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Pokeweed antiviral proteins (PAPs) are single-chain ribosome-inactivating proteins
(RIPs) isolated from several organs of Phytolacca americana (Pokeweed) that are char-
acterized by their ability to depurinate not only ribosomes but also various nucleic
adds. PAP-S is one of the isoforms found in seeds. In this study, we obtained three dif-
ferent genomic clones encoding two forms of PAP-S (here designated as PAP-Sl and
PAP-S2) and ot-PAP after PCR using a pair of degenerated primers based on the known
N- and C-terminal amino acid sequences of PAP-S. The nucleotide sequences of the
genomic clones contained no introns. The deduced amino acid sequences of PAP-Sl and
PAP-S2, which showed 83% identity to each other, were found to correspond to
sequences reported independently for PAP-S protein and cDNA, respectively, demon-
strating that at least two forms of PAP-S actually exist in seeds of the same plant. The
recombinant PAP-Sl, PAP-S2, a-PAP, and PAP I (a form appearing in spring leaves)
exhibit the same level of depurinating activity on rat ribosomes, while their efficiencies
on Escherichia coli ribosomes and salmon sperm DNA differ substantially from one
another in the order of PAP I > a-PAP > PAP-Sl > PAP-S2 and a-PAP > PAP I > PAP-Sl >
PAP-S2. Structural comparisons suggest that the large difference in ribosome recogni-
tion between PAP-Sl (or S2) and PAP I is caused by the alteration of residues adjacent
to the adenine-binding site.

Key words: N-glycosidase, Phytolacca americana, pokeweed antiviral protein, pokeweed
seeds, ribosome-inactivating protein.

Pokeweed antiviral protein (PAP) from Phytolacca ameri- therefore, attracted considerable interest for possible use in
cana is a ribosome-inactivating protein (RDP) that enzymat- agricultural or medical fields (3).
ically removes a single adenine base from a highly con- Pokeweed produces several PAPs: PAP I (or PAP), PAP II
served "a-sarcin/ricin" loop of 28S (1) and 23S (2) rRNAs in and PAP-S, which appear in spring leaves, summer leaves
eukaryotic and prokaryotic ribosomes, respectively. PAP and seeds, respectively (3). a-PAP is an unknown form
belongs to type 1 RIPs, which are monomeric proteins with found in a genomic DNA (5). The amino acid sequence of
a molecular mass of around 30 kDa. In contrast, type 2 PAP I shows 76 and 74% identity to PAP-S and a-PAP re-
RIPs consist of an A chain that resembles type 1 RIP and a spectively, while PAP E is only 33% identical to PAP I. The
B chain that binds to galactose-containing receptors on the X-ray crystallographic structures of PAP I (6) and a-PAP
cell surface to facilitate penetration of the A chain into the (7) revealed that the overall structures of these proteins are
cell (3). PAP, as well as other RIPs, have recently been homologous to the ricin toxin A-chain (RTA), which is a
reported to depurinate not only ribosomes and rRNA, but type 2 RIP, and that the residues that are perfectly con-
also DNA (4). PAP also exhibits a broad-spectrum of antivi- served in all RIPs (Tyr72, Tyrl23, Glul76, and Argl79 in
ral activity against plant and animal viruses, and lias, PAP I) are located in the active site cleft. As the catalytic

mechanism, it has been proposed that Tyr72 and Tyrl23
r^r ~r~.—.„.„ O 1 —, „.„ c o , r ~. ., , . sandwich the target adenine ring, and the side chain of
1 The sequence data of PAP-Sl and PAP-S2 have been deposited in & ^T „ - ., ,
the DDBJ/EMBL/GenBank databases with the accession numbers: Argl79 may protonate the N-3 atom of the adenine ring,
AB071854 and AB071855, respectively. This work was supported by whereas the negative charge of Glul76 may stabilize a pos-
a Grant-in-Aid for Scientific Research from the Ministry of Educa- itive oxocarbonium transition state (6). Other RIPs are also
tion, Science, Sports and Culture of Japan. thought to function in a similar manner because of the
2 To whom correspondence should be addressed. TeWax: +81-952- resemblance of their active site configurations, hi contrast,
2

A^774>E-niail:watake^saga-u.ac.jp . D A D the substrate specificities of RIPs differ considerably from
Abbreviations: RIP, ribosome-inactivating protein; PAP, pokeweed , _ . „.„ . , ,, , ,_.
antiviral protein; MBP, maltose-bindingTrotein, RTA, riciTtoxin A- o n e ^ ^ ^ F o r ^stance, PAP can act on both eukaryotic
chain and prokaryotic ribosomes, but RTA is active only on

eukaryotic ribosomes (3). Among PAP isoforms, PAP-S has
© 2002 by The Japanese Biochemical Society. been reported to be most effective in inhibiting protein syn-
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thesis in rabbit retdculocyte lysate (8, 9).
We have shown that PAP-S purified from seeds effi-

