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Abstract

Pokeweed antiviral protein (PAP) isolated from Phytolacca americana is a ribosome-inactivating protein (RIP) that has RNA N-gly-
cosidase (RNG) activity towards both eukaryotic and prokaryotic ribosomes. In contrast, karasurin-A (KRN), a RIP from Trichosan-

thes kirilowii var. japonica, is active only on eukaryotic ribosomes. Stepwise selection of chimera proteins between PAP and KRN
indicated that the C-terminal region of PAP (residues 209–225) was critical for RNG activity toward prokaryotic ribosomes. When
the region of PAP (residues 209–225) was replaced with the corresponding region of KRN the PAP chimera protein, like KRN, was
active only on eukaryotic ribosomes. Furthermore, insertion of the region of PAP (residues 209–225) into the KRN chimera protein
resulted not only in the detectable RNG activity toward prokaryotic ribosome, but also activity toward the eukaryotic ribosomes as well
that was seven-fold higher than for the original KRN. In this study, the possibility of genetic manipulation of the activity and substrate
specificity of RIPs is demonstrated.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Ribosome-inactivating proteins (RIPs) are widely dis-
tributed in higher plants and belong to a group of RNA
N-glycosidases (RNG, EC 3.2.2.22), which remove a spe-
cific adenine residue from a highly conserved a-sarcin/ricin
loop of the large rRNA (Endo et al., 1987; Endo and Tsu-
rugi, 1987; Girbés et al., 2004). Removal of the adenine res-
idue induces a conformational change that prevents
binding of elongation factor 2 to the ribosome; this inter-
rupts translation and results in cell death due to protein
synthesis arrest (Moazed et al., 1988).

Based on the structural properties and their correspond-
ing genes, RIPs are currently divided into three groups
(Peumans et al., 2001). Type I RIPs, such as pokeweed
0031-9422/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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antiviral protein (PAP) isolated from leaves of Phytolacca

americana (Irvin, 1975) and karasurin-A (KRN) isolated
from root tubers of Trichosanthes kirilowii var. japonica

(Toyokawa et al., 1991), are basic proteins of approxi-
mately 30 kDa consisting of a single polypeptide chain.
To date, most RIPs have been classified as type I RIPs
(Barbieri et al., 1993). Type II RIPs, such as ricin from cas-
tor bean seeds, consist of a single polypeptide chain (A-
chain) and a galactose-binding B-chain linked by a disul-
fide linkage (Olsnes, 2004). The A-chain is equivalent to a
type I RIP. Type III RIPs are a single chain containing
an extended carboxyl-terminal domain of an unknown
function (Reinbothe et al., 1994).

RIPs have attracted the interest of researchers due to
their possible use anti-cancer drugs, anti-HIV drugs and
agrichemicals because of their cytocidal properties and
broad-spectrum antiviral activities (Parikh and Tumer,
2004). For therapy of cancer and AIDS, PAP has been
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used as an immunotoxin conjugated to a variety of mono-
clonal antibodies (Zarling et al., 1990; Ek et al., 1998;
Uckun et al., 1999; Qi et al., 2004), although the molecular
mechanism of the action is still unclear.

Comparison of amino acid sequences among RIPs has
revealed a number of highly conserved residues, such as
Tyr80, Tyr123, Glu177 and Arg180 in ricin (Ready et al.,
1988). The functional role of these amino acid residues in
the RNG activity has been elucidated using both X-ray
crystallographic structural analyses and site-directed muta-
genetic studies. The X-ray crystallographic structure of
ricin was the first RIP to be determined (Montfort et al.,
1987); since then the structures of other RIPs have been
found to be similar to that of ricin. Crystallographic anal-
ysis of ricin complexes with various ligands has resulted in
the proposal that Tyr80 and Tyr123 sandwich the target ade-
nine ring, with the side chain of Arg180 protonating the N-3
atom of the adenine ring, whilst the negative charge of
Glu177 stabilizes the positive oxocarbonium transition state
(Monzingo and Robertus, 1992). Mutational analysis of
these amino acid residues has confirmed their importance
in RNG activity (Frankel et al., 1990; Ready et al., 1991).

