using the disc diffusion method [30]. The E. coli 
cells were cultured in LB media until the OD600 was approximately 0.5 (1×108 cfu/ml) 
and then the cells were thoroughly spread on separate LB agar plates. A sterile paper 
disc was immersed in 300 µg of each type of crude protein and placed on LB plates. 
The plates were incubated at 37 °C for 16 h. Ten micrograms of ampicillin was used as 
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the positive control and 1×PBS with 1 mM PMSF was used as the negative control. The 
antimicrobial activities of each protein sample were examined and compared with the 
positive and negative controls by measuring the diameters of the inhibition zones to the 
nearest millimeter ± standard error.

Results

Phylogenetic Tree Analysis of Predicted RIP Proteins from Jatropha curcas

Thirteen predicted J. curcas RIP amino acid sequences were identified based on infor-
mation available in the NCBI and Kazusa databases (Supplementary Table 1). The pro-
teins were named in the current study based on their molecular weights, namely, 13All, 
26SK, 28SK, 32All, 33curcin, 33SK, 34.7(A)SK, 34.7(B)SKL, 35curcin, 35NF, 35SKL, 
50SK, and 62NF. The curcin (accession number: ACO53803.1) and curcin-L (accession 
number: EU195892) were renamed to 33curcin and 35curcin. Phylogenetic tree analysis 
was carried out to compare the similarity between these J. curcas RIPs. For comparison, 
amino acid sequences of RIP from other plants and non-RIP proteins were also included 
in the analysis. Type 1 RIP from other plants comprised cucurmosin (Curcubita mos-
chata), karasurin-C (Tricosanthes kirilowii), alpha-trichosathin (Tricosanthes kirilowii), 
alpha-momorcharin (Momordica charantia), and luffin-B (Luffa aegyptiaca). The type 
2 RIPs were ricin A chain (Ricinus communis) and Viscum album RIP, while Zea mays 
RIP and Dianthus chinensis RIPs were the type 3 RIPs. Ubiquitin and actin were used 
as outgroup proteins in this analysis. The phylogenetic tree analysis showed that 12 pre-
dicted J. curcas RIPs consisting of 13All, 26SK, 28SK, 32All, 33curcin, 33SK, 34.7(A)
SK, 34.7(B)SKL, 35curcin, 35NF, 35SKL, and 50SK were categorized as type 1 RIP 
(Fig. 1a), whereas only 62NF belonged to type 2 RIP (Fig. 1a). No J. curcas type 3 RIPs 
were found in these current public sequences. In addition, ubiquitin and actin proteins 
were separated to another clad which was not related to J. curcas RIP.

RIP Genes Were Expressed in Various Tissues in Jatropha curcas

The expression of the predicted RIP genes was analyzed in various tissues (leaves, seed 
coat, and seed kernel) of the J. curcas varieties KUBP33 and KUBP79 using RT-PCR 
amplification. The expression pattern of the 13 RIP genes was similar in both cultivars. 
The expression patterns of the J. curcas RIP genes were categorized into four groups. In 
the first group, the RIP genes were expressed in all tissue types. These were 13All and 
32All with the amplicons of approximately 314 bp and 861 bp, respectively (Fig. 1b). 
In the second group, the RIP genes were expressed in both leaves and seed kernel but 
not in the seed coat. These genes were 34.7(B)SKL and 35SKL with product bands at 
approximately 920 bp and 945 bp, respectively (Fig.  1b). In the third group, the RIP 
genes were expressed only in the seed kernel. The genes were 26SK, 28SK, 33curcin, 
33SK, 34.7(A)SK, 35curcin, and 50SK with product bands at approximately 701 bp, 765 
bp, 882 bp, 872 bp, 924 bp, 921 bp, and 1,368 bp, respectively (Fig. 1b). In the fourth 
group, there were two RIP genes (35NF and 62NF) and neither was expressed in any tis-
sue type (Fig. 1b).
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Fig. 1   Phylogenetic tree and expression analysis of J. curcas RIPs. a Phylogenetic tree analysis of J. cur-
cas RIPs, RIP homologs, and non-RIPs from different plants using Clustal Omega software. b Expression 
profiles of RIP genes in leaves (L), seed coats (SC) and seed kernels (SK) from J. curcas varieties KUBP33 
and KUBP79. NC, negative control