ciently inactivates tobacco ribosomes and inhibits virus
multiplication in tobacco cells (10), suggesting a possible
use of the PAP-S gene to produce transgenic plants against
pathogens. PAP-S also effectively inhibits the replication of
human immunodeficiency virus 1 in infected peripheral
blood mononuclear cells (11). We think that elucidating
structural factors affecting the substrate specificity of PAP
will facilitate the protein engineering of PAP to modify its
function to one more suitable for agricultural or therapeu-
tic applications. Since the amino acid sequence of PAP-S is
very similar to that of PAP I, these proteins seem to be
suitable for comparative studies on the structure-function
relationships of PAP. However, quantitative data compar-
ing the iV-glycosidase activities for various substrates
among PAP isoforms have not been available. Furthermore,
the amino acid sequence of PAP-S deduced from the cDNA
(9) is not identical to that determined by direct protein
sequencing (12) (83% identity), and this difference has been
speculated to be due to the presence of different forms of
PAP-S in seeds, to heterogeneity of PAP-S in pokeweed
variants, or to sequencing errors (9), but the facts remain
unclear.

The main purpose of this study is to explore the struc-
tural factors affecting the substrate specificity of PAP by
comparing the structures and activities with various sub-
strates among PAP isoforms. Since we have already estab-
lished the expression and purification system for the re-
combinant PAP I (13), we tried to clone the genomic DNA
fragment encoding the mature PAP-S. Here, we report our
findings that two forms of PAP-S (designated as PAP-SI
and PAP-S2) actually exist in the seeds of the same plant,
and that the recombinant PAP-SI, PAP-S2, PAP I, and a-
PAP differ substantially in substrate specificity. The struc-
tural comparison among PAP isoforms allowed us to dem-
onstrate the amino acid residues that may be involved in
the recognition of different substrates.

MATERIALS AND METHODS

Materials—Ex Taq DNA polymerase was purchased from
Takara Shuzo (Kyoto). Restriction endonucleases, T4 DNA
ligase, (3-agarase I and agarose L were from Nippon Gene
(Tokyo). Salmon sperm DNA from Wako Pure Chemicals
(Tokyo) was purified by phenol extraction, ethanol precipi-
tation and treatment with DNase-free RNase A (Boe-
hringer) followed by a second phenol extraction and ethanol
precipitation. A Thermo Sequence II dye terminator cycle
sequence kit and Mono-S column were from Amersham
Pharmacia Biotech. The pBluescript vector used for cloning
and Escherichia coli strain XLl-Blue were from Strat-
agene. Plasmid pMAL-p2, amylose resin, and factor Xa
were from New England BioLabs. The oligonucleotides
used for cloning and site-directed mutagenesis were syn-
thesized by Spec Oligo Service (Tokyo). PAP I was ex-
pressed in E. coli and purified as previously reported (13).
Rat liver polysomes were prepared by the established
method (14). E. coli ribosomes were prepared from strain
XLl-Blue (15).

Amplification of DNA by PCR—Genomic DNA was pre-
pared from spring leaves of Phytolacca americana by phe-
nol extraction. PAP-specific DNA fragments were amplified

from the genomic DNA by PCR using Ex Taq polymerase,
ps-n primer (5'-GGGGGATCCAT(ACT)AA(CT)AaACGT)-
AT(ACT)AC(ACGT)TT(CT)GA(CT)GC-3') designed accord-
ing to the N-terminal sequence of mature PAP-S with a
BamHl site, and ps-c primer (5'-CCCAAGCTTCA(ACGT)-
GT(ACGTXXXCDTG{AGX:A(ACGT)GT(ACGT)CC-3') de-
signed according to the C-terminal sequence with a stop
codon and a HmdlH site. The reaction mixture contained
500 ng genomic DNA, 10 mM Tris-HCl, pH 8.3, 50 mM
KC1, 2 mM MgCLj, 100 pmol of primers, 200 \iM of each
dNTP, and 1.25 units of Ex Taq polymerase in a total vol-
ume of 100 (JLI. The reaction was performed under the fol-
lowing incubation conditions: 3 min at 94°C; 30 cycles of 1
min at 94°C, 2 min at 50'C for annealing, 3 min at 72"C for
extension; 10 min at 72°C for a final extension. The ampli-
fied DNA fragments were separated by agarose gel electro-
phoresis. A fragment with the expected size (about 800 bp)
was extracted and used as a template for the second PCR,
the conditions of which were the same as for the first PCR
with the exception that the annealing temperature was
48°C. This PCR mainly amplified a fragment of about 800
bp, which was purified by agarose gel electrophoresis, di-
gested with 5amHI and HindUl, and cloned into pBlue-
script vector using E. coli strain XLl-Blue as a host cell.
These DNA manipulations followed standard methods (16).

