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2qes         ------VNTITFDVG--NATINKYATFMESLRNEAKDPTLKCYGIPMLP----DSNLTPK 

shiga        -----KEFTLDFSTA--KTYVDSLNVIRSAIGTPLQTISSGGTSLLMIDSGTGDNLFAVD 

rips         DTPNRQTTYIDFHVDPEIDNVPHYRSVVQQLRRGAGHLIHGNNIYETMGQGQNAGLVALN 

                      : * .      :     . . :                :      . .: . 

 

2qes         YVLVKLQDASSKTITLMLRRNNLYVMGYSDLYNGKCRYHIFNDISSTESTDVENTLCPNS   

shiga        VRGIDPEEGRFNNLRLIVERNNLYVTGFVNRTN--NVFYRFADFS--------HVTFPGT 

rips         LYNAD----WVHQTTLYFNASNLYLVGFKSRTG---QAYLFSDASAN----AREEVGREV 

                 .      :   * .. .***: *: .  .     : * * *        .       

 

2qes         NSREKKAINYNSQYSTLQNKAGVSSRSQVQLGIQILNSDIGKISGVSTFTDKT------E 

shiga        TAVT---LSGDSSYTTLQRVAGISRTGMQINRHSLTTSYLDLMSHSGTSLTQS------V 

rips         RGAPVTTLPFAGSYTSLVNTLPGAETEPTTIGIYAIQTNMEALARTPNPAAATGAYRGSI 

              .     :   ..*::* .    :             : :  ::   .    :        

 

2qes         AEFLLVAIQMVSEAARFKYIENQVKTNFN----RAFNPNPKVLSLEENWGKISLAIHNAK 

shiga        ARAMLRFVTVTAEALRFRQIQRGFRTTLDDLSGRSYVMTAEDVDLTLNWGRLSSVLP--- 

rips         ARAMLIMIGAFAEAARFPMFRDHFEAAFRRFANPSVVVTPTMQALRTAWGQMSRWVQQLV 

             *. :*  :   :** **  :.  ..: :      :   ..    *   **::*  :     

 

2qes         NGALTSPLELKNADDTKWIVLRVDEIKPDMGLLNYVSGTCQTT 

shiga        --------DYHGQDSVRVGRISFGSINAILGSVALILN-CH-- 

rips         SGPPPTP-AVFGSGVYFFVLASWEDVDKYLRAINGQR------ 

                           . .          .:.  :  :
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“La ausencia de prueba, 

No es prueba de ausencia” 

Carl Sagan 

Las conclusiones obtenidas al final del trabajo se resumen a continuación. 

 

 El gen SCO7092 de Streptomyces coelicolor codifica una Proteína Inactivadora de los 

Ribosomas del tipo 1 con actividad N-Glicosidasa sobre ribosomas de E. coli BL21 (DE3)pLysS, 

removiendo de manera especifica la adenina A2660. 

 

 Con el hallazgo de RIPsc, se muestra la primera evidencia de una Proteína Inactivadora de los 

Ribosomas en un actinomiceto y se abre un nuevo campo de investigación. 

 

 Los resultados obtenidos en el análisis de la expresión del gen ripsc nos permiten sugerir que 

es más probable que RIPsc participa en mecanismos de apoptosis que en mecanismos de 

defensa. 

 

 La aplicación de RIPsc en la agricultura por medio del diseño de conjugados con péptidos 

bioactivos es prometedora, aunque es necesario encontrar sistemas de expresión eficientes 

pues la efectividad sobre el organismo hospedero, de los conjugados obtenidos, no permite 

tener niveles de expresión suficientes para ser detectados por técnicas clásicas como la 

electroforesis usada en el trabajo. 
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Ribosome-inactivating proteins (RIPs) are cytotoxic N-glycosidases identified in numerous plants,

but also constitute a subunit of the bacterial Shiga toxin. Classification of plant RIPs is based on

the absence (type I) or presence (type II) of an additional lectin module. In Shiga toxin, sugar

binding is mediated by a distinct RIP-associated homopentamer. In the genome of two

actinomycetes, we identified RIP-like proteins that resemble plant type I RIPs rather than the RIP

subunit (StxA) of Shiga toxin. Some representatives of b- and c-proteobacteria also contain genes

encoding RIP-like proteins, but these are homologous to StxA. Here, we describe the isolation

and initial characterization of the RIP-like gene product SCO7092 (RIPsc) from the Gram-positive

soil bacterium Streptomyces coelicolor. The ripsc gene was expressed in Escherichia coli as a

recombinant protein of about 30 kDa, and displayed the characteristic N-glycosidase activity

causing specific rRNA depurination. In Streptomyces lividans and E. coli, RIPsc overproduction

resulted in a dramatic decrease in the growth rate. In addition, intracellular production was

deleterious for Saccharomyces cerevisiae. However, when applied externally to microbial cells,

purified RIPsc did not display antibacterial or antifungal activity, suggesting that it cannot enter

these cells. In a cell-free system, however, purified S. coelicolor RIPsc protein displayed strong

inhibitory activity towards protein translation.

INTRODUCTION

Ribosome-inactivating proteins (RIPs) are cytotoxic N-
glycosidases that inhibit protein synthesis by virtue of their
enzymic activity, selectively cleaving a specific adenine
residue from a highly conserved, surface-exposed stem–
loop (sarcin–ricin loop) structure in 28S rRNA (Park et al.,

2006). RIPs show depurination activity against eukaryotic
and prokaryotic rRNA in the presence and absence of
ribosomal proteins (Endo et al., 1991). Depurination of the
sarcin–ricin loop prevents binding of elongation factor 2 to
the ribosome, thereby resulting in protein synthesis
inhibition (Stirpe et al., 1992; Stirpe, 2004).

Currently, RIPs isolated from plants are divided into two
major groups based on the presence or absence of a lectin-
like chain, which makes a significant functional difference.
Type I RIPs consist of a single polypeptide chain of about
30 kDa, whereas type II RIPs consist of an enzymically active
A chain similar to type I RIPs, linked by a disulphide bond to
a slightly larger (approximately 35 kDa) B chain, which has
the properties of a lectin with specificity for galactose-
containing carbohydrates (Barbieri et al., 1993; Stirpe, 2004).
The best-known type II RIP is ricin (Lord et al., 1994).

Abbreviations: qRT-PCR, quantitative RT-PCR; RIP, ribosome-inactiv-
ating protein.

3These authors contributed equally to this work.

4Present address: PharmAbs, The K.U.Leuven Antibody Center,
Herestraat 49 box 824, B-3000 Leuven, Belgium.

Two supplementary figures, showing a multiple sequence alignment of
representative RIPs from plants, A subunits of Shiga toxins and RIP-like
proteins from bacteria, and a dendrogram constructed from the
alignment, are available with the online version of this paper.
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Only the presence of type II RIPs has been confirmed in
bacteria (Suh et al., 1998; Sandvig, 2001). These potent
type II RIPs that contain a glycosphingolipid-binding
moiety are produced by Shigella dysenteriae (Shiga toxin)
and several other pathogenic bacteria, including certain
strains of Escherichia coli (Shiga-like toxins or verotoxins)
(Sandvig, 2006). In this toxin the enzymically active
monomeric subunit (StxA) is non-covalently associated
with a homopentameric sugar-binding module (Johannes
& Römer, 2010).

Although the enzymic and biological activities of RIPs have
been extensively investigated, and for several the crystal
structure has been elucidated (Stirpe & Battelli, 2006; Ng
et al., 2010), their precise physiological role is still subject
to debate. Plant RIPs are generally suggested to be defence-
related proteins, as they are able to inhibit the multiplica-
tion and growth of several pathogenic viruses, fungi and
bacteria either alone or in conjunction with other defence-
related proteins. On the other hand, their wide distribution
in plants suggests that they have an important role, giving
an evolutionary advantage that justifies their conservation
(Girbés et al., 2004).

In this manuscript, we describe the analysis of a gene
(designated ripsc) from Streptomyces coelicolor, genetically
the best-characterized Streptomyces species (Bentley et al.,
2002), with an orthologue in Streptomyces lividans that
encodes a protein with significant homology to previously
described type I RIPs. We studied the biological properties
and antimicrobial activities of this putative RIP homologue
encoded by SCO7092.

METHODS

Strains, media and growth conditions. E. coli strain TG1 was used
as host for cloning purposes (Sambrook et al., 1989). Cultures were
grown at 37 uC (with shaking at 300 r.p.m.) in Luria–Bertani

medium, supplemented with the appropriate antibiotics. S. coelicolor
M145 and S. lividans TK24 and their derivatives were precultured in
5 ml phage medium (Korn et al., 1978) supplemented with the
appropriate antibiotics, when needed, and grown at 27 uC with
continuous shaking at 250 r.p.m. for 48 h. After homogenizing the

mycelium, the strains were inoculated in liquid Nutrient broth-MOPS
medium (NM) (Van Mellaert et al., 1994). For solid media, mannitol
soya flour (MS) (Kieser et al., 2000) or MRYE medium was used
(Anné et al., 1990) supplemented with thiostrepton (10 mg ml21),
where applicable. Protoplast formation and subsequent transforma-
tion of S. lividans were carried out as described previously (Kieser

et al., 2000). For the yeast toxicity test, Saccharomyces cerevisiae strains
W303-1A and BY4743 were grown on selective plates [synthetic
dextrose (SD)-His] and in liquid [synthetic complete (SC)-His 2 %
raffinose] medium at 30 uC. Saccharomyces cerevisiae cells were
transformed using the Gietz method (Gietz et al., 1995). For

evaluation of RIPsc antifungal activity, fungi were grown on YPD
agar plates (1 % yeast extract, 2 % peptone, 2 % glucose, 2 % agar) at
27 uC for 48 h.

DNA manipulation and vector construction. For all DNA
manipulations standard techniques were used (Sambrook et al., 1989;
Kieser et al., 2000). Restriction endonucleases and DNA-modifying
enzymes were obtained from Invitrogen and Roche Diagnostics.

For overexpression of ripsc in S. lividans, the gene encoding the

predicted mature RIPsc protein was amplified by PCR with the

primers 59-TACTGCAGATACGCCCAACAGGC-39 and 59-TACTTA-

AGTCACCTTTGCCCGTTGATGGC-39 using chromosomal DNA of

S. coelicolor M145 as a template. After verification of the DNA

sequence, the ripsc gene was cloned as a PstI-T4 DNA polymerase-

treated/EcoRI fragment downstream of the vsi promoter and signal

sequence into pBSDK0.6Sma (Lammertyn, 2000), treated with DraII–

Klenow polymerase/EcoRI, resulting in pBSvsirip. Finally, the

complete expression cassette containing the vsi promoter, vsi signal

sequence and the ripsc sequence encoding the mature protein was

transferred as an XbaI/EcoRI fragment from pBSvsirip to the

corresponding sites of the Streptomyces plasmid pIJ486 (Ward et al.,

1986). The resulting vector pIJ486vsirip was used for overexpression

of ripsc in S. lividans.

pET-RIPsc used for the overproduction and subsequent purification

of N-terminally 6His-tagged RIPsc from E. coli was constructed by

inserting an NdeI/BamHI fragment encoding the mature RIPsc

protein into the corresponding sites of pET3a. This latter fragment

encoding mature RIPsc was amplified by PCR using S. coelicolor

M145 chromosomal DNA as template with the primers MatRIPscF

(59-TACATATGCACCATCATCACCATCACGATACGCCCAACAG-

GC-39) and RIPscR (59-TAGGATCCTCACCTTTGCCCGTTGAT-

GGC-39). The MatRIPscF primer also contained a 6His-encoding

sequence to allow subsequent affinity purification.