Among the different biological species, the adenine tar-
geted by RIPs universally conserves in an a-sarcin/ricin
loop of the largest RNA (Endo and Tsurugi, 1988). RIPs
remove the A4324 in the eukaryotic 28S rRNA of rat liver
ribosomes, equivalent to the A2660 in the prokaryotic 23S
rRNA of Escherichia coli ribosomes. In general, while RIPs
exhibit RNG activity toward eukaryotic ribosomes, only a
few RIPs are active on prokaryotic ribosomes. PAP is
active on eukaryotic as well as on prokaryotic ribosomes
(Hartley et al., 1991). This is in marked contrast with
KRN, which exhibits activity only toward eukaryotic ribo-
somes. However, there are only a few studies on substrate
specificity reported to date (Chaddock et al., 1996). The
factors determining such specificity of RIPs thus remain
to be elucidated.
Fig. 1. Alignment of amino acid sequences of PAP and KRN. The identical am
site and RNA binding domain are underlined. Asterisks indicate the amino a
In order to identify the amino acid residues or the region
that contributes to the selective RNG activity toward pro-
karyotic ribosomes, we constructed a series of PAP and
KRN chimera proteins substituting corresponding regions
of the respective proteins, and examined changes in selec-
tivity of RNG activities toward eukaryotic and prokaryotic
ribosomes. The results are discussed below.
2. Results

2.1. The RNG activities of PAP and KRN chimera proteins

We prepared chimera proteins of two ribosome-inacti-
vating proteins (RIPs), pokeweed antiviral protein (PAP),
active on both eukaryotic and prokaryotic ribosomes,
and karasurin-A (KRN), active on eukaryotic ribosomes
only. In general, RIPs from different genera and families
show relatively low levels of sequence identity (Robertus,
1991; Barbieri et al., 1993), but two consecutively matched
regions, the active site and RNA binding domain, are
highly conserved among the RIPs (Hudak et al., 2004; Bay-
kal and Tumer, 2007). Although PAP and KRN share only
28% sequence identity, the active site and RNA binding
domain were well conserved in the sequences (Fig. 1).
Therefore, these two regions were used as an overlap for
the chimera proteins, which consequently divided into
three domains, the N-terminal domain (PAP residues 1–
74), the central domain (PAP residues 75–177) and the C-
terminal domain (PAP residues 178–262). The chimera
proteins, P1, P2, P3, K1, K2 and K3, were constructed
by exchanging one of the domains of PAP and KRN with
the other (Fig. 2). The RNA N-glycosidase (RNG) activi-
ties of chimera proteins toward eukaryotic and prokaryotic
ribosomes were estimated using the half maximal effective
concentration (EC50) for the cleavage of ribosomes. The
EC50 values are shown in Table 1. Although the RNG
ino acid residues between PAP and KRN are shaded in black. The active
cids at the junction to construct chimera proteins.



Fig. 2. SDS-PAGE of recombinant proteins. The proteins were separated
on 8–25% SDS-polyacrylamide gradient gel, and the gel was stained with
Coomassie Blue. Lane M contains molecular weight markers (molecular
weights in kDa given at the left). Lane 1 shows purified recombinant PAP
(rPAP)–glutathione S-transferase (GST) fusion protein on GSTrap FF
column. Lanes 2–9 indicate recombinant proteins after PreScission
protease cleavage of rPAP, recombinant KRN (rKRN), P1, P2, P3, K1,
K2 and K3, respectively. GST, rPAP, rKRN and chimera proteins (P1–3
and K1–3) had the molecular weight of 27, 29, 27 and 27–29 kDa,
respectively. The bands of rKRN, P2, K1 and K3 were overlapped with
that of GST.
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activity of recombinant KRN (rKRN) toward eukaryotic
ribosomes was higher than that of recombinant PAP
(rPAP), rKRN showed no cleavage to prokaryotic ribo-
some even at the highest concentration tested, i.e.
12,000 nM. Chimera protein P3, with the C-terminal region
of KRN, lost its RNG activity toward prokaryotic ribo-
somes, although the activity toward eukaryotic ribosomes
was higher than P1 and P2. Correspondingly, chimera pro-
teins K3, with the C-terminal region of PAP, acquired
RNG activity toward prokaryotic ribosomes, although
the RNG activity toward eukaryotic ribosomes of K3
was 75-fold or 4800-fold weaker than K1 or rKRN, respec-
tively. These results suggested that the C-terminal region of
PAP is essential for activity toward prokaryotic ribosomes.