DNA Sequencing—The nucleotide sequences of inserts
cloned into plasmid DNA were determined on both strands
using a Thermo Sequence II dye terminator cycle sequenc-
ing kit and a 373A DNA sequencer (Applied Biosystems).
The double stranded pBluescript containing the DNA
insert was used as a template with primers for M13, M13
reverse, or oligonucleotides synthesized according to the se-
quences determined.

Mutagenesis—Site-directed mutagenesis was performed
by PCR (17) using a mutagenic primer, two flanking prim-
ers, and pBluescript containing a DNA fragment encoding
mature PAP-S 1 as a template. The N-terminal primer with
a BamHl site, 5'-GGGATCCATCAATACGATAACGTTCG-
ACG-3', and C-terminal primer with a stop codon and Hin-
d m site, 5'-GGAAGCTTCAAGTGGCTTGGCAGGTACC-3',
were designed according to the determined DNA sequence
of mature PAP-SI. The primer ps-bam (5'-GTCGTAGGG-
GTCCGAATAGC-3') was used for alteration of the BamHl
site in the PAP-S 1 DNA without any change in the encoded
amino acid sequence. The PCR fragment containing the
point mutation was cloned into pBluescript and sequenced
to ensure that no unexpected mutation had occurred.

Expression and Purification of Recombinant Mature
PAP—The expression of each PAP isoform was performed
as described previously (13). The DNA fragments encoding
the mature regions of PAP isoforms were inserted between
the BamHl and HindUl sites of the expression vector
pMAL-p2 and introduced into E. coli strain XLl-Blue. The
transformant was grown at 37°C in 1 liter of LB medium
containing ampicillin (100 (xg/ml) and tetracycline (12 \x%/
ml) to an OD of 1.0 at 600 nm, and then incubated with
0.35 mM isopropyl-(i-D-thiogalactopyranoside for 5 h at
25°C. The PAP fusion with maltose-binding protein was ex-
tracted from the periplasmic fractions of harvested bacte-
rial cells, and then purified by affinity chromatography on
an amylose resin column. After digestion of the fusion with
factor Xa, PAP was purified by Mono-S column chromatog-
raphy.
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Determination of N-Glycosidase Activity—The RNA N-
glycosidase activity of PAP isofonns on rat liver and E. coli
ribosonies was assayed by measuring adenine released
from ribosomes by the action of PAP as described previ-
ously (18). The released adenine was recovered as an etha-
nol-soluble fraction after precipitation of the ribosomes
with 50% ethanol, converted to a fluorescing derivative,
l^-ethenoadenine, by reaction with chloroacetaldehyde,
and then analyzed by reverse-phase HPLC monitoring the
fluorescence of the eluate at excitation and emission wave-
lengths of 280 and 400 run, respectively. The protein con-
centration was measured using bovine serum albumin as a
standard according to Ref 19.

The DNA iV-glycosidase activity of PAP isofonns was
assayed by measuring adenine released from salmon sperm
DNA. The DNA (20 \ug) was incubated with 1.6 |xg of each
PAPs in 40 ui of 5 mM Tris-HCl, pH 7.5, 50 mM KC1, 5 mM
Mg acetate, and 1 mM dithiothreitol for 2 h at 37°C. After
ethanol precipitation, the released adenine was recovered
as an ethanol-soluble fraction. The fraction was dried under
vacuum and then dissolved in 100 pd of 10 mM potassium
phosphate buffer, pH 6.0. The sample (20 ui) was subjected
to reverse-phase HPLC on a column of Wakosil 5C18 (4.6 x
250 mm, Wako Pure Chemicals) and eluted with 18%
methanol in 10 mM potassium phosphate buffer, pH 6.0.
Adenine was detected by absorbance at 260 run.

Construction of the Model—The model of PAP-SI was
constructed with the program MODELLER 4 (20) imple-
mented on a Silicon Graphics workstation using the X-ray
structure of PAP I (6) as a template. Alignment of the
amino acid sequences was clearly made because of high
identity (76%) of the sequences and only one deletion in a
loop of PAP-SI. Two intramolecular disulfide bonds were
initially introduced into the model as chemically identified
(12). The model was evaluated by PROCHECK (21) and
Verify3D (22).

RESULTS AND DISCUSSION

Amplification and Cloning of DNAs Encoding PAP Iso-
forms—The DNA fragment of about 800 bp expected to
encode the mature PAP-S was amplified from the genomic
DNA by PCR using a pair of degenerated primers (ps-n and
ps-c) based on the N-terminal and C-terminal sequences of
PAP-S (12). This fragment was designated as PF1 (Fig. 1).
Digestion with HindUL did not cause fragmentation of PF1,
but the following digestion with BamHI produced an addi-
tional two fragments of about 600 bp (PF2) and 200 bp
(PF3) (Fig. 1). This suggested that the original PF1 frag-
ment was a mixture of at least two species of the PAP gene,
one of'_which- was considered to be a new gene, because the
DNA sequences so far reported for PAP L a-PAP, and PAP-
S do not have a BamHI site (5, 9, 23). All of the resulting
DNA fragments were, therefore, ligated into pBluescript
vector between the BamHI and HindUR sites or at the
BamHI site alone. The PF1 and PF2 fragments were cloned
between the BamHI and HindBI sites of the vector and the
PF3 fragment was at the BamHI site. DNA sequencing
revealed that the cloned PF1 fragment corresponded to
either the cDNA for PAP-S (9) or the genomic clone of a-
PAP (5), although four alterations (Alall to Ser, Metl26 to
Leu, Asnl36 to Ser, and Thr261 to Ala) and one alteration
(Ee209 to Thr) in the deduced amino acid sequences of the