To test the toxicity of RIPsc in Saccharomyces cerevisiae, a galactose-

inducible expression system available in Saccharomyces cerevisiae W303-

1A and BY4743 strains (Thomas & Rothstein, 1989; Brachmann et al.,

1998) was used. For this purpose, the S. coelicolor putative rip gene was

amplified by PCR with the primers 59-TAGGATCCGATACGCC-

CAACAGGC-39 and 59-TACCTAGGTCACCTTTGCCCGTTGATG-

GC-39) using chromosomal DNA of S. coelicolor M145 as a template.

The amplified sequence was cloned in pGEM-T Easy (Promega). After

DNA sequence verification and determination of the orientation of the

cloned ripsc fragment, the ripsc gene was obtained as a BamHI

(restriction site present in the 59 primer)/ApaI (restriction site present in

the pGEM-T Easy vector) fragment and cloned in the corresponding

sites of the pESC-His vector (Stratagene), downstream of the

Saccharomyces cerevisiae GAL1 promoter for galactose-inducible

expression in yeast, resulting in plasmid pESCripsc.

RNA isolation. Total RNA from samples was isolated using the SV

Total RNA isolation System from Promega according to the

manufacturer’s protocol. Samples were stored at 280 uC. Yields

and RNA integrity were determined on an Eppendorf biophotometer.

RIPsc overproduction in E. coli and purification. For the

overproduction of 6His-tagged mature RIPsc, E. coli BL21(DE3)pLysS

cells were transformed with the expression plasmid pET-RIPsc, grown at

37 uC and induced with 1 mM IPTG as described by Studier et al.

(1990). Subsequently, the cultures were grown at 37 uC for an additional

4 h. E. coli cells producing 6His-tagged mature RIPsc were harvested by

centrifugation (10 min, 5000 g, 4 uC). The obtained pellet was

resuspended in 10 ml inclusion bodies sonication buffer [25 mM

HEPES, 100 mM KCl, 12.5 mM MgCl2, 20 % (v/v) glycerol, 0.1 % (v/v)

Nonidet P-40, 1 mM DTT, pH 7.7], with the addition of one EDTA-free

protease inhibitor tablet (Roche) and 500 ml lysozyme (10 mg ml21),

and then incubated for 30 min on ice. Next, the suspension was

incubated for 1 h at 280 uC, after which the suspension was thawed in

water at room temperature and sonicated eight times for 15 s. The

inclusion bodies were pelleted by centrifugation at 10 000 r.p.m. at 4 uC
for 10 min. The pellet was washed 10 times with RIPA buffer [0.1 % (w/

v) SDS, 1 % (v/v) Triton X-100, 1 % (w/v) sodium deoxycholate in Tris-

buffered saline (TBS; 25 mM Tris/HCl, pH 7.5, 150 mM NaCl)] and

stored at 220 uC until use.

A. G. Reyes and others
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The isolated inclusion bodies were resuspended in 8 M urea, pH 8.0.
After incubation for 1 h at room temperature, the sample was cleared
by centrifugation (10 min, 10 000 g), and 6His-tagged RIPsc was
purified from the sample by affinity chromatography under
denaturing conditions (8 M urea) on a Ni2+-nitriloacetate (NTA)
column (IBA) as recommended by the manufacturer. The obtained
fractions were screened for the presence of RIPsc using SDS-PAGE
and fractions containing the desired protein were pooled. Finally,
urea in the protein samples was removed by gel filtration on a PD-10
column (GE Healthcare), which had been previously equilibrated
with 10 mM Tris/HCl, pH 7.5. Using this procedure, typically 250 mg
pure RIPsc could be obtained. Anti-RIPsc antibodies were raised
against purified RIPsc samples in rabbits, as described by Geukens
et al. (2001).

Separation of soluble and insoluble protein fractions. For
separating soluble and insoluble fractions from the bacterial cell
lysates, cells from a 1 ml RIPsc-producing E. coli culture were
harvested after 2, 3 and 4 h induction with IPTG by centrifugation
(3 min, 10 000 g). The cell pellets were resuspended in 57 ml ATRIT
[10 % (w/v) sucrose, 50 mM Tris/HCl, pH 8] with the addition of
19 ml lysozyme solution (20 mg ml21) and incubated for 15 min at
room temperature. After incubation, 76 ml CTRIT [0.2 % (v/v) Triton
X-100, 50 mM EDTA, 50 mM Tris/HCl, pH 8] was added. The
samples were vortexed and next incubated for 5 min at room
temperature. The cells were lysed by freeze–thawing, after which the
samples were centrifuged for 5 min at 10 000 g. The supernatant,
corresponding to the soluble protein fraction, was mixed with 25 ml
protein loading dye and analysed by SDS-PAGE. The remaining
pellet, i.e. the insoluble protein fraction, was washed with 150 ml
BTRIT (25 mM EDTA, 25 mM Tris/HCl, pH 8), resuspended in
167 ml TRIT (3 vols ATRIT, 1 vol. BTRIT and 4 vols CTRIT) and
mixed with 33 ml protein loading dye for subsequent analysis by
SDS-PAGE.

SDS-PAGE and Western blotting. The protein fractions from the
bacterial extracts were resolved on 12.5 % SDS-PAGE and stained
with Coomassie brilliant blue. To confirm the identity of the resulting
bands, the bacterial protein samples were transferred onto a PVDF
membrane and probed with anti-RIPsc antibodies. Immunodetection
was performed using anti-rabbit IgG labelled with alkaline phospha-
tase using a colorimetric method with nitroblue tetrazolium chloride
(NBT)/5-bromo-4-chloro-39-indolyl phosphate p-toluidine salt (BCIP)
as substrates.

In vitro protein translation inhibition assay. Purified RIPsc was
tested for in vitro protein synthesis inhibition activity using the rabbit
reticulocyte lysate system (Promega). The translation was performed
according to the manufacturer’s protocol using luciferase mRNA. The
translation products were detected using the Transcend non-
radioactive translation system (Promega) by chemiluminescence.
Rabbit reticulocyte lysate (35 ml) was incubated for 30 min at 30 uC
in the presence of purified RIPsc protein (500, 250 and 125 ng).
Similar amounts of RNase-free buffer (10 mM Tris/HCl, pH 7.5,
100 mM NaCl) or RNase-free water were used as controls. To these
mixtures, 1 ml amino acid complete mixture, RNasin RNase inhibitor
(40 U, Promega), 100 ng luciferase mRNA and 1.5 ml Transcend
tRNA were added, and next RNase-free water was added to a final
volume of 50 ml. After the initiation of translation, the samples were
further incubated at 30 uC for 1 h, after which the samples were
placed on ice to stop the reaction. In order to detect the translation
products, 15 ml protein loading dye was added to 5 ml reaction
mixture and heated to 90 uC for 2 min. The denatured samples were
separated by 12.5 % SDS-PAGE, transferred to a PVDF membrane
and subsequently treated according to the manufacturer’s protocol
for chemiluminescence detection (Promega). The bands were
visualized using X-ray films.

Determination of N-glycosidase activity. Adenine released from

ribosomes by RIPsc-overproducing E. coli was determined using

quantitative RT-PCR (qRT-PCR), as described by Melchior &

Tolleson (2010). In brief, two pairs of primers were designed. One

pair, which anneals upstream from the RIPsc-affected site of the 23S
ribosome subunit, was used as a control. The other pair was designed

to specifically detect the alternate sequence, with the AAT

transversion, in the 23S ribosome subunit. The 39 end base of the

reverse primer (in bold type) matches the base in the altered sequence

but does not match the base of the native sequence. The third base

counting from the 39 end (underlined) is a mismatch with both

sequences. In this way, the last codon 39-terminal from the reverse

primer totally mismatches the native sequence. Consequently, qRT-

PCR amplification of the native 23S ribosome sequence is much lower

than that of the altered sequence. The following primers were used:

control forward primer, 59-ATGTCGGCTCATCACATCCTGGGG-39;

control reverse primer, 59-CCCAGCTCGCGTACCACTTTAAA-39;

test forward primer, 59-ACTGAGGGGGGCTGCTCCTAGTA-39; test

reverse primer, 59-TGCGTCCACTCCGGTCCACA-39.

Real-time PCR was performed in a Rotor-Gene RG-3000 thermal

cycler (Corbett Research) using One-Step SYBR GreenER chemistry

from Invitrogen. Reactions with a 20 ml total volume were prepared,

containing 5 ng total E. coli RNA ml21 and 0.2 mM of each

appropriate pair of primers. Each RNA sample was run in triplicate

with both pairs of primers. Corbett Research software was used to

obtain threshold cycle (CT) numbers. Total amplicon concentration

was determined from ripsc cDNA obtained by RT-PCR.

Yeast toxicity assay. RIPsc toxicity was tested by intracellular

production in yeast cells. Therefore, a galactose-inducible expression
system in Saccharomyces cerevisiae strains W303-1A and BY4743 was

used (Thomas & Rothstein, 1989; Brachmann et al., 1998). These

strains, transformed with pESCripsc and the empty pESC-His

plasmid, were subsequently inoculated on selective plates (SD-His)

and incubated for 3 days. In order to test RIPsc toxicity to yeast, a

spot test was performed with these transformants. Three independent

colonies were picked up to inoculate liquid medium (SC-His 2 %

raffinose), and after 2 days incubation at 30 uC, cell densities were

measured. The cell suspensions were diluted to the same density with

sugar-free SC-His medium. Samples (5 ml) of different dilutions

(OD600 1, 0.1 and 0.001) of Saccharomyces cerevisiae pESC and

Saccharomyces cerevisiae cells harbouring pESC-ripsc were spotted on

selective plates with glucose to block RIPsc expression or with

galactose to induce RIPsc production.

Assay for antifungal activity. The antifungal activity of purified
RIPsc was determined by a radial growth inhibition assay adapted

from the method of Schlumbaum et al. (1986). Various fungal plugs

were placed in the centre of YPD agar plates and sterile paper discs

were placed next to the fungal plugs. The fungal plugs were inoculated

with 5 ml of cultures of Fusarium oxysporum, Trichoderma reesei,

Saccharomyces cerevisiae and Aspergillus niger, and grown at 27 uC for

48 h in YPD medium. Purified RIPsc protein (50 mg), which was

sterilized using a 0.22 mm pore-size filter (Millipore), was pipetted

onto the discs. The plates were then incubated in the dark at room

temperature. Antifungal activity was scored as a crescent-shaped zone

of inhibition at the mycelial front.

Assay for antibacterial activity. Antibacterial activity of RIPsc was

tested using a growth inhibition plate assay. Staphylococcus aureus,

Staphylococcus epidermidis, Pseudomonas aeruginosa, E. coli,

Micrococcus luteus and Bacillus subtilis strains were inoculated in
liquid Luria–Bertani medium and incubated at 37 uC for 12 h. These

cultures were used to inoculate inhibition plates with an inoculation

loop. The inhibition plates were made by mixing 10 ml LB agar with

100 mg purified RIP solution (10 mg ml21 final concentration)
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sterilized by filtration (0.22 mm pore-size, Millipore). The plates were

incubated at 37 uC for 12 h and antibacterial activity was measured.