2.2. The RNG activity of PAP chimera proteins P4–9

partially exchanged at the C-terminal domain

As shown in Table 1B, PAP chimera proteins were con-
structed by partially swapping the C-terminal domain and
examining their RNG activities. The C-terminal domain of
PAP was divided into three sections at conserved amino
acids Trp208 and Pro226, and these sections of PAP were
replaced with the corresponding regions of KRN to obtain
chimera proteins from P4 to P7. With respect to eukaryotic
ribosomes, no notable differences in the EC50 values for P4
and P5 were observed. The RNG activity of P5 toward
eukaryotic ribosomes was about half that of rPAP, whereas
the RNG activity of P5 toward prokaryotic ribosomes was
stronger than rPAP. On the other hand, P4 showed no
cleavage of prokaryotic ribosomes even at 12000 nM. P6
and P7 exhibited RNG activity toward eukaryotic ribo-
somes, but their activity was 51- and 210-fold weaker than
rPAP, respectively. With respect to prokaryotic ribosomes,
the RNG activity of P6 was 99-fold weaker than that of
rPAP, whilst P7 showed no activity. Taken together, these
results demonstrated that the region of PAP from residues
209 to 225 is required for RNG activity toward prokaryotic
ribosomes.
The determined region was divided at amino acid Ile215

common to PAP and KRN. Each section was replaced in
turn with the corresponding region of KRN, and chimera
proteins P8 and P9 were constructed. Neither P8 nor P9
lost RNG activity toward prokaryotic ribosomes by replac-
ing either region of PAP (residues 216–225) or (residues
209–214) with the corresponding regions of KRN.

2.3. The RNG activity of KRN chimera proteins K4–7

partially exchanged at the C-terminal domain

In order to confirm the role of the region of PAP (resi-
dues 209–225), two types of KRN chimera proteins were
constructed. K4 and K7 contained the region of PAP (resi-
dues 209–225) in place of KRN (residues 193–211), whereas
K5 and K6 did not. All four chimera proteins exhibited
RNG activity toward eukaryotic ribosomes, and interest-
ingly, the RNG activity of K7 was seven-fold higher than
rKRN (Table 1C). As for the RNG activities toward pro-
karyotic ribosomes, K4 and K7 acquired obvious cleavage
activities, whereas K5 and K6 showed no cleavage activity
at the same concentration, i.e. 12,000 nM. The relative
RNG activities toward prokaryotic ribosomes of K4 and
K7 were 26% and 44% in comparison with rPAP, respec-
tively. Thus, RNG activity toward prokaryotic ribosomes
can be produced in KRN by the introduction of the region
of PAP (residues 209–225).
3. Discussion

PAP chimera protein P7, in which the region of PAP
(residues 209–225) was replaced with the corresponding
region KRN, was not active on prokaryotic ribosomes.
But P8 and P9, in which the portion of PAP (residues
209–226) was replaced with the corresponding region of
KRN, retained RNG activity toward prokaryotic ribo-
somes. Furthermore, single amino acid substitution
mutants of Gly209, Lys210, Ile211, Thr213, Ala214, His216,
Asp217, Lys219, Asn220 and Lys225 in the region of PAP (res-
idues 209–225) to alanine or the corresponding residue of
KRN did not alter selectivity toward prokaryotic ribo-
somes of rPAP (data not shown). These results suggest that
the region of PAP (residues 209–225) is critical for RNG
activity toward prokaryotic ribosomes and two or more
discontinuous amino acid residues in this region participate
in the substrate specificity.