present PAP-S and a-PAP were seen, respectively. On the
other hand, the cloned PF3 and PF2 fragments were found
to encode the N-terminal side (78 amino acids) and the
residual C-terminal side (183 amino acids) of mature PAP-
S, respectively (Fig. 2A), and the deduced amino acid se-
quence was identical to that determined by direct protein
sequencing (12), except for a single substitution of Glul36
to Gin. The genomic clones encoding two different isofonns
of mature PAP-S did not contain any intron as PAP I (23)
and a-PAP (5) (Fig. 2, A and B).

The amino acid sequence of PAP-S deduced from frag-
ments PF3 and PF2 was 83% identical to that deduced
from fragment PF1. Here we designate the former as PAP-
SI and the latter as PAP-S2. The existence of two different
isoforms of PAP in the seeds of the same plant has not so
far been clear, because the difference in the sequences re-
ported independently for the PAP-S protein (12) and cDNA
(9) has been speculated to be due to the heterogeneity of
PAP-S in pokeweed variants, to sequencing error, or to the
presence of different forma of PAP-S in seeds (9). Our
results confirm that at least two different forms of PAP-S
(PAP-S 1 and PAP-S2) actually exist in seeds from the same
plant.

The BamHI site inside the PAP-S 1 DNA sequence, was
not favorable to the construction of the expression vector
using pMAL-p2. It was, therefore, modified by site-directed
mutagenesis. The pBluescript vector containing the overall
DNA sequence of mature PAP-S 1 was first constructed by
inserting the PF3 fragment into the BamHI site of pBlue-
script/PF2 and then used as a template for PCR for muta-
genesis. By DNA sequencing, it was confirmed that a
BamHI site within the PAP-S 1 DNA was disrupted by sub-
stitution of a single base (GGATCC to GGACCC) without
any alterations in the encoded amino acid sequence.

Expression and Purification of PAP Isoforms—Purifica-
tion of the recombinant PAP-SI, PAP-S2, and a-PAP follow-
ing the expression in E. coli as a fusion with maltose-
binding protein resulted in a final yield of 0.02 to 0.05 mg/
liter of culture. These yields were much lower than that of
PAP I (4.5 mg/liter of culture). This is accounted for by the
fact that the expression of PAP-SI, PAP-S2, and a-PAP
caused more severe growth-inhibition of the host cells than
the expression of PAP I. Each of the four PAP isofonns
showed a single band on SDS-PAGE (12.5%), with an iden-
tical mobility corresponding to a molecular mass of 30 kDa
(data not shown).

N-Glycosidase Activity on Ribosomes and on DNA—The

PF3

Fig. 1. Purified PCR products digested with HindUl and
BamHI. The second PCR product (500 ng) purified by agarose gel
electrophoresis was digested with 20 units of Hindlll and then
BamHI for 2 h at 37°C. The digests were separated in a 1.5% aga-
rose gel, stained with ethidium bromide, and visualized under an ul-
traviolet lamp. Lane A, digest with ffindlll; B, digest with Hindm
and BamHI; C, control DNA fragment encoding mature PAP I
(about 800 bp).
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B
1 ATCAATACGATAACGTTCGACGCTGGAAATGCAACCATTAACAAG
1 I N T I T F D A G N A T I N K