RESULTS

Computer-assisted analysis of the S. coelicolor
RIP homologue SCO7092

BLASTP analyses (http://www.expasy.ch/tools/blast/) indi-
cated that the deduced amino acid sequence of S. coelicolor
SCO7092 (RIPsc) has substantial similarity to known RIPs
from plants. This is consistent with the presence of the
Pfam motif for RIP proteins (PF00161, E51.2 e-07; http//
pfam.sanger.ac.uk/). The PSORTb software (http://www.
psort.org/psortb/) was used to predict the subcellular
localization of RIPsc. The RIPsc protein is predicted to be
secreted by S. coelicolor. The SignalP3.0 software identified
an N-terminal signal peptide of 35 amino acids with high
probability. This predicted signal peptide has the char-
acteristic N-, H- and C-domains and contains a typical

type I signal peptidase cleavage site in the C-domain. The
mature RIPsc protein is predicted to have a molecular mass
of 29 kDa, a pI of 8.1 and potential N-glycosidase activity
(http://www.expasy.ch/tools/protparam.html).

Sequence alignment of the S. coelicolor RIP-like protein
SCO7092 and its S. lividans orthologue shows that the RIP
active site residues are conserved in these actinomycete
proteins (Fig. 1 and Supplementary Fig. S1). This is also the
case for a number of other bacterial hypothetical proteins
revealed by genome sequence analysis, each containing a
putative amino-terminal signal peptide for secretion
(Supplementary Fig. S1). Comparative sequence analysis
indicated that the genomes of Burkholderia sp. CCGE1002
(a b-proteobacterial soil isolate) and Rickettsiella grylli (a c-
proteobacterial pathogen of arthropods; Leclerque, 2008)
encode RIPs clustering with Shiga toxin A subunits,
although a homologue of the toxin B subunit appears to
be absent (Fig. 1 and Supplementary Fig. S2). Remarkably,
SCO7092 shows only a low level of sequence homology
with the RIP domain in the hypothetical proteins from two

Fig. 1. Molecular phylogeny of plant RIPs and bacterial RIP-like proteins. Multiple alignment of the respective RIP domains
(Supplementary Fig. S1) was used to construct the phylogenetic tree (for details see Supplementary Fig. S2). The scale bar
represents 0.6 substitutions per site. Type II plant RIPs and bacterial RIP-like proteins are labelled with (II) and asterisks,
respectively. Stx refers to subunit A of Shiga toxins.
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other actinomycetes, namely the antibiotic producer
Micromonospora carbonacea (Hosted et al., 2001) and
Streptomyces scabies, a phytopathogen causing scab on
potatoes (Lerat et al., 2009). Notably, the predicted M.
carbonacea gene product carries a unique carboxy-terminal
extension of about 280 amino acids. Our analysis suggests
that the SCO7092 gene has evolved from a different
ancestor, possibly of plant origin (Fig. 1).

Overexpression of SCO7092 in S. lividans

To study the biological properties of RIPsc, the purified
protein was needed. Since we preferred purification of
RIPsc from its natural source, we analysed the levels of
SCO7092 expression in wild-type S. lividans at different
stages of growth by RT-PCR. However, SCO7092 expres-
sion was not detectable when S. lividans was grown in
liquid NM medium at 27 uC with continuous shaking at
300 r.p.m. (results not shown), while under other growth
conditions, SCO7092 expression could be detected (results
not shown).

Since RIPsc could not be purified from wild-type S. coelicolor
or S. lividans, overexpression of ripsc in S. lividans was
performed. To this end, we used the vsi-based expression
system, which has been shown to be successful for the
secretory production of several homologous and heterolog-
ous proteins in Streptomyces (Van Mellaert & Anné, 2001;
Sianidis et al., 2006). Consequently, the ripsc gene encoding
the predicted mature protein was cloned into the
Streptomyces multicopy plasmid pIJ486 downstream of the
strong vsi promoter and signal sequence. However,
introduction of the resulting pIJ486vsirip plasmid into S.
lividans induced dramatic phenotypic effects. In particular,
S. lividans cells harbouring pIJ486vsirip grew significantly
slower than the wild-type and showed delayed sporulation in
comparison with the wild-type (results not shown). Western
blot analyses of culture filtrates obtained from S. lividans
[pIJ486vsirip] after 24 and 48 h of growth showed produc-
tion and secretion of RIPsc into the culture medium (Fig. 2),
although the levels obtained were too low for purification
purposes, most likely because RIPsc overproduction is toxic
to S. lividans.

Expression of SCO7092 in E. coli

For overexpression of the S. coelicolor ripsc gene in E. coli
BL21(DE3)pLysS, a PCR-amplified DNA fragment bearing
the gene encoding mature RIPsc (i.e. without the signal
sequence) was inserted in pET3a downstream of the T7
promoter (resulting in pET-RIPsc). We chose the E. coli
BL21(DE3)pLysS strain, since it expresses endogenous T7
lysozyme, which reduces basal expression of toxic proteins.
The strain has been used successfully for overproduction of
a type I plant RIP before (Antolı́n et al., 2004). From IPTG-
induced cultures, samples were taken 0, 2, and 4 h after
induction, and total cell lysates were analysed by SDS-
PAGE analysis. At the same time, soluble and insoluble

protein fractions were separated to determine whether the
expression product was present as a soluble protein in the
cytoplasm or as an insoluble aggregate in inclusion bodies.
As seen in Fig. 3(a), RIPsc was efficiently produced in
E. coli, although the RIPsc protein was only detectable in
the insoluble protein fraction.

Several attempts were made to obtain soluble RIPsc
protein, i.e. testing different E. coli host strains [E. coli
BL21(DE3)star, E. coli JM109BL21(DE3), E. coli
C43BL21(DE3] and E. coli DH5a), lowering the growth
temperature to 27 uC and decreasing the IPTG concentra-
tion to 0.1 mM. However, in none of these cases was a
significant amount of RIPsc observed in the soluble protein
fraction. Nevertheless, the dramatic decrease of the growth
rate and finally growth arrest of the culture after IPTG
induction (Fig. 3b) suggested that although we could not
detect it by Western blotting, some RIPsc was produced as
a functional protein, exerting a cytotoxic effect.

Purification of the SCO7092 protein from E. coli

Because the amounts of secreted RIPsc in S. lividans
[pIJ486vsirip] were too low for purification purposes, the S.
coelicolor RIPsc protein was purified after overproduction
in E. coli from inclusion bodies as described in Methods. In
brief, inclusion bodies were isolated from RIPsc-producing
E. coli cells and extensively washed. The resulting proteins
were then denatured in 8 M urea and the RIPsc protein
was purified from the sample by affinity chromatography
on a Ni2+-NTA column under denaturing conditions.
Evaluation of different refolding procedures demonstrated
that for RIPsc, quick removal of urea using gel filtration
chromatography was the optimal method to obtain

Fig. 2. Western blotting analysis (12.5 % SDS-polyacrylamide gel)
of extracellular proteins from wild-type S. coelicolor (lane 2) and S.

coelicolor cells harbouring pIJ486RIPsc (lane 3) cultured in NM
medium for 24 h. The proteins were visualized using immuno-
detection with anti-RIPsc antibodies. The Precision Plus protein
marker (Bio-Rad) was loaded in lane 1.
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sufficient amounts of soluble protein. Samples showing the
purity of the RIPsc protein during the different stages of
purification are shown in Fig. 3(c). From inclusion bodies
isolated from a 600 ml IPTG-induced culture, approxi-
mately 50–100 mg .85 % pure denatured RIPsc protein
was retrieved. After the refolding step, about 5–10 mg
refolded RIPsc protein could be obtained.

Translation inhibition in rabbit reticulocyte
lysates by SCO7092

The best-known activity of RIPs is translational inhibition,
which is caused by depurination of A4324 (or removal of an
equivalent base in other ribosomes) in the 28S rRNA of the
eukaryotic ribosome, which is essential for translation.
Here, we evaluated the effect of RIPsc on ribosomes by
assaying its inhibitory activity on protein synthesis by a

rabbit reticulocyte lysate. All RIPs described so far have
been shown to inhibit protein synthesis, although with very
different potencies.

In particular, we tested whether purified recombinant
RIPsc was able to inhibit luciferase translation in a rabbit
reticulocyte translation system. Rabbit reticulocytes were
incubated with increasing concentrations of these protein
preparations (125, 250, 500 ng each) for 30 min at 30 uC
before translation was initiated. Untreated rabbit reticulo-
cytes served as negative control. Fig. 4 shows that when
purified RIPsc was added to the reaction mixture, the
amount of luciferase produced in vitro was strongly
reduced. The inhibitory effect was found to increase with
rising RIPsc concentration. These experiments show that
RIPsc specifically inhibits protein translation of rabbit
ribosomes.

Fig. 3. (a) (i) Coomassie brilliant blue-stained
12.5 % SDS-polyacrylamide gel showing S.

coelicolor ripsc overexpression in E. coli

BL21(DE3)pLysS. Lanes: 1, Precision Plus
protein marker (Bio-Rad); 2, cell lysate of non-
induced E. coli BL21(DE3)pLysS [pETRIPsc]; 3
and 4, cell lysates of E. coli BL21(DE3)pLysS
[pETRIPsc] 2 and 4 h after IPTG induction.
(ii, iii) Coomassie brilliant blue-stained 12.5 %
SDS-polyacrylamide gel (ii) and Western blot-
ting analysis (iii) of soluble and insoluble protein
extracts from E. coli BL21(DE3)pLysS harbour-
ing pETRIPsc, showing the localization of RIPsc
in E. coli BL21(DE3)pLysS. The proteins
were visualized using immunodetection with
anti-RIPsc antibodies. Lanes: 1, 4 and 7, total
cell lysates from non-induced E. coli

BL21(DE3)pLysS [pETRIPsc] and cells at 2
and 4 h after IPTG induction; 2, 5 and 8, soluble
proteins extracted from non-induced E. coli

BL21(DE3)pLysS [pETRIPsc] and cells at 2
and 4 h after IPTG induction; 3, 6 and 9,
insoluble proteins extracted from non-induced
E. coli BL21(DE3)pLysS [pETRIPsc] and cells
at 2 and 4 h after IPTG induction. Arrows
indicate the RIPsc protein. (b) Growth of E. coli

BL21(DE3)pLysS harbouring pETRIPsc. Two
cultures were grown at 37 6C and the OD600

was monitored as a function of time. When the
OD600 reached 0.8, 1 mM IPTG was added to
one of the cultures to induce RIPsc production
(arrow). Both cultures were further incubated at
37 6C for 4 h. (c) Overview of the purification of
RIPsc visualized using a Coomassie brilliant
blue-stained 12.5 % SDS-polyacrylamide gel.
Lanes: 1, size marker; 2, inclusion bodies
isolated from E. coli BL21(DE3)pLysS harbour-
ing pETRIPsc; 3, elution fraction from the Ni2+-
NTA column containing RIPsc; 4, RIPsc after
refolding by gel filtration.
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N-Glycosidase activity of SCO7092

N-Glycosidase activity of recombinant RIPsc was demon-
strated by a novel RIP assay (Melchior & Tolleson, 2010).
This assay is based on the fact that reverse transcriptase
usually incorporates an adenosine when it encounters a site
with a lesion on the template strand. RIP activity was
monitored for RNA samples taken from uninduced and
induced cells of E. coli BL21(DE3)pLysS transformed with
pET-RIPsc. If the produced protein has damaged the
rRNA, reverse transcriptase will insert an adenosine into
complementary DNA during qRT-PCR. Provided that a
site-specific PCR primer is used, a higher amplification of
the altered sequence results. Fig. 5 shows a strong increase
in the target amplicon following induction of RIPsc
expression, in comparison with the control (template from
culture without induction). This shows that RIPsc is
removing the specific adenine from rRNA within a
universally conserved GAGA sequence (A2660 in the case
of E. coli 23S rRNA).