Fig. 2   Amino acid sequence alignment of RIPs from J. curcas compared with ebulin (PDB: 1HWP) and 
ricin (PDB: 1BR6). Yellow color and blue color represent the key amino acid residues located in the RNA 
binding site and ribosome P2 binding site, respectively. Key amino acid residues related to specific adenine 
binding sites and acid-catalyzed depurination displayed by red and blue letters, respectively

▸
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Some RIPs Lacked the C‑Terminal Domain

It has been reported that there are 14 highly conserved amino acids in 165 angiosperm RIP 
sequences: Y46, F49, R54, Y130, Y185, L225, G226, L230, E280, A281, R283, F284, 
W324, and S328 (Supplementary Table 2) [31]. Thus, the presence of these amino acid 
was expected in the J. curcas RIPs. From the previous sequence analysis by Di Maro and 
colleagues, the methionine at position 1 of ricin A chain (PBD: 2AAI) was not included 
in their analysis [31]. Therefore, the first methionine of the ricin A chain (PDB: 1BR6) 
was also not included in the current analysis. Fig. 2 shows that the RIPs from J. curcas 
also contained these 14 conserved amino acids, indicating that these proteins might share 
some important characteristics. As the RIP enzymes function in the cleavage of riboso-
mal RNA, the RNA binding sites are crucial for their key function. Amino acid residues 
in the RNA binding site are also highly conserved. The Jatropha RIPs also contain these 
conserved amino acid residues. The conserved RNA binding sites of type 1 RIPs were Y, 
F/L, R, Y, Y/N, L/I, G, L, E, A, R, F/Y, W, and S (Fig. 2 and Supplementary Table 2). For 
type 2 RIPs, the amino acid residues in the RNA binding site consisted of Y, F, R, G, Y, 
L, G, L, E, A, R, F, W, and S (Fig. 2 and Supplementary Table 2). The conserved amino 
acid residues in the RNA binding sites among type 1 and type 2 RIPs were Y, R, Y, G, L, 
E, A, R, W, and S (Supplementary Table 2). Glutamic acid (E) and arginine (R) residues in 
the RNA binding site were conserved in many Jatropha curcas RIPs. These residues cor-
responded to positions E209 and R212 in 26SK, 34.7(A)SK, and 33curcin (Fig. 2 and Sup-
plementary Table 2). However, these corresponding residues were not found in the 13All 
and 32All. Phenylalanine (F) was found in almost all RIPs from Jatropha curcas except for 
the 28SK and 33SK proteins (Supplementary Table 2). The sarcin-ricin loop of rRNA is 
well-known as a universal substrate for all RIPs. Proximity to an adenine was predicted for 
nine amino acids of 33curcin, namely Y118, V120, F131, N132, D133, L137, T156, G157, 
and S158 (Fig.  2). These amino acids were also present in other Jatropha RIPs (26SK, 
34.7(A)SK, 34.7(B)SKL, and 35curcin) (Fig.  2 and Supplementary Table 3).Fig. 2   Amino 
acid sequence alignment of RIPs from J. curcas compared with ebulin (PDB: 1HWP) and ricin (PDB: 
1BR6). Yellow color and blue color represent the key amino acid residues located in the RNA binding site 
and ribosome P2 binding site, respectively. Key amino acid residues related to specific adenine binding sites 
and acid-catalyzed depurination displayed by red and blue letters, respectively