4 6 TATGCTACCTTTATGGAATCTCTTCGTAATGAAGCGAAAGATCCA
16 Y A T F M E S L R N E A K D P

91 AGTTTAAAGTGTTATGGAATACCAATGTTGCCCAATACTAATTCA
31 S L K C Y G I P M L P N T N S

136 ACCATCAAGTACTTGTTGGTTAAGCTCCAAGGTGCAAGCCTAAAA
46 T I K Y L L V K L Q G A S L K

181 ACCATCACACTAATGCTAAGACGAAACAACTTATATGTGATGGGC
61 T I T L M L R R N N L Y V M G

22 6 TATTCGGATCCCTACGACAATAAGTGTCGTTACCATATCTTTAAT
76 Y S D P Y D N K C R Y H I F N

271 GATATTAAAGGCACTGAATACAGTGATGTGGAGAATACTCTTTGC
91 D I K G T E Y S D V E N T L C

316 CCAAGTTCAAATCCTCGTGTTGCAAAACCCATTAACTACAATGGC
106 P S S N P R V A K P I N Y N G

361 CTATATCCAACTTTGGAAAAAAAAGCAGGAGTAACCTCAAGAAAT
121 L Y P T L E K K A G V T S R N

40 6 CAAGTCCAACTAGGAATTCAAATACTCAGCAGTGACATTGGAAAA
136 Q V Q L G I Q I L S S D I G K

4 51 ATCTCTGGACAGGGCTCGTTCACTGAAAAAATCGAGGCCAAATTC
151 I S G Q G S F T E K I E A K F

4 96 CTGCTTGTAGCCATTCAAATGGTGTCAGAAGCAGCGCGATTCAAG
166 L L V A I Q M V S E A A R F K

541 TACATAGAGAATCAGGTGAAGACTAATTTTAACAGAGATTTCTCC
181 Y I E N Q V K T N F N R D F S

58 6 CCTAATGACAAAGTACTTGACTTGGAGGAGAACTGGGGTAAGATC
196 P N D K V L D L E E N W G K I

631 TCTACGGCAATTCACAATTCCAAGAATGGAGCTTTACCAAAACCT
211 S T A I H N S K N G A L P K P

67 6 CTAGAGCTAAAAAATGCAGACGGTACTAAGTGGATAGTGCTTAGA
226 L E L K N A D G T K W I V L R

721 GTGGATGAAATCAAACCTGATGTGGGACTCCTTAACTATGTTAAT
241 V D E I K P D V G L L N Y V N

7 66 GG+ACCTGCCAAGCCACT
256 G T C Q A T

46
16

91
31

136
46

181
61

226
76

271
91

316
106

361
121

406
136

451
151

496
166

541
181

586
196

631
211

676
226

721
241

766
256

ATTAACACCTTTACCTTTGATGCGGGCAACAGCACCATTAACAAA
I N T F T F D A G N S T I N K

TATGCGACCTTTATGGAAAGCCTGCGTAACCAGGCGAAAGATCCG
Y A T F M E S L R N Q A K D P

AAACTGAAATGCTATGGCATTCCGATGCTGCCGGATACCAACAGC
K L K C Y G I P M L P D T N S

ACCCCGAAATATCTGCTGGTGAAACTGCAGGGCGCGAACCTGAAA
T P K Y L L V K L Q G A N L K

ACCATTACCCTGATGCTGCGTCGTAACAACCTGTATGTGATGGGC
T I T L M L R R N N L Y V M G

TATAGCGATCCGTTTAACGGCAACAAATGCCGTTATCATATTTTT
Y S D P F N G N K C R Y H I F

AACGATATTACCAGCACCGAACGTACCGATGTGGAAAACACCCTG
N D I T S T E R T D V E N T L

TGCAGCAGCAGCAGCAGCCGTGTGGCGATGAGCATTAACTATAAC
C S S S S S R V A M S I N Y N

AGCCTGTATCCGACCCTGGAAAAAAAAGCGGAAGTGAACAGCCGT
S L Y P T L E K K A E V N S R

AGCCAGGTGCAGCTGGGCATTCAGATTCTGAGCAGCGATATTGGC
S Q V Q L G I Q I L S S D I G

AAAATTAGCGGCGTGGATAGCTTTCCGGTGAAAACCGAAGCGTTT
K I S G V D S F P V K T E A F

TTTCTGCTGGTGGCGATTCAGATGGTGAGCGAAGCGGCGCGTTTT
F L L V A I Q M V S E A A R F

AAATATATTGAAAACCAGGTGAAAACCAACTTTAACCGTGCGTTT
K Y I E N Q V K T N F N R A F

TATCCGGATCCGAAAGTGATTAACCTGGAAGAAAAATGGGGCAAA
Y P D P K V I N L E E K W G K

ATTAGCGAAGCGATTCATAACGCGAAAAACGGCGCGCTGCCGAAA
I S E A I H N A K N G A L P K

CCGCTGGAACTGGTGGATGCGAAAGGCACCAAATGGATTGTGCTG
P L E L V D A K G T K W I V L

CGTGTGGATGAAATTAACCGTGATGTGGCGCTGCTGAAATATGTG
R V D E I N R D V A L L K Y V

AACGGCACCTGCCAGGCGACC
N G T C Q A T

Fig. 2. Nucleotide sequences of genomic clones and deduced amino acid sequences of mature R\P-S1 (A) and PAP-S2 (B). The
underlined residues in the DNA sequence of PAP-Sl indicates the BamHL site.