Antifungal activity of SCO7092

Most RIPs have been shown to be able to inactivate fungal
ribosomes. Recent studies also suggest that some RIPs can
directly inhibit certain fungi by inactivating their ribo-
somes and causing cell death. For the latter, internalization

of the RIP protein is necessary to exert fungicidal activity
(Park et al. 2002a). Firstly, to analyse whether S. coelicolor
RIPsc can inactivate fungal ribosomes and has potent in
vivo antifungal activity, we evaluated the effect of
intracellular expression of SCO7092 in Saccharomyces
cerevisiae. The SCO7092 gene encoding the predicted
mature protein was cloned under the control of a
galactose-inducible promoter and the effect of SCO7092
expression on yeast was evaluated with a spot test. Fig. 6
shows that SCO7092 expression results in strong inhibition
of Saccharomyces cerevisiae growth.

Secondly, the effect of exogenously supplied purified RIPsc
on the growth of various fungi was investigated. Of these,
Fusarium oxysporum and Trichoderma reesei have been
shown to be inhibited by certain RIPs (Sharma et al., 2004;
Park et al., 2002a, b; Vivanco et al., 1999; Roberts &
Selitrennikoff, 1986). However, using a radial growth
inhibition assay with Saccharomyces cerevisiae and three
other fungi, F. oxysporum, T. reesei and A. niger, no
significant antifungal activity could be observed for RIPsc
(data not shown). Hence, RIPsc does not belong to the
small group of type I RIPs that are able to inhibit fungal
growth (Sharma et al., 2004; Park et al., 2002a, b; Vivanco
et al., 1999; Roberts & Selitrennikoff, 1986). The absence of
a lectin-type chain most likely hampers the ability of the
protein to enter the cell.

Fig. 4. Inhibition of in vitro protein synthesis by RIPsc as a
percentage of the untreated control. Rabbit reticulocytes were
incubated with 0.5, 0.25 or 0.125 mg purified RIPsc at 30 6C for
30 min. The treated rabbit reticulocytes were then incubated for
1 h with luciferase mRNA. In order to detect the translation
products, the denatured samples were separated by 12.5 % SDS-
PAGE and then transferred to a PVDF membrane for chemilumin-
escence detection of newly synthesized protein (Promega). Lanes:
1, buffer control; 2, 0.125 mg RIPsc; 3, 0.25 mg RIPsc; 4, 0.5 mg
RIPsc; 5, 0 mg RIPsc. Bars represent the average of two
independent experiments. The lower part of the figure shows the
visualized bands on X-ray films, which were used to calculate the
percentage chemiluminescence for the different samples.

Fig. 5. rRNA N-deglycosylation activity of RIPsc expressed in
E. coli. Total E. coli RNA, for use as template in a qRT-PCR assay
of RIP activity, was isolated at different time points from two
different cultures. The cultures consisted of 48 ml LB medium
inoculated with 2 ml overnight preculture of E. coli (pET-RIPsc)
and incubated at 37 6C. After reaching OD600 0.8, one culture
was induced by the addition of 1 mM IPTG. The second culture
was used as a control, without induction. The amount of cDNA
produced is proportional to the enzymic activity of RIP towards
target rRNA.
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Antibacterial activity of SCO7092 Intracellular expression
of SCO7092 in E. coli (see above) already suggested that
SCO7092 expression is toxic for E. coli cells. Consequently,
the potential antibacterial activity of exogenously applied
RIPsc was evaluated using representative Gram-positive
and Gram-negative bacteria, i.e. Staphylococcus aureus,
Staphylococcus epidermidis, M. luteus, B. subtilis, P.
aeruginosa and E. coli. No antibacterial activity against
the tested bacteria was detected (results not shown), most
likely because of the inability of RIPsc to enter the bacterial
cell.

DISCUSSION

In this manuscript, we describe the identification and
characterization of a new RIP-like protein from the Gram-
positive soil bacterium S. coelicolor. Several pathogenic c-
proteobacteria (Shigella. dysenteriae, E. coli STEC strains
and species of Aeromonas, Citrobacter and Enterobacter)
have been shown to produce potent cytotoxic type II RIPs
involved in human and animal disease (Sandvig, 2006).
However, following our phylogenetic analyses, the S.
coelicolor protein appears to be more related to plant type
I RIPs than to these Shiga and Shiga-like toxins.

The efficiency of rip expression in bacterial systems has
been shown to be highly variable. The cDNA of some type I
plant RIPs has been expressed successfully at high levels
(Rajamohan et al., 1999; Chi et al., 2001). In some cases,
the recombinant RIP is inactive or far less active than the
native protein (Wu et al., 1998). Conversely, some other
RIPs heterologously expressed strongly promote bacterial
ribosome inactivation, causing cell growth arrest (Cho
et al., 2000). Finally, some recombinant RIPs are produced
as inclusion bodies (Antolı́n et al., 2004). The dramatic
decrease in growth rate of E. coli upon induction of ripsc
expression strongly suggests that RIPsc overproduction is
highly toxic to E. coli. Similar results have also been
obtained in the case of expression of type I RIPs from
Mirabilis jalapa (Kataoka et al., 1991), Phytolacca amer-
icana, Dianthus sinensis (Cho et al., 2000), Amaranthus
viridis (Kwon et al., 2000) and Beta vulgaris (Iglesias et al.,
2005) in E. coli cells under inducing conditions. In E. coli,
accumulation of RIPsc to high levels could only be
observed when the protein was produced as inactive
protein in inclusion bodies, most likely because of its
inherent toxicity. In this respect, it is also interesting to
mention that RIPsc overproduction resulted in a decreased
growth rate of its natural host, Streptomyces.

The translational inhibitory activity of purified RIPsc in a
rabbit reticulocyte system was of the same order of
magnitude as those of other type I RIPs, such as musarmin
1 from Muscari armeniacum (Antolı́n et al., 2004) and
TRIP from tobacco (Sharma et al., 2004). This suggests that
solubilization of the protein from inclusion bodies and
refolding of RIPsc yielded fully active protein.

A novel RT-PCR assay for the N-glycosidase activity of
RIPs (Melchior & Tolleson, 2010) was used to analyse
directly the predicted enzymic activity towards rRNA of the
ripsc gene product. The amplification of the damaged
fragment of E. coli 23S rRNA which contains the specific
adenine (A2660) target of RIPs confirmed the identity of the
protein as a novel prokaryotic RIP.

The potential antimicrobial activity of RIPsc in vivo was
examined by testing its effect on the growth of different
fungi and bacteria. When produced in the cytosol of E. coli
and Saccharomyces cerevisiae, the RIPsc protein was found
to efficiently inhibit cell growth. However, when added to
bacterial cells or fungi extracellularly, we could not observe
any antimicrobial activity. Consequently, a direct role of
RIPsc in antagonism of bacterial and fungal competitors is
very unlikely. We assume that the observed lack of
antibacterial and antifungal activity of RIPsc is related to
the absence of a lectin-type chain, which is present in the
more toxic type II RIPs, and which is thought to assist the
protein in entering target cells (Stirpe, 2004; Stirpe &
Battelli, 2006). Given the high toxicity of the protein when
produced in the cytosol of E. coli and Saccharomyces
cerevisiae, it is therefore envisioned that fusion of the RIPsc
protein to a lectin could make this protein an efficient
antimicrobial compound.
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& Girbés, T. (2004). Bacterial expression of biologically active

recombinant musarmin 1 from bulbs of Muscari armeniacum L.

and Miller. J Biotechnol 112, 313–322.

Fig. 6. Spot test to analyse RIPsc toxicity to
yeast. Equal numbers of Saccharomyces

cerevisiae [pESC] or Saccharomyces cerevi-

siae cells harbouring pESC-ripsc were spot-
ted on media with glucose or galactose to
induce RIPsc production. The cells were
incubated for 15 h at 30 6C.

A. G. Reyes and others

3028 Microbiology 156



Barbieri, L., Battelli, M. G. & Stirpe, F. (1993). Ribosome-inactivating

proteins from plants. Biochim Biophys Acta 1154, 237–282.

Bentley, S. D., Chater, K. F., Cerdeño-Tárraga, A. M., Challis, G. L.,
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Korn, F., Weingärtner, B. & Kutzner, H. J. (1978). A study of twenty

actinophages: morphology, serological relationship and host range. In

Genetics of the Actinomycetales, pp. 251–270. Edited by E. Freechsen,

I. Tarnak & J. H. Thumin. Stuttgart: G. Fischer Verlag.

Kwon, S. Y., An, C. S., Liu, J. R., Kwak, S.-S., Lee, H. S., Lim, J. K. &
Paek, K. H. (2000). Molecular cloning of a cDNA encoding ribosome-

inactivating protein from Amaranthus viridis and its expression in

E. coli. Mol Cells 10, 8–12.

Lammertyn, E. (2000). Isolation and characterisation of a novel

subtilisin inhibitor gene from Streptomyces venezuelae and evaluation of

its regulatory sequences for heterologous protein secretion by

Streptomyces lividans. PhD thesis, Katholieke Universiteit Leuven,

Leuven, Belgium.

Leclerque, A. (2008). Whole genome-based assessment of the

taxonomic position of the arthropod pathogenic bacterium

Rickettsiella grylli. FEMS Microbiol Lett 283, 117–127.

Lerat, S., Simao-Beaunoir, A. M. & Beaulieu, C. (2009). Genetic and

physiological determinants of Streptomyces scabies pathogenicity. Mol

Plant Pathol 10, 579–585.

Lord, J. M., Roberts, L. M. & Robertus, J. D. (1994). Ricin: structure,

mode of action, and some current applications. FASEB J 8, 201–208.

Melchior, W. B., Jr & Tolleson, W. H. (2010). A functional quantitative

polymerase chain reaction assay for ricin, Shiga toxin, and related

ribosome-inactivating proteins. Anal Biochem 396, 204–211.

Ng, T. B., Wong, J. H. & Wang, H. (2010). Recent progress in research

on ribosome inactivating proteins. Curr Protein Pept Sci 11, 37–53.

Park, S. W., Stevens, N. M. & Vivanco, J. M. (2002a). Enzymatic

specificity of three ribosome-inactivating proteins against fungal

ribosomes, and correlation with antifungal activity. Planta 216, 227–

234.