Ribosomal proteins are involved in the susceptibility of rRNA to depurination by RIPs 
[32]. The RIP proteins bind to both rRNA and ribosome in order to function as N-gly-
cosidase enzymes. The ricin A chain (PDB: 1BR6) has been proposed as recognizing and 
binding to the C-terminal region of P2 stalk protein through the key amino acid residues 
(Y183, L232, R235, and F240) [33, 34]. They were predicted to form three α-helices and 
two β-sheets (Fig. 2 and Supplementary Table 4). However, the 13All, 26SK, and 28SK 
proteins lack some parts of the α-helix and β-sheet where some of the key amino acids are 
located. This observation gave rise to the question of how these proteins could function as 
N-glycosidase enzyme (Fig. 2 and Supplementary Table 4). In addition, the P2 stalk pro-
tein recognition site residues were in the α-helix and β-sheet regions in almost all members 
of J. curcas RIPs. Differences in the key amino acids in the P2 stalk protein binding site 
were observed between J. curcas type 1 and type 2 RIPs. For the type 1 RIPs, the amino 
acids Y/S, L, E/P, and D/I/Y/K were predicted as the key amino acids functioned to bind 
the P2 binding protein while the amino acid residues Y, L, L, and N were predicted in the 
type 2 RIP (Fig. 2 and Supplement Table 4).
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Fig. 3   N-glycosidase activ-
ity of recombinant RIPs. a 
N-glycosidase activity against 
rabbit reticulocyte lysate of crude 
extract from 26SK, empty vector 
(EV), CPN60B1 (CPN), and 
J. curcas seed kernel (SKC); b 
N-glycosidase activity against 
rabbit reticulocyte lysate of crude 
extract from 34.7(A)SK, empty 
vector (EV), CPN60B1 (CPN), 
and J. curcas seed kernel (SKC) 
when UT represented untreated 
rabbit reticulocyte lysate

Fig. 4   Inhibitory effect of the 26SK crude protein lysate to E. coli cells. Inhibition zones of E. coli Rosetta 
(DE3) pRARE cells treated with 300 µg 26SK cell lysate (a) or 300 µg 34.7(A)SK cell lysate (b). Treat-
ments with 10 µg ampicillin (Amp), 300 µg empty vector (EV) cell lysate, and 1xPBS with 1 mM PMSF 
(PBS) were used positive and negative controls, respectively
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26SK and 34.7(A)SK Crude Proteins Possessed rRNA N‑Glycosidase Activity

“Based on the phylogenetic and amino acid sequence analysis, some of the RIP proteins 
(13All, 26SK and 28SK) lacked their C-terminal domains which might be considered the 
truncated RIPs (Fig. 2). This raised the question of whether these proteins could function 
as RIPs. As shown in the phylogenetic analysis, 26SK and 34.7(A)SK proteins were the 
most similar among the predicted RIP family in Jatropha (Fig. 1a), thus, 26SK and 34.7(A)
SK were chosen for further study. In addition, the 34.7(A)SK also showed high sequence 
similarity to the well-studied curcin (33curcin) (Fig.  2) making this protein interesting 
to dissect its functions.” The full-length cDNAs of 26SK and 34.7(A)SK were success-
fully cloned into the expression vectors. Several attempts have been made to express the 
26SK recombinant protein in E. coli. We found that the growth of the host cells strikingly 
decreased after the induction. In contrast, induction of the 34.7(A)SK recombinant protein 
did not affect the growth of the host cells (Supplementary Fig. 1). The presence of 26SK 
and 34.7(A)SK recombinant proteins was determined in the crude extracted of the host 
cells after induction. The crude protein extract of his-tag containing protein, CPN60B1 (C. 
reinhardtii chloroplastic chaperonin proteins), served as positive control, while the crude 
extract from the cells containing pET28a(+) empty vector (EV) served as negative con-
trol. Both 26SK and 34.7(A)SK proteins were detected after induction by Western blot 
using anti-histidine antibody (Supplementary Fig. 2a and b). However, only small amount 
of 26SK protein was produced. Therefore, the crude extracts from E. coli cells harboring 
either 26SK or 34.7(A)SK recombinant plasmids were used for further studies.

In general, the enzymes classified as RIPs have rRNA N-glycosidase activity. Large ribo-
somal RNA treated with RIPs would release specific fragments, called Endo’s fragments, 
after the addition of an aniline in the test reaction indicating the presence of rRNA N-gly-
cosidase activity [35]. Therefore, the rRNA N-glycosidase activity of the 26SK and 34.7(A)
SK crude protein extracts was investigated (Fig. 3a and b). The enzyme activity was com-
pared to the crude proteins from the empty vector, CPN60B1, and J. curcas seed kernel 
(Fig. 3a and b). The crude protein extract from the seed kernel of J. curcas contained natural 
curcin. It was used as a positive control while the crude proteins extracted from cells con-
taining CPN60B1 and the empty vector served as negative controls. Specific Endo’s frag-
ments were clearly seen after the rabbit reticulocyte lysate was treated with 10 µg of the 
crude protein extracts from 26SK, 34.7(A)SK, and seed kernel with the addition of aniline 
due to the rRNA N-glycosidase activity. Moreover, no rRNA fragment was released and 
detected without RIP treatment (Fig. 3a and b). Thus, the crude protein extracts from E. coli 
cells carrying 26SK and 34.7(A)SK plasmid possessed rRNA N-glycosidase activity.