The X-ray crystallographic structure of PAP was eluci-
dated (Monzingo et al., 1993), and indicated that the region
of PAP (residues 209–225) is located at the surface of the
protein and contains an a helix (Fig. 3). Structural and
mutagenetic studies of PAP suggest that the active site res-
idues, Tyr72, Tyr123, Glu176 and Arg179, directly participate
in RNG activity and that the active center cleft residues,
Asn69, Phe90, Asn91and Asp92 are important in binding to
ribosomes via the ribosomal protein L3 (Rajamohan
et al., 2001). Since the region of PAP (residues 209–225)



Table 1
Schematic structures and the RNA N-glycosidase activities of recombinant proteins

Sequences from PAP are shown in black bars and from KRN in white bars. Number of residues at the junction of PAP and KRN are indicated. (A)
Structures of the chimera proteins in which the N-terminal domain, the central domain and the C-terminal domain of PAP or KRN replace the
corresponding domain of each protein. (B) Structures of the chimera proteins substituted a partial region of the C-terminal domain of PAP by those of
KRN. (C) Structures of the chimera proteins substituted a partial region of the C-terminal domain of KRN by those of PAP.
a EC50, effective concentrations which cause 50% cleavage of eukaryotic and prokaryotic ribosomes.
b NA, no activity even up to 12,000 nM.
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Fig. 3. The X-ray crystallographic structure of PAP (PDB 1PAF). Left: PAP are displayed as spheres, and the region of PAP (residues 209–225) are in
black. Right: The region of PAP (residues 209–225) is shown as black cartoon model. The active site residues of PAP including Tyr72, Tyr123, Glu176 and
Arg179, which are shown as black stick model, are critical in catalysis.
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do not contain these residues, we anticipate that substrate
specificity may be controlled by a different mechanism to
RNG activity.

There is a clear difference in the number of charged res-
idues between the region of PAP (residues 209–225) and the
corresponding region of KRN. The active region of PAP
has five charged amino acids, Lys210, His215, Asp216,
Lys219 and Lys225, whereas the corresponding region of
KRN has only two charged amino acids, i.e. Lys197 and
Glu210. Thus, charge density may affect the selectively of
RNG activity toward the prokaryotic ribosomes.

To determine the region contributing to selective RNG
activity toward prokaryotic ribosomes, a series of PAP and
KRN chimera proteins were constructed and their RNG
activities examined toward eukaryotic and prokaryotic ribo-
somes. KRN chimera proteins were found to show stronger
activity compared to the correlative PAP chimera proteins
with the exception of P5 and K5, in which the region of
PAP (178–207) and the corresponding region of KRN were
exchanged. This implies that amino acids within either this
region of PAP (residues 178–207) or the corresponding
region of KRN may participate in RNG activity. Further-
more, K7 in which the PAP region (residues 209–225) was
introduced exhibited a seven-fold higher activity toward
eukaryotic ribosomes than rKRN. To date, there are few
reports of mutant proteins with enhanced RNG activity.
These results were not obtained using single amino acid sub-
stitutions but rather from using chimera proteins where par-
ticular domains were exchanged. This strategy could thus be
useful for creating mutant proteins with enhanced RNG
activity as well as for analyzing substrate specificity.
4. Conclusions

In this study, we have determined a region of PAP
which plays a crucial role in substrate specificity. In
addition, we have succeeded in intensifying RNG activity
toward eukaryotic ribosome in chimera protein K7 by
introducing the region of PAP (residues 209–225). It is
hoped that this approach to RIPs will lead to novel
applications, giving higher substrate specificity and a les-
ser toxic side effects.
5. Experimental

5.1. Construction of expression plasmids

Genomic DNA prepared from spring leaves of P.

americana and plasmid pMAL-c2 containing the coding
region of KRN (Mizukami et al., 2001) were used as
templates to amplify the fragments encoding PAP and
KRN by PCR. PCR primers were designed based on
the nucleotide sequences of PAP (Accession no.
AY572976) and KRN (Accession no. AB000666), as
shown in Table 2. The sense primers included a restric-
tion site for BamHI at the 50-end, and the antisense prim-
ers included a stop codon and restriction site for SmaI at
the 30-end. For construction of chimera proteins, two
rounds of PCR were carried out. The PCR fragments
of PAP and KRN were used for the first PCR template.
In the first step, two PCR fragments, F1 and F2, were
amplified with the templates and primer pairs listed in
Table 2. The second step PCR was templated using the
first step PCR fragments F1 and F2 with the sense pri-
mer of F1 and antisense primer of F2. The PCR frag-
ment and the pGEX-6P-1 vector were digested with
BamHI and SmaI, and ligated to produce the cDNA
clone of the chimera protein genome. The DNA sequence
of the final construct was verified using sequencing anal-
ysis with the BigDye Terminator v.3.0 Cycle Sequencing
Kit and ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA).