Park, S. W., Lawrence, C. B., Linden, J. C. & Vivanco, J. M. (2002b).
Isolation and characterization of a novel ribosome-inactivating

protein from root cultures of pokeweed and its mechanism of

secretion from roots. Plant Physiol 130, 164–178.

Park, S. W., Prithiviraj, B., Vepachedu, R. & Vivanco, J. M. (2006).
Isolation and purification of ribosome-inactivating proteins. Methods

Mol Biol 318, 335–347.

Rajamohan, F., Engstrom, C. R., Denton, T. J., Engen, L. A., Kourinov,
I. & Uckun, F. M. (1999). High-level expression and purification of

biologically active recombinant pokeweed antiviral protein. Protein

Expr Purif 16, 359–368.

Roberts, W. K. & Selitrennikoff, C. P. (1986). Isolation and partial

characterization of two antifungal proteins from barley. Biochim

Biophys Acta 880, 161–170.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989). Molecular Cloning:

a Laboratory Manual, 2nd edn. Cold Spring Harbor, NY: Cold Spring

Harbor Laboratory.

Sandvig, K. (2001). Shiga toxins. Toxicon 39, 1629–1635.

Sandvig, K. (2006). The Shiga toxins: properties and actions on cells.

In The Comprehensive Sourcebook of Bacterial Toxins, 3rd edn, pp.

310–322. Edited by J. E. Alouf & M. R. Popoff. San Diego, CA:

Academic Press.

Schlumbaum, A., Mauch, F., Vogeli, U. & Boller, T. (1986). Plant

chitinases are potent inhibitors of fungal growth. Nature 324, 365–

367.

Sharma, N., Park, S. W., Vepachedu, R., Barbieri, L., Ciani, M., Stirpe,
F., Savary, B. J. & Vivanco, J. M. (2004). Isolation and characterisation

of a RIP-like protein from tobacco with dual enzymatic activity. Plant

Physiol 134, 171–181.

Sianidis, G., Pozidis, C., Becker, F., Vrancken, K., Sjoeholm, C.,
Karamanou, S., Takano-Wik, M., Van Mellaert, L., Schaeffer, Th. &
other authors (2006). Functional large-scale production of a novel

Jonesia sp. xyloglucanase by heterologous secretion from Streptomyces

lividans. J Biotechnol 121, 498–507.

Stirpe, F. (2004). Ribosome-inactivating proteins. Toxicon 44, 371–

383.

Stirpe, F. & Battelli, M. G. (2006). Ribosome-inactivating proteins:

progress and problems. Cell Mol Life Sci 63, 1850–1866.

Stirpe, F., Barbieri, L., Batelli, M. G., Soria, M. & Lappi, D. A. (1992).
Ribosome-inactivating proteins from plants: present status and future

prospects. Biotechnology (N Y) 10, 405–412.

A putative type I RIP of S. coelicolor

http://mic.sgmjournals.org 3029



Studier, F. W., Rosenberg, A. H., Dunn, J. J. & Dubendorff, J. W.
(1990). Use of T7 RNA polymerase to direct expression of cloned
genes. Methods Enzymol 185, 60–89.

Suh, J. K., Hovde, C. J. & Robertus, J. D. (1998). Shiga toxin attacks
bacterial ribosomes as effectively as eukaryotic ribosomes.
Biochemistry 37, 9394–9398.

Thomas, B. J. & Rothstein, R. (1989). Elevated recombination rates in
transcriptionally active DNA. Cell 56, 619–630.
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Ribosome-inactivating proteins (RIPs) are a 
family of enzymes with N-glycosidase activity 
causing the release of a specific adenine from 
the 60S ribosomal subunit in the sarcin/ricin 
loop, a highly conserved sequence found in the 
RNA of the large ribosomal subunit. This activ-
ity prevents the formation of a critical stem-loop 
configuration to which the elongation factor 
(EF) is known to bind during the translocation 
step of translation and, as such, prevents further 
translation. 

RIPs are best characterized in plants, in which 
they were initially discovered. More recently, 
fungal and bacterial RIPs were described, and 
adenine glycosidase activity was also found 
in animal tissues [1]. The generalized nature 
of RIPs is considered to play a role in confer-
ring an evolutionary advantage that underlies 
their conservation [2]. Classification of RIPs is 
somewhat controversial; originally, plant RIPs 
were classified into two groups based on their 
primary structure (Figure 1). Type 1 RIPs are 
monomeric enzymes of approximately 30 kDa 
with an N-glycosidase activity. Type 2 RIPs, like 
ricin and abrin, consist of two different domains: 
an active A-chain of 30 kDa similar to type 1 
with rRNA N-glycosidase activity, covalently 
linked by a disulfide bond to a slightly larger 
(~35 kDa) B-chain with lectin properties and 

with specificity for sugars with the galactose 
structure, facilitating the uptake of the enzy-
matically active A-chain into the host cell [3]. 
A third type of RIP, type 3 RIPs, was also pro-
posed. This type 3 RIP originally described a 
60 kDa jasmonate-induced protein from barley 
leaves that comprises an N-terminal RIP domain 
fused to an unrelated C-terminal domain with-
out a known function [4]. The same term was 
later used for a maize type 1 RIP, which requires 
the removal of a short internal peptide segment 
for activation [5]. Type 3 RIPs are also considered 
atypical type 1 RIPs [6], and therefore classified 
as type 1 RIPs. Also proposed were holo-RIPs for 
those with a single chain or two smaller polypep-
tide chains (type 1 RIPs), and chimero-RIPs for 
two-chain proteins (type 2 and the single type 3 
RIPs) [7]. The division into type 1 and type 2 
RIP classes is now favored.

Ricin was the first RIP described. This com-
pound gives the castor oil plant (Ricinus com-
munis L.), belonging to the plant family of 
Euphorbiaceae, its high toxicity. Ricin, a water-
soluble glycoprotein concentrated in the seed 
endosperm, is notorious for its highly poison-
ous activity, with one of the highest toxicities 
among natural compounds. It belongs to the 
type 2 group of RIPs, entering the cell using the 
galactose-binding lectin (B-chain). Following 
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cell uptake, ricin causes acute cell death by 
inactivation of the ribosomal RNA. 

Typically, type  2 RIPs are highly toxic, 
although nontoxic type 2 RIPs have also been 
reported [8]. The high toxicity of type 2 RIPs 
can for the most part be explained by the 
B-chain component that, owing to its lectin 
properties, allows the cell surface binding and 
subsequent entry of the A-chain into the cell, 
where it exerts its activity on the ribosomes [9]. 
By contrast, type 1 RIPs, the most abundantly 
present type in nature [10], are devoid of the lec-
tin chain, making their entry into cells more 
difficult. As a consequence, type 1 RIPs are less 
toxic, but once in the cell they become highly 
toxic. The difficulty that type 1 RIPs have in 
entering cells contradicts the defense hypoth-
esis, suggesting that new explanations for RIP 
functions are necessary. Thus far, the role and 
function of RIPs and their distribution in nature 
remain elusive. Several suggestions have been 
made for plant RIPs, such as antimicrobial activ-
ity [11], or as a mechanism of cell death induction 
that is triggered during cellular stress responses 
such as protein synthesis inhibition. RIPs may 
activate this pathway to trigger cell death upon 
translational inhibition [12]. Alternatively or 

in addition, the induction of apoptosis can be 
a consequence of damage to the nuclear DNA 
due to the release of adenine from multiple sites 
resulting in apurinic/apyrimidinic sites, causing 
weakening of the DNA sugar–phosphate back-
bone, as demonstrated for Shiga toxin 1 (Stx1) 
and ricin in human endothelial cells [13]. 

There is now abundant evidence that Shiga 
toxins and ricin induce apoptosis in vitro in epi-
thelial, endothelial, lymphoid and myeloid cells, 
and in multiple organs in animals, when these 
toxins are administered, and that protein synthe-
sis inhibition and apoptosis induction mediated 
by Shiga toxins and ricin may be dissociated [14].

Research has recently provided the necessary 
information to design the first conjugate of gelo-
nin, a type 1 RIP that cannot enter into cells in 
significant concentrations unless it is coupled to 
a targeting moiety. When conjugated with con-
canavalin A, gelonin becomes more toxic to cells 
than free gelonin [15]. Immunotoxins and fusion 
constructs containing recombinant gelonin have 
subsequently been made that were able to specifi-
cally kill tumor cells in vitro and in vivo [16]. This 
demonstrates that the ability to design RIPs with 
novel targets has enormous potential. Certainly 
the field of medicine has a great deal to gain from 
this emergent research. To date, the specificity 
and lethal action of RIPs have allowed the design 
of immunotoxins and conjugates active against 
cancer and HIV-infected cells [17–20].

In this review, we summarize and discuss the 
recent research concerning RIPs, in particu-
lar RIPs of bacterial origin, their activity and 
potential medical applications.

RIPs have different enzymatic activities
RIPs were classified as rRNA N-glycosidases in 
the enzyme nomenclature (EC 3.2.2.22) after 
Endo and colleagues demonstrated that RIPs 
selectively remove a specific adenine residue 
from rRNA [21]. Further studies showed that 
some RIPs remove more than one adenine per 
ribosome [22] and, later on, it was found that 
RIPs do not only remove adenine from RNA, 
but also from DNA [23], poly A [22], naked 
RNA [24] and capped mRNA [25]. The ability of 
RIPs to remove adenine residues from different 
substrates led to naming them polynucleotide 
adenine glycosylases [1]. 

Through the study of PAP and ricin, the mode 
of action of RIPs became understood. PAP site-
specific deadenylation interrupts the interaction 
of elongation factors EF-1 and EF-2 and blocks 
protein synthesis at the translocation step [26]. 
It is generally believed that PAP inhibits the 
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Figure 1. Comparison of primary structures of ribosome-inactivating 
proteins.  
RIP: Ribosome-inactivating protein.
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EF-1-dependent binding of aminoacyl tRNA to 
the acceptor site (A-site of ribosome) and EF-1-
mediated GTP hydrolysis. PAP also inhibits for-
mation of the EF-2–GDP–ribosome complex 
and stimulates the ribosome-dependent hydro-
lysis of GTP [27]. These results suggest that PAP 
damages the ribosome at a site where both EFs 
bind, inhibiting the elongation step of protein 
synthesis. EF-2 binding and hydrolysis of the 
GTP–EF-2 complex are necessary for transloca-
tion of the newly elongated peptides from the A- 
to the P-ribosomal site [28]. Thus, a major effect 
of PAP on protein synthesis is the inhibition of 
the translocation reaction mediated by EF-2. 
This inhibition was further supported by the 
observation that EF-G, the EF-2 equivalent in 
Escherichia coli, protected the ribosome against 
the depurinating action of the RIP crotin 2 from 
the seeds of Croton tiglium [29], suggesting that 
the EF-G binding site on the ribosome overlaps 
with the site of action of the RIP [30]. 