Growth Inhibition of E. coli by 26SK

As the E. coli carrying the 26SK construct displayed growth inhibition after the induction 
of recombinant protein production, therefore, it was of interest whether this protein could 
indeed inhibit the growth of the E. coli host cells. Therefore the growth inhibition of 26SK 
and 34.7(A)SK crude protein lysate was tested against E. coli Rosetta (DE3) pRARE. The 
growth inhibition activity was determined by the presence of the growth inhibition zones. 
As shown in Fig. 4, the inhibition zones were clearly seen after treating E. coli cells with 
300 µg of 26SK cell lysate with the diameters of the inhibition zones of 12.5±0.21 mm, 
while 10 µg ampicillin produced 16.2±0.15 mm inhibition zone. In contrast, 34.7(A)SK 
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cell lysate did not inhibit the growth of bacteria, similar to the negative controls (empty 
vector cell lysate or 1xPBS containing 1 mM PMSF). This indicated that only the 26SK 
crude protein lysate could inhibit the growth of E. coli cells.

26SK Crude Protein Exhibited In Vitro Antitumor Activity Against Triple Negative 
Human Breast Adenocarcinoma Cells

Many of the RIP proteins contain anti-tumor activity [10, 16, 29, 36, 37]; therefore, we 
assessed whether the 26SK protein could influence the growth of the cancer cell line. Cyto-
toxicity of 26SK protein on the MDA-MB-231 cells (triple-negative human breast adenocar-
cinoma) was assessed compared with the Vero cells (African green monkey’s kidney epithe-
lial cells). The crude protein from E. coli with an empty vector (EV) was taken as a negative 
control, whereas doxorubicin (a chemotherapy drug) was used for a positive control. The via-
bility of MDA-MB-231 was examined using an MTT assay. We found that the 26SK crude 

Fig. 5   Anticancer activity of 26SK crude protein. The crude proteins were used with 0–3,000 µg/ml against 
MDA-MB-231 (a) or Vero cells (c) for 72 h. Doxorubicin were used at the 0-20 µg /ml for 72 h against 
MDA-MB-231 (b) and Vero cells (d) 
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protein significantly inhibited the growth of MDA-MB-231 cells but did not affect the Vero 
cells (Fig. 5a and c). Compared with the negative control, EV crude protein showed no cyto-
toxic effect to both MDA-MB-231 and Vero cells (Fig. 5a and c). In addition, the IC50 values 
of 26SK crude protein on MDA-MB-231 cells after treatment for 72 h was 2,208±11.24 µg/
ml, while the concentration of doxorubicin (a positive control) between 0.625 and 20 µg/ml 
(approximately 1.1–36.8 µM) displayed high cytotoxic effect against MDA-MB-231 (Fig. 5c) 
and Vero cells (Fig. 5d). These results suggested that 26SK crude protein lysate could inhibit 
the growth of triple-negative human breast adenocarcinoma cells.

Homology Modeling of the RNA Binding Site and Ribosome Binding Site of 26SK 
and 34.7(A)SK

The crude protein extracts from cells carrying 26SK and 34.7(A)SK displayed rather dif-
ferent characters. Both extracts had rRNA N-glycosidase activity but only the 26SK cell 
lysate could inhibit the growth of E. coli. We believed that there must be distinct factors 
that differed between the two proteins. With the sequence analysis, the 26SK protein was 
predicted to be smaller than for the 34.7(A)SK protein. The 26SK protein was predicted to 
have 233 amino acids while 309 amino acids were predicted for 34.7(A)SK. There might 
have been structural dissimilarities between the two proteins. Therefore, predicted mod-
els for 26SK and 34.7(A)SK were generated using the ricin A chain (RTA) from Ricinus 
communis (castor bean) with substrate analog (protein data bank: 1BR6) and without sub-
strate analog (protein data bank: 2AAI) as templates. The percent similarity of J. curcas 
RIPs with 1BR6 ranged between 30.88 and 42.23, while 2AAI template had the percent-
age of similarity approximately 31.02–58.24 (Supplementary Table 5). The reliability of 
these protein structures was validated using a Ramachandran plot. The reliability of the 