RNA iV-glycosidase activities on rat liver and E. coli ribo-
somes were tested for recombinant PAP-Sl, PAP-S2, PAP I,
and a-PAP. Figure 3 illustrates adenine release from ribo-
somes after reaction with various concentrations of PAP
isoforms. Since all PAP isoforms had much lower activity
on E. coli ribosomes than on rat liver ribosomes, the reac-
tion with E. coli ribosomes was performed at 37°C for 60
min instead of 10 min with rat liver ribosomes. All PAP iso-
forms were able to release one mole of adenine from one
mole of both rat liver and E. coli ribosomes, that is, from a
highly conserved a-sarcin/ricin loop, a common target of the
enzymatic action of RIPs (1, 2). The concentrations of PAP
isoforms required for 50% of the maximum release of ade-
nine from ribosomes (RCy are listed in Table I. PAP-Sl
and PAP-S2 had the same activity on rat liver ribosomes,
which was also virtually the same level as for PAP I and a-
PAP. On the other hand, the activities of PAP isoforms on
E. coli ribosomes were found to be substantially different
from one another in the order of PAP I > a-PAP > PAP-Sl >
PAP-S2. PAP-Sl was 3.6-fold more effective than PAP-S2,
but 11-fold and 60-fold less active than a-PAP and PAP I,
respectively. This is the first quantitative evidence of large
differences in activity on prokaryotic ribosomes among PAP
isoforms. Our results showing that the activity of PAP-S2
on mammal ribosomes is similar to that of PAP I is not con-

sistent with a previous report that PAP-S (corresponding to
PAP-S2 in this study) is more efficient than PAP I in inhib-
iting cell-free protein synthesis using a rabbit reticulocyte
system (9). This discrepancy could be due to the difference
in the assay systems used, or to four amino acid substitu-
tions observed in PAP-S2. Our assay is just for TV-glycosi-
dase activity on ribosomes, while inhibition of cell-free pro-
tein synthesis might, reflect the total effect on ribosomes,
tRNA and mRNA, because PAP can act on a wide variety of
nucleic acids as an AT-glycosidase (4).

Adenine release from salmon sperm DNA by the action
of PAPs was also tested at physiological pH (Table I). The
efficiency on DNA was in the order of a-PAP > PAP I >
PAP-Sl > PAP-S2. The amount of adenine released by PAP-
S2 was 9.3-fold, 32-fold and 82-fold lower than those of
PAP-Sl, PAP I, and a-PAP, respectively. The order of the
DNA iV-glycosidase activity correlates fairly well with the
RNA iV-glycosidase activity on E. coli ribosomes except in
the case of a-PAP and PAP I. The present results showing a
lower efficiency of PAP-Sl on DNA than PAP I is in agree-
ment with a previous report (4), in which herring sperm
DNA was reacted at pH 4.0 with PAP isoforms purified
from plant sources, although the difference observed here
at pH 7.5 is clearer than the previous result.

The observed significant distinction in substrate specific-
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ity among PAP isoforms may reflect their different physio-
logical substrates or different roles in plants such as a
defensive role against pathogens or a metabolic role (3, 24-
26). For the antiviral action, we have previously shown that

0
103 10 2 10 ' 10* 10' 102 103 10-2101 10° 101 102 103 104

PAPs (nM)

Fig. 3. RNA JV-glycosidase activities of PAP isoforms on rat
liver (A) and E. colt (B) ribosomes. Rat liver ribosomes (10 pmol)
and E. coh ribosomes (9.4 pmol), in 5 mM Tris-HCl, pH 7.5, 50 mM
KC1, 5 mM Mg acetate, and 1 mM dithiothreitol, were reacted with
increasing amounts of PAP I (•), PAP-SI (o), PAP-S2 U), and a-PAP
(A) at 37°C for 10 min and for 1 h, respectively. Adenine released
from ribosomes was measured after conversion to a fluorescing de-
rivative, l^V-ethenoadenine.

PAP (PAP-SI in this study) selectively enters virus-infected
tobacco cells and prevents viral multiplication by inactivat-
ing host ribosomes (10). However, the direct action of PAP
on viral RNA and/or virus-derived DNA can not be ex-
cluded. Moreover, a recent study on transgenic tobacco ex-
pressing a non-toxic PAP mutant has demonstrated that
PAP-mediated resistance against both viral and fungal
infection is caused by the activation of a novel salicylic acid-
independent, stress-associated signal transduction path-
way without depurination of rRNA (25). Since the actual
target of PAP for pathogen resistance has not yet been
established, testing each PAP isoform and its mutants with
different specificities may be valuable for developing trans-
genic plants more resistant to pathogens.

Structural Comparison—In spite of the substantial dif-
ference in the activity on prokaiyotic ribosomes and salmon
sperm DNA among PAP isoforms, the amino acid se-
quences of PAP-SI, PAP-S2, PAP I, and a-PAP are very
similar to one another, showing 73 to 83% identity (Fig. 4).
Only PAP II has a sequence that is much different from

TABLE I. Depurinating activity of PAP isoforms.