More recently, it was proposed that the 
C-terminal domain of the stalk proteins of 
ribosomes may bind a ricin A-chain instead of 
binding the eEF-2, thereby delivering the ricin 
A-chain to the a-sarcin/ricin loop via their 
flexible hinge region [31]. Furthermore, it was 
demonstrated that treatment of rat ribosomes 
with ricin caused the removal of G

4323
 from the 

sarcin/ricin loop [21].
On the other hand, even when RIPs act pref-

erentially on ribosomes, there is evidence that 
supports the site-specific RNA N-glycosidase 
activity toward naked rRNA [24]. Interestingly, 
some RIPs are capable of deadenylating naked 
rRNA differently from their common substrate. 
For example, the ricin A-chain is able to act on 
naked E. coli 23S rRNA but not on the intact 
E.  coli ribosomes [7]. The activity on naked 
rRNA motivated researchers to test new sub-
strates along with rRNA. In addition, high-per-
formance liquid chromatography fluorescence-
based methods were developed to quantify the 
amount of free adenine released by RIPs from 
various substrates [32]. Using a quantitative high-
performance liquid chromatography technique, 
it was demonstrated that recombinant PAP 
released a guanine residue from E. coli rRNA 
[33]. However, since ricin and PAP are the only 
RIPs that have demonstrated deguanylated 
activity, such activity cannot be extrapolated to 
all RIPs [7].

In addition to the classical polynucleotide: 
glycosylase activities of RIPs on RNA or DNA, 
novel activities have also been investigated. 
Chitinase activity [34], phosphatase activity on 

lipids [35] and phosphatase activity on nucleo-
tides [36] have been demonstrated for individual 
RIPs. However, it is important to note that there 
is controversy about these novel activities attrib-
uted to RIPs, owing to the possible presence of 
contaminants in the protein preparations [37]. 
Although it is now known that an efficient puri-
fication method is enough to separate possible 
contaminants, Wang and coworkers demon-
strated that the ribonuclease contamination can 
largely be removed by affinity chromatography 
using red sepharose [38]. Regardless, it is impor-
tant to establish an efficient purification protocol 
for RIPs before announcing a novel activity.

Scientists have attempted to clarify the func-
tion of RIPs in nature for at least 20  years. 
Currently, only the enzymatic activity and 
mechanism of action of RIPs have been elu-
cidated. Nevertheless, additional biological 
activities for RIPs have been proposed, as will 
be discussed in the next section. Although most 
biological activities of RIPs undoubtedly rely on 
their enzymatic properties, others may be due 
to nonenzymatic interactions of the amino- or 
carboxy-terminal domains with nucleic acids or 
proteins [7]. Nevertheless, the widespread nature 
of RIPs likely emphasizes their importance. 

The ubiquity of RIPs in plants
Since the discovery of ricin, the first RIP, in 
plant seeds, interest in its medical properties has 
led the scientific community to search for new 
RIPs in plants. For this reason, plant RIPs are 
currently the best characterized and understood. 
Different RIPs have been reported from approx-
imately 50 plant species covering 17 families. 
Some families include many RIP-producing spe-
cies, particularly Cucurbitaceae, Euphorbiaceae, 
Poaceae and families belonging to the superorder 
Caryophyllales [11]. In addition to plants, there is 
also a wide distribution of RIPs in fungi, bac-
teria, algae and also in mammalian tissue [39]. 
Antiviral, antifungal and insecticidal activities 
have been discussed as part of the defense mech-
anism for RIP producers [2]. Apoptotic activity is 
suggested owing to the high expression of RIPs 
in senescent, wounded or stressed tissues [40]. 
Unfortunately, there are only hypotheses about 
their role; in this sense, the current belief is that 
RIPs could play a significant role in antimicro-
bial responses, stress and senescence, or could 
be important as antifeedants, storage proteins 
and apoptotic components [7,40,41]. Potentially, 
the biological role of RIP remains an intrigu-
ing area of research because of the ubiquity and 
conservation of these proteins in nature. 

Ribosome-inactivating proteins with an emphasis on bacterial RIPs & their medical applications Review
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Type 1 RIPs are the most abundant RIPs 
among plants [10] and are found at different 
concentrations in different plants, including 
nontoxic plants [42,43]. The distribution of RIPs 
in the producing plant is widespread; they can 
be present in seeds, leaves, roots, fruits, stems, 
flowers or bulbs [39]. In addition, different 
types of RIPs can coexist in the same plant. 
Type 1 and type 2 RIPs have been found in 
Sambucus spp. [44], Cinnamomum camphora 
[45] and Iris hollandica [46]. We are unaware of 
other producers such as fungi or bacteria that 
contain more than one RIP within the same 
organism. Only a relatively small set (<40) of 
type 2 RIPs have been purified and charac-
terized. Moreover, since all proteins currently 
characterized were isolated from a rather lim-
ited number of seed plants (Ricinus communis, 
Abrus sp., Adenia sp., Cinnamomum camphora, 
Sambucus sp., Viscum sp., Momordica charan-
tia, Trichosanthes sp., Bryonia dioica, Panax 
ginseng, Ximenia americana, Iris hollandica and 
Polygonatum multiflorum) belonging to only 
13 genera, it is generally believed that type 2 
RIPs are scarcely distributed among flowering 
plants [39,47]. Girbés et al. provided an updated 
list of all known RIPs [39].

According to Peumans and Van Damme, 
evidence suggests that an ancestor of modern 
seed plants developed the RIP domain at least 
300 million years ago [47]. This ancestral RIP 
domain gave rise to a direct lineage of type 1 
RIPs (i.e., primary type 1 RIPs), still present 
today in many monocots and at least one dicot. 
Later on, a plant succeeded in fusing the RIP 
domain to a duplicated ricin-B-domain acquired 
from a bacterium. The resulting ancestral type 2 
RIP gave rise to all modern type 2 RIPs and, by 
domain deletion, to different lines of ‘secondary’ 
type 1 RIPs and ricin-B type lectins. Finally, the 
origin of the bacterial RIP domain probably did 
not develop their own RIP domain but acquired 
it through (multiple) lateral plant gene transfers 
(see Figure 2).

Bacterial RIPs & their applications
RIPs are present in only a limited number of 
bacteria, including E. coli, Shigella dysenteriae 
and Streptomyces coelicolor [48–50]. Some fungi 
produce type 1 RIPs with a molecular mass 
close to or under 10 kDa [51], while others vary 
between 13.8 kDa (such as velutin) [52] and up 
to 42 kDa (such as flammulin) [53]. These RIPs 
act exactly as their plant counterparts. All these 
findings favor the generally accepted hypoth-
esis that RIPs are enzymes that are widely 

distributed among many organisms and, there-
fore, they must play an important, but as yet 
undefined, biological role.

Shiga and Shiga-like toxins (SLT) are the 
best studied bacterial RIPs. They are produced 
by S. dysenteriae and E. coli, respectively. Also, 
Citrobacter freundii, Aeromonas hydrophyla, 
Aeromonas caviae and Enterobacter cloacae have 
been found to produce these toxins. 

Shiga toxins belong to type 2 RIPs [49,54] con-
sisting of two components, an A-chain with 
N-glycosidase activity and a B-chain with lectin 
properties. The A-fragment (32 kDa) consists of 
two subunits (A1 and A2) linked by a disulfide 
bond, and is responsible for protein synthesis 
inhibition by removing an adenine from the 
major ribosome subunit. The B-fragment con-
sists of five identical subunits of 7.7 kDa ordered 
in a ring-shaped pentamer (see Figure 3) [55]. Shiga 
toxins are classified into two major types, Stx1 
and Shiga toxin 2, both with similar structures 
but with different A-chain sequences. The Stx1 
type consists of 315 amino acids, while the Shiga 
toxin 2 type has 318 amino acids, explaining why 
they differ in immunological properties. The stx 
genes are encoded on temperate bacteriophages, 
and production and release of the toxin is 
primarily dependent on prophage induction [56].

These toxins are responsible for important 
diseases such as hemolytic uremic syndrome, 
microangiopathic hemolytic anemia, renal fail-
ure and, in some cases, neurological symptoms 
[57]. To exert their activity, Shiga toxins first bind 
with the help of the B-fragment to the glycolipid 
receptor Gb3 (sometimes Gb4) on the cell sur-
face. They are then transported by endocytosis 
and, subsequently, the A-chain enters the cytosol 
where it exerts its enzymatic activity, leading to 
the inhibition of protein biosynthesis and cell 
death [58]. To reach the cytosol, the following 
model was proposed to explain the Shiga toxin 
traffic: Shiga toxin binds to the plasma mem-
brane, where it induces local spontaneous cur-
vature and the formation of endocytic invagi-
nations. Retrograde tubules are then formed in 
a clathrin-dependent manner, and Shiga toxins 
preferentially localize to this tubular environ-
ment. Retrograde tubules are processed by scis-
sion in a retromer-dependent manner. Shiga 
toxins bypass the late endocytic pathway and 
are transferred directly from the early endosome 
to the trans-Golgi network and, from there on, 
to the endoplasmic reticulum (ER). Finally, 
Shiga toxins use the ER-associated degradation 
machinery to facilitate retrotranslocation into 
the host cell cytosol [59].
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Bougainvillea spectabilis
Lychnis chalcedonica
Atriplex patens
Chenopodium album

Spinacia oleracea
Mesembryanthemum crystallinum
Phytolacca dioica
Phytolacca americana
Phytolacca insularis
Clerodendrum aculeatum
Stellaria media
Dianthus caryophyllus
Saponaria officinalis
Amaranthus viridis
Sorghum bicolor
Streptomyces lividans TK24
Streptomyces coelicolor
Aeromonas punctata
Citrobacter freundii
Acinetobacter haemolyticus
Enterobacter cloacae
Escherichia coli
Shigella dysenteriae serotype 1
Rickettsiella grylli
Burkholderia sp. str CCGE1102
Micromonospora sp. ATCC 39119
Streptomyces scabies (strain 87.22)
Hyacinthus orientalis
Muscari armeniacum
Drimia maritima
Populus trichocarpa
Secale cereale
Triticum aestivum
Oryza sativa

Oryza sativa subsp. japonica
Oryza sativa subsp. indica

Zea diploperennis
Zea mays
Brachypodium distachyon

Hordeum vulgare var. distachyon
Streptomyces sp. Mg1

Figure 2. Dendrogram constructed using Geneious Tree Builder. Protein sequences were obtained for the ribosome-inactivating 
protein family from the PFAM database (family code: PF00161 [101]) and constructed into a dendrogram using Geneious Tree Builder 
[102]. Names of bacterial species are colored according to taxonomic affiliation: actinobacteria (red); proteobacteria (blue). 
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The principal characteristics of Shiga toxins 
that make them useful as medical tools are: first, 
the specific binding and retrograde transport to 
the ER conferred by the B-chain; and second, 
the toxic effect of N-glycosidase activity from 
the A-chain. 

Apart from protein biosynthesis inhibition, 
Shiga toxins can also have other effects. For 
instance, Stx1 has been reported to have an anti-
viral activity that requires a catalytically active 
toxin. Therefore, it is suggested that Stx1 could 
be part of a defense mechanism [60]. Moreover, 
Shiga toxins could induce a series of signal trans-
duction events linked to eventual apoptosis [61]. 
The toxin induces DNA degradation and the 
release of cellular content. This process can 
thereby facilitate proteolytic attack on neigh-
boring cells and contribute to the toxic effect in 
whole organisms [55].