Fig. 6   Predicted conformation 
of 26SK, 33curcin, and 34.7(A)
SK. The protein conformations 
were represented in green rib-
bons aligning with the ribosome 
P2 binding site of ricin A chain 
(blue ribbons). Ribosome P2 
binding sites of 26SK, 33curcin, 
and 34.7(A)SK indicated by 
red circles and pteroic acid 
substrate analog are located 
in the center of the predicted 
conformations (red molecule). 
“RTA” represented the predicted 
conformation of ricin A chain 
(blue ribbons) which displayed 
the conserve RIP fold structure. 
“Merge” showed the similarity 
of RIP fold structure between 
26SK, 34.7(A)SK, and 33curcin 
compared with RTA​
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models was considered based on the percentage of total amino acid residues in disallowed 
regions, which should be lower than two [28]. From the models generated using 1BR6 as 
a forced template, the amino acid residues arranged in disallowed regions ranged between 
0–1.8% and 0–1.0% using RAMPAGE and PROCHECK, respectively (Supplementary 
Table 6). For the 2AAI forced template, the percentages of amino acid residues arranged in 
the outlier regions using RAMPAGE and PROCHECK were approximately 1.1–4.0% and 
0.6–2.7%, respectively (Supplementary Table 6). This indicated that using the 1BR6 as the 
template generated a more appropriate RIP structure than the model generated with 2AAI.

Fig. 7   Predicted hydrophobicity 
of 26SK, 33curcin, and 34.7(A)
SK. Dotted red circles show the 
substrate analog, pteroic acid. 
Histogram presents the scale of 
hydrophobicity ranging from 
−3.0 (blue) to 3.0 (brown)

Fig. 8   Electrostatic potential map 
of 26SK, 33curcin and 34.7(A)
SK. Predicted conformation of 
26SK, 33curcin, and 34.7(A)SK 
represented by green ribbons. 
Histogram presents the charge of 
electrostatic potential from -1.8 
(red) to 1.8 (blue)
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Proper folding of proteins is crucial for protein functions within cells [38]. Therefore, 3D 
structure modelling of the representative proteins (26SK, 33curcin, and 34.7(A)SK) was gener-
ated and compared with the ricin A chain (RTA) using the Swiss-PdbViewer and BIOVIA Dis-
covery Studio Visualizer software package. Based on the structure modelling, there was a varia-
tion in the C-terminal domain of the 26SK protein compared to the RTA, 33curcin, and 34.7(A)
SK, reaffirming the notion of a truncated C-terminal domain in the 26SK protein (Fig. 6). The 
α-helix and two β-strands in the C-terminal domain were absent in the 26SK structure but pre-
sent in the 33curcin and 34.7(A)SK structures (Fig. 6). This region represented the P2 stalk 
protein ribosome binding site (Fig. 2). The binding of RIP to the P2 stalk binding protein allows 
the access of RIP to the conserved sarcin-ricin loop leading to the translational inhibition.

3.7 26SK, 33curcin, and 34.7(A)SK Displayed Diverse Hydrophobicity 
and Electrostatic Potential on the Surfaces