PAP isoform

Concentrations of PAP required for 50%
of the maximum release of adenine (RC^)

Rat liver nboeomes
(nM)

PAP-SI
PAP-S2
PAP I
a-PAP

3.2
3.6
1.5
1.3

E. coll ribosomes
(nM)

Adenine
released from
DNA (pmol)

280
1,000

4.7
25

56
6

190
490

PAP-SI
PAP-S2
Of-PAP
PAP I
PAP II

INTITFDAGN
INTITFDAGN
INTITFDVGN
VNTIIYNVGS
--NIVFDVEN

ATINKYATFM
STINKYATFM
ATINKYATFM
TTISKYATFL
ATPETYSNFL

ESLRNEAKDP
ESLRNQAKDP
KSIHNQAKDP
NDLRNEAKDP
TSLREAVKDK

SLKCYGIPML
KLKCYGIPML
TLKCYGIPML
SLKCYGIPML
KLTCHGMIMA

PNTNSTIKYL 50
PDTNSTPKYL 50
PNTNLTPKYL 50
PNTNTNPKYV 50
TTLTEQPKYV 48

PAP-SI
PAP-S2
ff-PAP
PAP I
PAP II

PAP-SI
PAP-S2
QT-PAP
PAP I
PAP II

LVKLQGASLK TITLMLRRNN
LVKLQGANLK TITLMLRRNN
LVTLQDSSLK TITLMLKRNN
LVELQGSNKK TITLMLRRNN
LVDLKFGS-G TFTLAIRRGN
* * * • * * * +

LFYJVMGYSDPY D-NKCRYHIF NDIKG-TEYS 98
IJYVMGYSDPF NGNKCRYHIF NDITS-TERT 99
IJYVMGYADTY N-GKCRYHIF KDISNTTERN 99
IIYVMGYSDPF ETNKCRYHIF NDISG-TERQ 99
IJYLEGYSDIY N-GKCRYRIF KDSES 9i

DVENTLCPSS
DVENTLCSSS
DVMTTLCPNP
DVETTLCPNA
DAQETVCPGD

NPR--VAKPI NYNGIIY|PTLE
SSR--VAMSI NYNSIJYPTLE
SSR--VGKNI NYDGS|YPALE
NSR--VSKNI NFDSPJY
KSKPGTQNNI PYEKS7KGME

KKAGVTSRNQ
KKAEVNSRSQ
KKVGR-PRSQ

PTLE SKAGVKSRSQ
SKGGA--RTK

VQLGIQILSS 146
VQLGIQILSS 147
VQLGIQILNS 146
VQLGIQILDS 147
LGLGKITLKS 136

PAP-SI
PAP-S2
a-PAP
PAP I
PAP II

PAP-SI
PAP-S2
a-PAP
PAP I
PAP II

PAP-SI
PAP-S2
a-PAP
PAP I
PAP II

DIGKISGQGS FT EKIE AKFLLVAIQM V:
DIGKISGVDS FP VKTE AFFLLVAIQM
GIGKIYGVDS FT EKTE A-FLLVAIQM VS)EJAA*iFK-YI
NIGKTSGVMS FT EKTE AEFLLVAIQM ""
RMGKIYGKDA TDQKQYQKNE AEFLLIAVQM

SEAKRFKYI ENQVKTNFNR 192
ENQVKTNFNR 193
ENQVKTNFNR 191
ENQVKTNFNR 193
ENKVKAKFDD 18 9

VSEAAIRFKYI

VSEAABjFKYI
VTEASRFKYI

D—FSPNDKV LDLEENWGKI STAIHNS KNGALPKPLE LKNADGTKWI 237
A—FYPDPKV INLEEKWGKI SEAIHNA KNGALPKPLE LVDAKGTKWI 238
A--FYPNAKV LNLEESHGKT STAIHNA KNGALTSPLE LKNANGSKWI 236
A--FNPNPKV LNLQETWGKI STAIHDA KNGVLPKPLE LVDASGAKWI 238
ANGYQPDPKA ISLEKNWDSV SKVIAKVGTS GDSTVTLPGD LKDENNKPWT 239

VLRVDEIKPD V-GLLNYVNG TCQAT 261
VLRVDEINRD V-ALLKYVNG TCQAT 262
VLRVDDIEPL V-GLLKYNVG TCQAT 260
VLRVDEIKPD V-ALLNYVGG SCQTT 262
TATMNDLKND IMALLTHV— TCKV- 2 61

Fig. 4. Alignment of deduced amino
acid sequences of mature PAP iso-
forms. The sequences of five PAP iso-
forms were aligned and gaps (—) were
introduced to maximize homology using
the ClustaLX program (27). Identical
amino acids are marked by asterisks (*).
Amino acid residues possibly involved in
catalytic activity are boxed. Regions of a
helix ( ) and p strands ( ) are indi-
cated above the sequences.
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Fig. 5. The model of PAP-SI. The model of PAP-SI was con-
structed based on the X-ray structure of PAP I (6). The a helices are
labeled A to H and the £ strands are a to h. The side chains of puta-
tive active residues are displayed. Residues 118 to 121, indicated by
a black string, are all different from those in PAP I, which is likely
to cause the difference in ribosome recognition between these iso-
fonns. The structure was drawn with the program Molscript (28).