The proposed mechanism to explain the apop-
tosis begins with the activation of one or more 
members of the MAPK family in response to 
Shiga toxin or ricin treatment, which has been 
demonstrated in several different cell lines. This 
signaling cascade is termed the ribotoxic stress 
response (RSR). Activation of MAPKs results 
in changes in gene regulation at both transcrip-
tional and post-transcriptional levels. In this 
way, Shiga toxin and ricin not only provoke inhi-
bition of protein synthesis, the MAPK kinase 
signaling cascade is also activated [62]. The abil-
ity of Shiga toxin and ricin to activate the RSR 
and induce proinflammatory and proapoptotic 
signaling has been demonstrated in  vitro in 
several cells (HCT-8, Vero cells, THP-1 cells, 
human primary airway cells, RAW 264.7 cells 

and murine primary macrophages) and in vivo 
in tissues (murine kidney, lung and intestine). 
As was correctly mentioned by Jandhyala et al., 
owing to the ability of ribotoxic stressors to 
activate proinf lammatory and proapoptotic 
pathways, blockade of the RSR may constitute 
a therapeutic strategy to treat illnesses associ-
ated with ribotoxic stressors such as hemolytic 
uremic syndrome or ricin-induced acute respira-
tory distress syndrome [62]. On the other hand, 
Das et al. present an interesting discussion about 
induction mechanism of apoptosis [63].

The understanding of toxicity and interaction 
with cells from Shiga toxins allowed the design 
of useful drugs, immunotoxins and other con-
jugates that combine the use of A- or B-subunits 
from Shiga toxins with several ligands [64,65]. 
Immunotoxins are agents designed to target and 
kill cancer cells and consist of a tumor-targeting 
ligand or antibody that is linked to the catalytic 
moiety of a bacterial or plant protein toxin. The 
targeted toxin induces apoptosis by reaching the 
cytosol and inactivating vital cell processes or 
by modifying the tumor cell surface membrane. 
Various toxins have been used, including plant 
RIPs such as ricin, saporin, PAP and gelonin, 
among others, some of which have been tested 
against various malignancies, often achieving 
promising results [66]. The bacterial toxins most 
frequently used for cancer treatments are diph-
theria toxin and Pseudomonas exotoxin-derived 
proteins, which also block protein biosynthesis, 
but in a different way than RIPs. Once in the 
cytosol, diphtheria toxin and Pseudomonas exo-
toxin will prevent further protein synthesis by 
cataly���������������������������������������z��������������������������������������ing the adenosine diphosphate ribosyl-
ation and subsequent inactivation of EF-2, which 
leads to the inhibition of protein synthesis and 
cell death. Several clinical trials have been car-
ried out, with encouraging results. In addition, 
Shiga-toxin-linked molecules are being investi-
gated to treat solid tumors and hematological 
malignancies. Specifically, the SLT-1 A-subunit 
encodes all functions necessary to route itself 
out of cellular organelles in order to reach and 
inactivate ribosomes present in the cytoplasm of 
eukaryotic cells. This event subsequently leads 
to apoptosis. 

Focusing on the Shiga toxin B-subunit, this 
protein shows exclusive binding to the glyco-
lipid Gb3 cellular receptor [65,67] with a mark-
edly restricted expression pattern that allows the 
design of compositions that specifically target 
certain cells types, such as antigen-presenting 
cells (exploitation for immunotherapy) or 
tumor cells (exploitation for tumor targeting). 
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Figure 3. Shiga toxin. Based on Shiga toxin 
PDM protein data bank: 1DM0 [103].
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The targeting and trafficking characteristics of 
the Shiga toxin B-subunit are currently being 
exploited for the development of new immuno-
therapy and cancer cell targeting approaches. 
Hotz et al. conducted in vitro and in vivo experi-
ments to evaluate the effects of the SLT-1–VEGF 
fusion protein, composed of VEGF and the cata-
lytically active A-subunit of SLT-1 produced by 
E. coli O157:H7, in a clinically relevant ortho-
topic nude mouse model of pancreatic cancer 
[64]. VEGF induces endothelial cell proliferation 
and enhances vascular permeability. Selectively 
damaging endothelial cells at sites of angiogen-
esis with SLT–VEGF was intended as a novel 
antiangiogenic treatment strategy. VEGF can 
direct toxins to tumor vessels through VEGF 
receptor 2 for antiangiogenic therapy. In animal 
tumor models, SLT–VEGF selectively depleted 
endothelial cells in tumor vasculature as judged 
by immunohistochemical analysis. It could be 
concluded that SLT–VEGF is toxic for tumor 
vasculature rather than for normal endothelial 
or pancreatic cancer cells. 

Since the SLT-1 A-subunit lacks the ability 
to target cancer cells, Cheung et al. developed a 
single chain RIP by insertion of a random seven-
amino-acid peptide motif into the structure of 
the SLT-1 A-domain to create a combinatorial 
library of this protein template expressing toxic 
SLT-1 A mutants harboring a putative peptide 
ligand that may specifically recognize, enter and 
kill cancer cells [68]. A search through the library 
yielded a variant named SLT-1AIYSNKLM that 
selectively targets human melanoma cell lines. 
This novel single chain RIP variant of the cyto-
toxic A-subunit of STL-1 was able to target and 
specifically kill human melanoma cells, suggest-
ing that RIP A-subunit libraries may represent a 
useful discovery tool for targeted protein-based 
therapeutics. 

In addition, the use of the A-domain of Shiga 
toxin in cancer therapy harbors several advanta-
geous properties compared with conventional 
chemotherapeutic drugs. It encodes the nec-
essary functions to route itself out of cellular 
organelles in order to reach and inactivate 
ribosomes present in the cytoplasm of eukary-
otic cells. It kills cells in an extremely effective 
manner (theoretically, one toxin molecule is 
enough to kill one cell) and, thus, the StxA-
chain could potentially have therapeutic effects 
at low doses and with only one or a few rounds 
of treatment [69]. Examples of the efficient anti-
tumoral activity of Shiga toxin have been shown 
in several murine cancer models. These reports 
demonstrate that intratumoral or intraperitoneal 

injections of the Stx1 A-chain inhibited tumor 
growth in a murine metastatic fibrosarcoma 
model [70], as well as in mouse xenograft models 
of human malignant meningiomas [71], atypi-
cal human bladder carcinoma with endothelial 
characteristics [72], human renal carcinoma [73] 
and human astrocytoma [74]. Another advantage 
of the StxA chain compared with conventional 
chemotherapeutic drugs is the fact that the StxA 
chain kills cells by a different mechanism, and as 
such is being potentially efficient for most drug-
resistant cancer cell phenotypes. Therefore, the 
StxA chain may be able to kill cancer cells that 
would otherwise escape chemotherapeutic treat-
ment and lead to a relapse [69]. Nevertheless, the 
medical applications of the Shiga toxin remain 
limited so far. More research is needed in order 
to clarify issues such as the inefficient delivery 
into some cancer cells by the use of the Shiga 
toxin B-chain [75] and side effects associated 
with Shiga toxin A-chain treatment [76]. Apart 
from targeting and trafficking, the Shiga toxin 
B-subunit also has other characteristics that may 
be of importance in an immunotoxin-directed 
approach, such as small size, resistance to the 
intestinal milieu (pH and proteases), transport 
across the mucosa of the intestines and distribu-
tion in the body [77]. An example of the useful 
efficiency of membrane translocation from the 
Shiga toxin B chain has been shown through the 
delivery of antigenic peptides into T cells [78].

Streptomyces coelicolor & RIP 
in S. coelicolor

In contrast to Shiga toxin, the RIP in S. coeli-
color (RIPsc) is a type 1 RIP. It was shown to 
depurinate mammalian, fungal and bacterial 
ribosomes, but was not able to cause damage to 
intact cells [50]. Streptomycetes are Gram-positive 
soil bacteria that produce a wide variety of sec-
ondary metabolites, many of which have potent 
biological activities. They produce more than 
half of the known biologically active microbial 
products, including many commercially impor-
tant antibiotics, immunosuppressants, animal 
health and agrochemical products. This vast res-
ervoir of diverse compounds makes Streptomyces 
one of the most industrially important microbial 
genera and, consequently, a battery of tools for 
genetic manipulation of these microorganisms 
is available. S. coelicolor A3(2) is genetically 
the best-characterized Streptomyces strain. Its 
genome sequence became available in 2002 [79]. 

Moreover, an increasing number of studies 
over the past years have reported Streptomyces as 
a potentially interesting host for the heterologous 
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production of secreted proteins (for a recent 
review, see [80]). Apart from the benefits of using 
Streptomyces as a host for heterologous protein 
production, much effort is carried out to explore 
the isolation of new secondary metabolites, for 
example by identifying and expressing silent 
genes clusters [81].

Recently, the presence of an active type 1 
RIPsc encoded by ORF SCO7092 was reported 
[50]. In silico analysis of SCO7092 showed that 
the amino acid sequence is similar to known 
type 1 RIPs. Alignment of RIPsc amino acid 
sequence with some well-characterized RIPs, 
including ricin, PAP and a group of type  1 
RIPs, isoforms of Muscari armeniacum (MU1, 
MU2 and MU3) showed only a surprisingly 
low similarity, ranging between 22% for the 
ricin A-chain, 23% for PAP and 30% for the 
MU group. Despite this low similarity, the 
sequence segments where RIPsc was similar 
to the RIPs tested were localized. Moreover, 
seven amino acids involved in the active site of 
ricin (Tyr80, Tyr123, Ala 165, Glu177, Ala 178, 
Arg180 and Trp211 in the A-chain of ricin) 
were conserved in RIPsc. Although similarity 
with known RIPs was low, the conservation of 
the important active site residues assumed the 
presence of RIP enzymatic activity [50]. More 
recent evidence further demonstrated that 
structural protein alignments made [Millan et al. 

Unpublished Data] from protein sequences of ricin 
and RIPsc were completely coupled.

The RIPsc sequence consists of 300 amino 
acid residues. It has a 35 amino acid-long 
N-terminal signal peptide as revealed by 
in silico analysis with SignalP 3.0, suggesting 
that RIPsc is a secreted protein. Gene databases 
search for similar genes in other Streptomyces 
species only showed the presence of a RIPsc 
sequence homolog in Streptomyces scabies, in 
which the active site residues were also present. 
Interestingly, for S. coelicolor, the genome loca-
tion of the ripsc gene was found near the end of 
the linear chromosome, a highly variable region 
of several Streptomyces species. Since most 
essential genes are located in the core region 
of the chromosome, the RIPsc-encoding gene is 
most likely not essential for growth. This may 
explain why a rip homolog is absent in most 
Streptomyces species.

The RIP activity of RIPsc was confirmed by 
several experiments [50]. Induction of overex-
pression of the mature RIPsc protein in E. coli 
gave rise to a substantial growth decrease at the 
moment of induction, suggesting a toxic effect 
of RIPsc for E. coli ribosomes. RIPsc could be 

purified from inclusion bodies, and following 
refolding the activity of RIPsc was tested in a 
series of experiments.