As the structure model of the 26SK protein differed from those of 33curcin and 34.7(A)SK, 
it was of interest to determine whether this difference would influence other properties and 
activities of the proteins. Therefore, the predicted structure models of 26SK, 33curcin, and 
34.7(A)SK were analyzed by comparing hydrophobicity and the electrostatic potential map 
using Swiss-PdbViewer and the BIOVIA Discovery Studio Visualizer software package. The 
hydrophobicity levels on the surfaces of 26SK, 33curcin, and 34.7(A)SK were indicated by 
the histogram spectrum ranging from −3 to 3 where blue color represented low hydrophobic-
ity and brown color corresponded to high hydrophobicity of the proteins. As shown in Fig. 7, 
the overall hydrophobicity levels on the surface of 34.7(A)SK were similar to 33curcin though 
there were some differences between the surface hydrophobicity of 26SK to 33curcin and to 
34.7(A)SK. Moderate and high hydrophobicity were detected near the substrate binding sites 
of 26SK, while the substrate binding sites of 33curcin and 34.7(A)SK had lower hydropho-
bicity. The other side of 33curcin and 34.7(A)SK proteins was masked with low hydropho-
bicity, whereas a high hydrophobicity patch was at the center of the 26SK protein (Fig. 7). 
The electrostatic potential map in Fig. 8 displays the overall charge distribution with red color 
indicating the negative potential and blue color representing the positive potential. The elec-
trostatic potential maps of 26SK, 33curcin, and 34.7(A)SK were calculated and compared 
using default parameters (Supplementary Table 7). From in silico analysis, all the proteins had 
unique electrostatic potential maps. 26SK displayed striking distributions of positive and neg-
ative potentials (Fig. 8). Approximately half of the 26SK protein contained positive potential, 
while the other half showed negative potential. In contrast, the 33curcin had a negative poten-
tial map cloud condensed around the protein, whereas the positive potential was scattered and 
surrounded the outside of the protein. Interestingly, 34.7(A)SK presented a clearly different 
pattern of electrostatic potential mapping compared to the others, with its negative potential 
map dispersed around the 34.7(A)SK protein, while a positive potential map was rare (Fig. 8).

Discussion

RIP Expression Profiles in Jatropha curcas Varieties KUBP33 and KUBP79

Many publications have reported on RIP gene expression in various parts of J. curcas, 
such as curcin from the endosperm [39] and curcin 2 [13, 14], curcin-L from leaves [12], 
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and curcin-C from cotyledons [15]. From the 13 RIP genes, expression of 12 genes was 
detected with four different expression patterns, while the expression of one gene could 
not be detected in the tissues under the conditions tested. The curcin protein (33curcin) 
was found in the endosperm [39]. Its expression was detected only in the seed kernel as 
expected.

26SK and 34.7(A)SK from J. curcas Belonged to Ribosome-Inactivating Proteins
Ribosome-inactivating proteins are defined as proteins with rRNA N-glycosidase activ-

ity [8]. Previous study reported that a purified curcin could interrupt a cell-free translation 
in rabbit reticulocyte lysate with an IC50 of 0.19 nmol/l (it is equivalent to 5.36 pg/ml) 
[29]. The purified Jc-SCRIP, another type 1 RIP from J. curcas, exhibited N-glycosidase 
activity against rabbit reticulocyte lysate at a concentration of 1 µg per reaction [16]. The 
crude protein lysates from E. coli harboring 26SK or 34.7(A)SK exhibited N-glycosidase 
activity similar to J. curcas seed kernel crude protein in which natural curcin was present. 
Therefore, 26SK and 34.7(A)SK were likely to function as ribosome-inactivating proteins 
in Jatropha.

Growth Inhibition of E. coli Cells by 26SK

The antimicrobial activity of various RIPs has been continuously reported. The minimum 
inhibitory concentration of a purified Jc-SCRIP that inhibited the growth of various types 
of Gram-positive and Gram-negative bacteria was in the range 0.20–12.85 µM (equivalent 
to 7.78–500.35 µg/ml) [16]. Antimicrobial activity has been reported of balsamin, a type 1 
RIP isolated from Momordica balsamina. The diameters of inhibition zones using the vari-
ous concentrations of purified balsamin against E. coli cells at 50, 100, and 200 μg/ml were 
2.0 ± 0.1, 4.0 ± 0.3, and 6.0 ± 0.5 mm, respectively [36]. Another type 1 RIP from Momor-
dica balsamina is MbRIP-1; this protein has displayed toxicity against E. coli cells, with 
the diameters of inhibition zones of 3, 5, and 10 μg/ml of purified MbRIP-1 being 3.0± 0.2, 
5.0±0.5, and 8.0± 0.7 mm, respectively [40]. From our current work, 300-μg crude protein 
of 26SK cell lysate had a growth inhibition against E. coli strain Rosetta (DE3) pRARE. 
In contrast, no toxicity was observed for the 34.7(A)SK crude protein extract. Compared 
to previous reports, the effective concentrations of the purified Jc-SCRIP, balsamin, and 
MbRIP-1 were higher than for 26SK crude cell lysate. However, because the 26SK protein 
studied here was a crude protein, it is difficult to directly compare its effective concentra-
tion with other purified RIP proteins. However, the results indicated that even with the 
crude protein, 26SK still had an inhibitory effect on E. coli, suggesting that even a small 
amount of this protein was toxic to E. coli cells.