Table 2
Primers and templates used for the construction of PAP and KRN chimera proteins

PAP Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30

Antisense 50-ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template Genomic DNA from spring leaves of Phytolacca americana

KRN Sense 50-ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30

Antisense 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template Plasmid pMAL-c2 containing the coding region of KRN

F1 F2

P1 Sense 50-ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30 50-GACGTAACGAACGTCTATGTGATGGGTTAT-30

Antisense 50-ATAACCCATCACATAGACGTTCGTTACGTC-30 50-ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of KRN The PCR fragment of PAP

P2 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-CTCATTCAGTCGACGTCAGAGGCAGCAAGA-30

Antisense 50-TCTTGCTGCCTCTGACGTCGACTGAATGAG-30 50-ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of K1 The PCR fragment of PAP

P3 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-GCCATACAAATGGTATCTGAGGCTGCGAGG-30

Antisense 50-CCTCGCAGCCTCAGATACCATTTGTATGGC-30 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template The PCR fragment of PAP The PCR fragment of KRN

K1 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-AGACGAAACAATTTGTATGTTATGGGATAT-30

Antisense 50-ATATCCCATAACATACAAATTGTTTCGTCT-30 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template The PCR fragment of PAP The PCR fragment of KRN

K2 Sense 50-ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30 50-GCCATACAAATGGTATCTGAGGCTGCGAGG-30

Antisense 50-CCTCGCAGCCTCAGATACCATTTGTATGGC-30 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template The PCR fragment of P1 The PCR fragment of KRN

K3 Sense 50-ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30 50-CTCATTCAGTCGACGTCAGAGGCAGCAAGA-30

Antisense 50-TCTTGCTGCCTCTGACGTCGACTGAATGAG-30 50-ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of KRN The PCR fragment of PAP

P4 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-AGTTTGGAAAATAGTTGGGGTAAGATTTCA-30

Antisense 50-GGAGAGAGCAGACCATGTCTCTTGCAAATT-30 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template The PCR fragment of PAP The PCR fragment of KRN

P5 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-AATTTGCAAGAGACATGGTCTGCTCTCTCC-30

Antisense 50-TGAAATCTTACCCCAACTATTTTCCAAACT-30 50- ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of P3 The PCR fragment of PAP

P6 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-GGAGTTTTACCCAAACCTGTTGTGCTTATA-30

Antisense 50-TATAAGCACAACAGGTTTGGGTAAAACTCC-30 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template The PCR fragment of PAP The PCR fragment of KRN

P7 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-GGACAGTTTGAAACTCCTCTCGAGCTAGTG-30

Antisense 50-CACTAGCTCGAGAGGAGTTTCAAACTGTCC-30 50- ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of P4 The PCR fragment of PAP

P8 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50- AAGATTTCAACAGCAATTCAGATAGCGAGT-30

Antisense 50-ACTCGCTATCTGAATTGCTGTTGAAATCTT-30 50-ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of PAP The PCR fragment of P7

P9 Sense 50-ACTGGATCCGTGAATACAATCATCTACAAT-30 50-GCTCTCTCCAAGCAAATTCATGATGCCAAG-30

Antisense 50-CTTGGCATCATGAATTTGCTTGGAGAGAGC-30 50- ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of P7 The PCR fragment of PAP

K4 Sense 50- ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30 50- AGTTTGGAAAATAGTTGGGGTAAGATTTCA-30

Antisense 50-TGAAATCTTACCCCAACTATTTTCCAAACT-30 50-ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of KRN The PCR fragment of PAP

K5 Sense 50-ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30 50-AATTTGCAAGAGACATGGTCTGCTCTCTCC-30

Antisense 50-GGAGAGAGCAGACCATGTCTCTTGCAAATT-30 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template The PCR fragment of K3 The PCR fragment of KRN

K6 Sense 50-ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30 50-GGACAGTTTGAAACTCCTCTCGAGCTAGTG-30