In an in vitro luciferase translation system 
using rabbit ribosomes, luciferase produc-
tion was strongly reduced when RIPsc was 
added, compared with the control without 
RIPsc, suggesting that RIPsc specif ically 
inhibits protein translation of rabbit ribo-
somes. In another experiment, expression of 
ripsc under the control of a galactose-induc-
ible promoter was shown to be deleterious for 
Saccharomyces cerevisiae, providing further sup-
port that RIPsc is active on eukaryotic ribo-
somes. RIPsc N-glycosidase activity could be 
confirmed with a recently described adenine 
glycosylase activity assay. This assay is based 
on the fact that reverse transcriptase typically 
incorporates an adenosine when it encounters 
a site with a lesion on the template strand [82]. 
RIP activity was monitored for RNA samples 
taken from noninduced and induced cells of 
E.  coli BL21(DE3)pLysS transformed with 
pET-RIPsc. If the produced protein had dam-
aged the rRNA, reverse transcriptase would 
insert an adenosine into the complementary 
DNA during quantitative reverse transcriptase 
PCR. Provided that a site-specific PCR primer 
was used, a higher amplification of the altered 
sequence results. A strong increase in the target 
amplicon was observed following induction of 
ripsc expression in comparison with the control 
(template from culture without induction) [50]. 
This showed that RIPsc removes the specific 
adenine from rRNA within a universally con-
served GAGA sequence (A2660 in the case of 
E. coli 23S rRNA). 

Furthermore, the possible antifungal and 
antibacterial activity of RIPsc was assessed on 
a series of selected fungal and bacterial strains, 
but growth inhibition was not observed. A 
possible explanation is that as RIPsc belongs 
to type  1 RIPs, it could not enter the cells. 
Consequently, a direct role of RIPsc in the 
antagonism of bacterial and fungal competitors 
is very unlikely. 

Reverse transcription expression analysis 
showed that ripsc expression was constant dur-
ing growth. On the other hand, under standard 
fermentation conditions using different media it 
was not possible to detect RIPsc in the culture 
supernatants. It is suggested that the observed 
ripsc expression occurring under the basal state 
is necessary to induce or is part of an apopto-
sis process. Further experiments are needed to 
investigate this hypothesis. 
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Potential applications for bacterial RIPs
The pharmaceutical industry globally is facing 
high development costs coupled with declining 
success rates in drug discovery programs. The 
decrease in the success of traditionally gener-
ated new chemically based small molecules 
calls for new approaches to discover successful 
molecules, which may be based on the advance-
ments in biotechnology. In fact, the acquired 
knowledge on the background of pathologies, 
physiology and mechanisms of action may be 
useful to develop new approaches. For example, 
since the mechanism of action for bacterial 
RIPs is known, there is greater potential for 
their use in the biomedical field. Nevertheless, 
after many reports [64,83–85], the most prom-
ising applications of RIPs in experimental 
medicine to date are their use as chemically 
conjugated targeted chimeric molecules. In 
particular, their use as recombinantly expressed 
genetic fusions to different ligands, such as 
growth factors or antibody fragments, capable 
of delivering them to cells and being selectively 
eliminated are promising [11,68].

A potential advantage has arisen from the 
recent discovery of RIPsc. Advantages of 
RIPsc over Shiga toxins as a safe RIP producer 
organism allows for safe production processes. 
Currently, we are investigating the ability to 
produce RIPsc conjugations for application as 
an agrochemical. Besides this, there is certainly 
room in the biomedical field to explore applica-
tions using RIPsc. However, using RIPsc as a 
partner in fusion/conjugates still requires cyto-
solic access by the RIP. Directing an immuno-
toxin, fusion or conjugate to the site of cytosolic 
entry normally used by the RIP would probably 
be of benefit. For example, ricin A-chain and 
StxA chain immunotoxins/fusions/conjugates 
should be directed to the ER, and the targeting 
compound should be engineered to allow the 
release of the toxin component at this site. In 
the case of RIPsc, trafficking studies may there-
fore have benefit – although for some RIPs they 
have not necessarily been definitive and differ-
ent RIPS may have different intracellular routes 
to enter the cytosol of intoxicated cells [86].

A potential application of RIPsc in medicine 
is its use as an antitumor agent via two different 
mechanisms. As proposed, RIPsc could be intro-
duced into tumor cells by induction with shock 
waves [87]. RIPsc may also be used as an anti-
cancer substance by designing it to be a specific 
immunotoxin against particular cancers. 

In spite of several trials, the only clinically 
approved product thus far is a diphtheria toxin 

conjugate where IL-2 serves as the binding moi-
ety. However, as methodology is improving and 
more becomes known about the role of differ-
ent parts of the toxin molecules, new improved 
drugs can be produced and clinical trials can be 
carried out more intensively.

On the other hand, although antiviral activity 
of RIPsc has not yet been demonstrated, in silico 
analysis of structure and amino acid composi-
tion suggest that antiviral activity of RIPsc 
cannot be excluded, as shown for a plant RIP 
reported to be active as an anti-HIV agent [88]. 
Furthermore, antibacterial or antifungal activ-
ity of RIPsc might be achieved by the fusion 
of a lectin or a ligand able to specify RIPsc in 
addition to facilitating its entry into a target 
microorganism for treatment.

The possibilities for RIPsc’s medical appli-
cations are extensive, necessitating further 
research efforts. Researchers aim to find new 
RIPs in bacteria, enabling greater understand-
ing of their function. Furthermore, investigation 
to design better, safer and less expensive drugs 
using natural and noninvasive molecules is of 
primary interest.

Conclusion
This overview shows that RIPs are widespread 
in nature, in particular in plants, but they have 
also been detected in other organisms, includ-
ing some bacteria, fungi and algae. Although 
RIPs have been extensively investigated for many 
years, a real answer about their physiological role 
cannot be given as yet, and only possible sugges-
tions have been made. Further research is needed 
to answer this question. The observation that 
RIPs show antimicrobial activity stimulated 
researchers to test them as antimicrobial agents. 
However, these tests were unsuccessful against 
a number of viruses causing disease in man, but 
potential applications in the protection in plants 
against viral infections and fungal attacks are 
more promising. 

Both type 1 and type 2 RIPs have been tested 
for these purposes. Since RIPs give rise to cell 
death as a consequence of protein synthesis 
arrest following N-glycosidase action causing 
adenine release from the sarcin/ricin loop of the 
large ribosomal subunit, they have been tested 
for cell killing activity against different types 
of cells, including tumor cells and immuno-
reactive cells. To specifically target the RIPs 
to these cells, appropriate molecules such as 
antibodies, growth factors, lectins, hormones, 
neuropeptides and cytokines have been tested 
with varying success. Alternatively, the B-chain 
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could also be used for specific delivery, such 
as the Stx B-chain, which specifically binds to 
the Gb3 receptor and has a restricted tissue 
expression pattern. It is present on cancer cells 
and dendritic cells, two cell types of particu-
lar interest in biomedical research. When the 
B-subunit is coupled to cytotoxic compounds, 
the tumor cells can be preferentially targeted, 
and hopefully killed. 

The previously mentioned examples show that 
RIPs or their components can potentially be 
applied in biomedical research and in plant pro-
tection, but far more experiments have to be car-
ried out to develop them from proof-of-concept 
to valuable and applicable tools.

Future perspective
Since the discovery of the first RIPs, ricin from 
the seeds of Ricinus communis, and abrin from 
the seeds of Abrus precatorius more than a cen-
tury ago, many different RIPs have been identi-
fied, and their mechanism of action has become 
known. They inhibit protein synthesis by virtue 
of their selective cleavage of a specific residue 
from the highly conserved stem-loop structure 
in the 28S rRNA of ribosomes. This unique 
property make RIPs an interesting molecule to 

combat different diseases in plants and animals, 
including man. Examples of applications have 
already been given in the literature and in prac-
tice, for example, it has been involved in antivi-
ral (including HIV), antifungal, anti-insect and 
antitumor aspects. 

Since the mechanism of action is now well 
understood, future directions in research 
will be to find new active RIPs from differ-
ent sources and, more importantly, to develop 
methods for efficient and specific cell target-
ing. It is obvious that most attention will go to 
type 2 RIPs, because their B-chain can be used 
for cell specificity, but type 1 RIPs can also be 
developed into specific cell targeting molecules. 
In any case, fine tuning for cell specificity is 
needed, since RIPs can, in theory, inhibit any 
kind of cell, and collateral damage should be 
avoided as much as possible. Since tumor cells 
are, in many cases, the target cells, precise pin-
pointing is needed. Therefore, molecules ought 
to be designed in which the toxic domains of 
RIPs are linked to selective tumor targeting 
domains or directly delivered as suicide genes 
for cancer gene therapy, as illustrated with the 
single-chain RIP variant coupled to the Shiga-
like A1-chain [68]. In such a manner, type 1 

Executive summary

�� Ribosome-inactivating proteins (RIPs) are proteins with N-glycosidase activity that causes the release of a specific adenine from the 
sarcin/ricin loop of the 60S ribosomal subunit. As a consequence, polypeptide chain translocation is hindered and protein synthesis is 
arrested. Some RIPs also inactivate ribosomes from fungi and certain plants and bacteria.
�� A number of RIPs also display N-glycosidase activity on other adenines from rRNA, on viral RNA and on genomic DNA. In addition, for 

some RIPs chitinase activity, topological activity on DNA, HIV integrase inhibitory activity, superoxide dismutase, DNase and lipase 
activity have been reported. 
�� RIPs are currently divided into two classes based on the number of subunits:

–	 Type 1 RIPs are single-chain proteins with enzymatic activity; 

–	 Type 2 RIPs have an active A-chain linked to a B-chain with lectin properties, which facilitates the entry of the A-chain into the 
target cell; 

–	 A type 3 RIP has previously also been proposed for RIPs whose A-chain is attached to peptidic segments without known function, 
but is now classified as type 1 RIP.

�� RIPs are primarily distributed in plants, but they are also present in some fungi, bacteria, algae and in mammalian tissues.

–	 However, their biological role and function remains enigmatic. It has been postulated that they could have a role in the defense of 
plants against predators, fungi and viruses, or that they could play a role in plant senescence.

�� Bacterial RIPs have been demonstrated in Escherichia coli, Shigella dysenteriae and Streptomyces coelicolor. 

–	 stx genes are encoded on temperate bacteriophages in the chromosome of the bacteria, while the S. coelicolor RIP (~30 kDa) is 
encoded in the chromosome;

–	 Shiga toxin is the best-characterized bacterial RIP. It is an AB toxin with the A-fragment (~27 kDa) consisting of two subunits linked 
by a disulfide bond, and noncovalently bound to a homopentameric B-subunit (5 × 7.7 kDa), the latter of which allows binding to 
glycolipid receptors at the cell surface. In a number of cell types, Shiga toxin is transported from the plasma membrane to the 
endoplasmic reticulum via early endosomes and the Golgi apparatus;

–	 Shiga toxins are responsible for diseases such as hemolytic uremic syndrome, microangiopathic hemolytic anemia and renal failure, 
and in some cases neurological symptoms.

�� Research on RIPs is expanding because of their possible applications.
–	 They can potentially be applied in medicine for the treatment of cancer, HIV and autoimmune diseases;

–	 There are also applications in agriculture for the treatment of viruses and fungi. 
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RIPs can also be developed as interesting tools 
to precisely target and combat specific cells, 
including cancer cells but also microbially 
infected cells. In addition, structure–activ-
ity relation studies can help to increase the 
enzymatic activity of RIPs in order to develop 
a more efficient ‘killer’ enzyme. In conclu-
sion, applications of RIPs in different thera-
peutic domains remain an exciting research 
domain that will eventually result in valuable 
applications for the profit of man. 
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