Antitumor Activity of 26SK Crude Proteins

The cytotoxicity of a purified curcin on various types of cancer cell lines has been reported. 
From the MTT assay, the IC50 of a purified curcin against SGC-7901, Sp2/0, and human 
hepatoma after treatment for 72 h were 0.23 µg/ml, 0.66 µg/ml, and 3.160 µg/ml, respec-
tively. In contrast, curcin did not exhibit the cytotoxic effect on Hela cells and MRC nor-
mal cells [29]. The antitumor activity of other J. curcas type 1 RIP such as curcin-C and 
Jc-SCRIP have been also studied. Curcin-C, a highly conserved protein to curcin, had the 
IC50 against U20S cell line (osteosarcoma cells) of 0.019 µM (equivalent to 0.597 pg/ml) 
when IC50 of curcin was 0.27 µM (equivalent to 7.614 pg/ml) [15]. The IC50 concentrations 
of purified Jc-SCRIP against SW-620, MCF-7, and HepG2 after treatment for 24 h were 
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0.25 mM, 0.15 mM, and 0.40 mM, respectively (equivalent to 9.73 µg/ml, 5.84 µg/ml, and 
15.58 µg/ml) [16]. From the MTT assay of 26SK crude protein, the IC50 of this crude pro-
tein against MDA-MB-231 after treatment for 72 h was 2,208±11.24 µg/ml. These results 
pointed that even though the 26SK crude protein presented lower cytotoxicity when com-
pared with a purified Jc-SCRIP and curcin, but it still possessed inhibitory effect against 
one of an important cancer, a triple-negative breast cancer cell line with no toxicity to the 
Vero cells.

Secondary Structure of 26SK Might Be Related to Its Toxicity

The secondary structure of proteins plays a key role in protein stability and functions, par-
ticularly in enzymatic activity [38]. Structural analysis of curcin showed amino acids which 
were in proximity to adenine. These amino acids were Y118, V120, F131, N132, D133, 
L137, T156, G157, and S158. Among these residues, the amino acids Y118, F131, G157, 
and S158 were involved in the ricin-adenine complex [18, 41]. Ricin depurinated the spe-
cific adenine in the sarcin-ricin loop when the target adenine was inserted between 2 tyros-
ines in the catalytic region (Y80 and Y123). Furthermore, the residues E177 and R180 of 
ricin are important to the speed of the reaction and the breakage of N-glycosidic bonds 
[41]. The current study identified that the amino acid residues predicted to be arranged 
close to adenine were also conserved in J. curcas RIPs (Fig. 2 and Supplementary Table 3). 
The corresponding amino acids at the catalytic site were conserved in 26SK, 34.7(A)SK, 
and 33curcin suggesting that these proteins were likely to perform N-glycosidase activity 
in vitro. Indeed, this was true for the 26SK and 37.3(A)SK proteins (Fig. 4a and b).

RIP proteins function to cleave ribosomal RNAs, leading to translation inhibition. The 
proteins comprised of RNA binding sites and ribosome binding sites [42, 43]. The eukary-
otic ribosomal stalk protein consists of the P0, P1, and P2 heterodimers to form a penta-
meric complex of the P-proteins [44]. The conserved C-terminal domain of the eukaryotic 
ribosome P stalk proteins is essential for the target recognition and the rRNA depurination 
[42, 45]. Specificity of RIPs to their rRNA substrate may be due to the sensitivity of the 
interaction between the RIPs and the ribosomal proteins [46]. The hydrophobic pocket of 
the ricin A chain (PDB: 1BR6) interacted with the ribosomal P2 stalk protein through the 
interaction formed by the following amino acid residues: Y183, L207, L232, F240, V242, 
I247, P250, and I251. Deficiencies in ribosome binding and translation inhibition were 
observed when the Y183 and R235 at the P2 stalk protein recognition sites of ricin were 
mutated by site-directed mutagenesis [19]. The conserved Y and R amino acid residues in 
the P2 stalk protein recognition sites were present in the J. curcas RIPs (Fig. 2), suggest-
ing that the interaction between J. curcas proteins and a ribosome complex might occur by 
interaction through these amino acids.