those of other PAP isoforms. The X-ray crystal structure of
PAP I has been solved (6) and some residues in the puta-
tive active site cleft that are conserved in all RIPs are pro-
posed to be involved in the iV-glycosidase activity. One can
easily imagine that PAP-SI and PAP-S2 have three dimen-
sional structures very similar to that of PAP I because of
the high identity of the overall sequences and the four con-
served cysteine residues forming two intramolecular disul-
fide bonds: one between residues 34 and 258 and the other
between residues 84 and 105 as chemically identified in
PAP-SI (12). An energetically favorable model of PAP-SI
was constructed based on the structure of PAP I (Fig. 5).
For the catalytic mechanism of PAP-SI, it can be consid-
ered by analogy with PAP I that the adenine ring of the
substrate is sandwiched between Tyr72 and Tyrl22
through a rotation about the Ca-Cp bond of Tyr72, with
hydrolysis of the iV-glycosidic bond by the concerted action
0fGlul75andArgl78.

A question of a greater interest concerning protein engi-
neering of PAP is which amino acid alterations cause the
observed significant difference in substrate specificity
between PAP-SI (or S2) and PAP I. The enzymatic activi-
ties of PAP-SI and PAP-S2 on E. coli ribosomes are the
same, but 60-fold and 210-fold lower than that of PAP I,
respectively (Fig. 3B and Table I). Thus the residues that
are conserved between PAP-SI and PAP-S2 but different in
PAP I may bring about this difference in recognition of pro-
karyotic ribosomes. Alterations of four successive amino
acid residues between PAP-SI and PAP I are seen at resi-
dues 5 to 8 and 118 to 121 (numbering of PAP-SI) (Fig. 4).
These residues in PAP-S2 are identical to those in PAP-SI

except for a single substitution of Ser for Glyl20. Residues
5 to 8 are located just behind the active site cleft, but resi-
dues 118 to 121 are adjacent to the adenine-binding site
between Tyr72 and Tyrl22 (Fig. 5). Therefore, the latter
residues (118-YNGL in PAP-SI, 119-YNSL in PAP-S2,119-
FDSR in PAP I) seem to be prime candidates for structural
factors affecting the recognition of prokaryotic ribosomes.
Indeed, the side chain of Argl22 in PAP I (corresponding to
Leul21 in PAP-SI) has been shown to interact with the
phosphate group of a substrate analog, formycin 5'-mono-
phosphate by X-ray crystallography (6). This interaction be
absent from both PAP-SI and PAP-S2 because of the sub-
stitution of Leu for Arg, possibly causing a decrease in
activity on prokaryotic ribosomes. This assumption is con-
sistent with the lower activity of a-PAP on prokaryotic ribo-
somes than that of PAP I, because a-PAP has a Ser residue
corresponding to Argl22 of PAP I. The recent alanine scan-
ning mutagenesis of PAP I has suggested that polar side
chains located at the active site cleft (48-KY, 67-RRNN, 90-
FND) also participate in ribosome recognition (29). How-
ever, these residues are perfectly conserved in the three iso-
forms (PAP^Sl, PAP-S2, and PAP-I), indicating no con-
tribution to the observed difference in the recognition of
prokaryotic ribosomes. Our chemical modification studies
on RTA and luffin-a (a RIP from the seeds of Luffa cylin-
drica) have shown that residues far from the catalytic site
are also involved in activity (18, 30, 31). The residues iden-
tified as participating in activity are Arg235 in RTA and
Lys231 in luffin-a, which correspond to Ala231 and Arg240
in PAP-SI. Ala231 is situated in the loop between (B strands
g and h, and Arg240 is at the c-terminus of p strand h. The
residues around Arg240 are identical among four isoforms
(PAP-SI, PAP-S2, PAP-I, and a-PAP), while those around
Ala231 show relatively large differences among these iso-
forms. Thus the residues in the loop connecting (3 strands g
and h are also worth examining. Concerning the activity on
DNA, the manner of a recognition by PAP may differ some-
what from that of ribosome recognition, because a-PAP
instead of PAP I showed the highest efficiency in depuri-
nating salmon sperm DNA among the isoforms tested
(Table I). a-PAP has a unique positive side chain at Lys90
in residues 89-FKD located at the active site cleft, which
correspond to the residues FND conserved in other three
isoforms, and have been proposed to be involved in ribo-
some recognition (29) as described above. The possibility of
the contribution of this characteristic positive side chain in
a-PAP to DNA recognition is also worth examining. We are
currently analyzing site-directed mutants of these isoforms
to investigate the relationship between structure and sub-
strate specificity, which would assist protein engineering
aiming at making a PAP more suitable for agricultural or
therapeutic applications.
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