Antisense 50-CACTAGCTCGAGAGGAGTTTCAAACTGTCC-30 50-ATTTCCCGGGTCAAGTTGTCTGACAGCTCCC-30

Template The PCR fragment of KRN The PCR fragment of PAP

K7 Sense 50-ACTGGATCCGATGTTAGCTTCCGTTTATCAGGT-30 50-GGAGTTTTACCCAAACCTGTTGTGCTTATA-30

Antisense 50-TATAAGCACAACAGGTTTGGGTAAAACTCC-30 50-ATTTCCCGGGTCATGCCATATTGTTTCTATT-30

Template The PCR fragment of K4 The PCR fragment of KRN

F1 and F2 are the first step PCR fragments amplified by the primers and template listed below. Underlines indicate the restriction sites for BamHI and SmaI.
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5.2. Expression and purification of recombinant proteins

E. coli XL1-Blue cells transformed with the expression
plasmid were grown at 37 �C for 16 h in 10 ml LB medium
supplemented with 50 mg/ml carbenicillin (LB/Cb). The
culture were transferred to fresh 250 mL LB/Cb and then
incubated at 37 �C until the OD600 reached 0.5–0.7. Once
this density was reached, protein expression was induced
with 1 mM isopropyl-1-thio-b-D-galactopyranoside and
carried out for an additional 45 h at 12 �C. Cells were col-
lected using centrifugation at 10,000g for 5 min, washed
once with TE buffer, and resuspended in 20 ml sonication
buffer (50 mM Tris–HCl, 50 mM NaCl, 1 mM EDTA,
1 mM DTT, pH 8.0) containing 10 lg/ml lysozyme. After
incubation at 30 �C for 15 min, cells were sonicated three
times for 30 s with 2 s intervals at 70% power (Astrason
Sonicator XL2020, Misonix Inc.) on ice. The cell lysates
were centrifuged at 20,000g for 30 min. Supernatants were
applied into the GSTrap FF column (GE Healthcare, Pis-
cataway, NJ), pre-equilibrated with sonication buffer, and
washed twice with bed volume of the sonication buffer.
The bound glutathione S-transferase (GST) fusion proteins
were eluted from the column using sonication buffer con-
taining 10 mM reduced glutathione. Eluted samples were
desalted and concentrated using Vivaspin 6/10,000 MWCO
(Vivascience AG, Hannover, Germany), and the protein
concentrations were determined according to the method
of Bradford. To cleave the bonds between tag GST protein
and recombinant protein, GST fusion proteins were
digested with PreScission Protease (GE Healthcare) in the
presence of PreScission Protease buffer (50 mM Tris–HCl,
150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.0) at
4 �C for 16 h.

5.3. Assay for the RNA N-glycosidase (RNG) activity

Ribosomes from rat liver and E. coli JM109 were used
as eukaryotic and prokaryotic ribosomes, respectively.
These ribosomes were prepared under RNase-free condi-
tions as described previously (Kondo et al., 2002). The
RNG activity was assayed according to the method of
Endo et al. (1987). Briefly, ribosomes were incubated with
recombinant proteins at 37 �C for 30 min in 30 ll reaction
buffer (25 mM Tri–HCl, 50 mM KCl, 5 mM MgCl2, pH
7.6). rRNA incubated in the absence of recombinant pro-
teins served as a negative control. After incubation, the
rRNA in the reaction mixture was extracted using phe-
nol–chloroform and precipitated with EtOH. The extracted
RNA was incubated with 1 M aniline acetate (pH 4.5) at
37 �C for 15 min and precipitated with EtOH. The rRNA
was subjected to electrophoresis in a 3.5% (w/v) polyacryl-
amide gel containing 7 M urea and visualized by staining
with ethidium bromide. The extent of RNG activity was
calculated from linear regression of the log of RIP concen-
tration against the band intensity of a specific RNA frag-
ment (a-fragment) released from aniline-treated rRNA in
PAGE gel using NIH Image software (ver. 1.62, National
Institutes of Health, USA). The band intensities of 5.8S
rRNA and 5S rRNA were used as internal standards for
eukaryotic and prokaryotic ribosomes, respectively.
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