In general, proteins designated as RIPs display a conserved “RIP fold” consisting of 
the N-terminal domain 1, domain 2 in the middle, and the C-terminal domain 3. Domain 
1 consists of β-strands and α-helices. Domain 2 contains α-helices and the C-terminal 
domain encompasses two α-helices and two β-strands [31]. The current results revealed 
that a part of the C-terminal domain of the RIP fold was absent in the 26SK structure but 
was exhibited in 33curcin and 34.7(A)SK (Fig. 6). Of note, the 26SK protein was still able 
to perform N-glycosidase in vitro despite having only the partial C-terminal domain. This 
leads to the question of how important this domain is to rRNA binding and N-glycosidase 
activities. This region is probably responsible for enzyme function.
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Several RIPs interact with the P proteins in vitro during depurination, such as the ricin 
A chain [33, 34, 43], pokeweed antiviral protein (PAP) [43], and trichosanthin [45]. The 
ricin A chain RIP was not able to depurinate the ribosomes without intact P stalk proteins 
[42], while PAP did not require the C-terminal domain to depurinate trypanosome [47] and 
yeast ribosomes [43]. This suggests that the interactions between the ribosomal P proteins 
and RIPs may not be a general feature of all RIPs. Thus, the 26SK protein may use differ-
ent docking sites on the ribosome to access its target site.

Peptides with anti-microbial activity display some characteristics such as positive 
charge, amphipathic, and contain high amounts of cysteine in the sequence. Amphipathic 
nature is the character where the protein or peptide contains both hydrophilic and hydro-
phobic regions in the molecule. It has been proposed that this is involved with the penetra-
tion of the peptide into the cell wall of bacteria [48]. In addition, hydrophobic interactions 
between proteins are essential for protein stability, conformation, functions, and interac-
tions [49]. Based on molecular surface analysis, 26SK, 34.7(A)SK, and 33curcin contained 
both hydrophobic and hydrophilic amino acids in their structures. Among them, there were 
no remarkable differences which might contribute to the toxicity of the 26SK protein to the 
E. coli cells.

Electrostatic potential has been applied as a tool to predict the interactions between 
antimicrobial peptides with the lipid bilayers of the bacterial cell wall. These interactions 
lead to the disruption of the bacterial cell wall [50]. The 26SK protein had an interesting 
electrostatic potential map, displaying a highly positive charge whereas a highly negative 
charge was observed in the 34.7(A)SK map (Fig. 8). As mentioned above, anti-microbial 
peptides usually carry a positive charge on their surface. This character was proposed to be 
involved with the binding of the peptides to the bacterial cell wall prior to cell penetration 
[48]. This was supported by the results in the current work where 26SK had anti-micro-
bial activity while 34.7(A)SK did not. Luffin P1 was isolated and purified as a peptide 
from Luffa aegyptiaca. It was classified as the smallest RIP since the peptide had rRNA 
N-glycosidase activity, though without any sequence or structural similarity [51]. Luffin 
P1 also had anti-microbial activity [52]. Molecular surface analysis indicated some simi-
larities among the electrostatic potentials of luffin P1, 26SK, and 33curcin (Supplemen-
tary Fig.  3). The three proteins displayed positive potential on their surfaces. Therefore, 
we hypothesized that 26SK might bind and disrupt the bacterial cell wall due to its surface 
characteristics of having a positive charge and an amphipathic nature. However, the mecha-
nisms underlying its anti-microbial activity require further elucidation.

Conclusion

Phylogenetic tree analysis of predicted RIP protein sequences showed that most of the pre-
dicted J. curcas RIPs were categorized in type 1 RIP while only 62NF belonged to type 2 
RIP. Moreover, the expression of predicted RIP genes was detectable in various tissues. 
From in silico analysis, we found that 26SK lacked the C-terminal domain which was the 
eukaryotic ribosome P stalk protein binding site such as 26SK. However, 26SK possessed 
rRNA N-glycosidase activity against substrate as well as 34.7(A)SK. Interestingly, 26SK 
exhibited inhibitory effects to E. coli and breast cancer cell line whereas 34.7(A)SK cell 
lysate did not exhibit this activity. Structure models of 26SK, 33curcin, and 34.7(A)SK 
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displayed diverse hydrophobicity and electrostatic potential on their surfaces suggesting 
the functional differences among the Jatropha RIP proteins.
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