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Expression Characteristics of Pokeweed Antiviral Proteins
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Hur, Yoonkang*, Ching-Tack Han' and Jueson Maeng1
Department of Biology, Taejeon 305-764, Korea
'Department of Life Science, Sogang University, Seoul 121-742, Korea

Pokeweed antiviral proteins (PAPs) become novel therapeutic agents in relation to ap-
plication in human viral diseases and cancer, as well as potent tools in plant system for de-
fending viral infection. We have studied the expression characteristics of PAPs in pokeweed
plants by western blot analysis. PAP-I was constitutively expressed in leaves, stems and roots
of the pokeweed plant, while PAP-II was not expressed in roots. The expression of PAP-II be-
gan in May and then gradually increased with development of the plants. The PAP-II ex-
pression was induced and/or stimulated not only by biotic stresses, such as insect pests and
viral infection, but also by abiotic stresses, like drought. Interestingly, low-light intensity was
found to be more effective than high-light in the expression of both PAP-I1 and PAP-I1. Our
results suggest that PAP-II appears to have an additive effect in terms of protection of the
plant against pathogens during summer-time when the plant actively grows and is attacked
by various pathogens.
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The pokeweed (Phytolacca americana) plant pro-
duces at least three types of pokeweed antiviral pro-
teins (PAPs) in different tissues and at various
stages of its development. PAP-I, PAP-II and PAP-S
appear in spring leaves (Irvin, 1975; Irvin, 1983),
summer leaves (Irvin et al., 1980; Irvin, 1983; Povet
et al., 1994) and seeds (Barbieri ef al., 1982; Hous-
ton et al., 1983; Kung et al., 1990), respectively.
PAPs seemed to be synthesized as precursor forms
and localized in the cell wall (Ready et al., 1986;
Hur et al., 1995). All PAPs belong to a ribosome-
inactivating protein (RIP) that inhibits the protein
synthesis by catalytically removing a specific aden-
ine residue from the large subunits of eukaryotic ri-
bosomes (Endo et al., 1988; Chen et al., 1993; Bon-
ness et al, 1994) as well as prokaryotic ones
(Hartley et al., 1991) and show similar activitics on
the inactivation of ribosomes (Irvin and Ucken,
1992).

Since Duggar and Armstrong (1925) first reported
that the pokeweed plant contained an antiviral agent
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which was capable of reducing the infectivity of to-
bacco mosaic virus {TMV), PAPs coinoculated with
viruses have been considered as an effective in-
hibitor against the transmission of a number of other
plant viruses (Tomlinson et al., 1974; Chen et al,
1991). Transgenic plants expressing PAP-I ¢cDNA
showed the broad-spectrum resistance to infection of
various viruses (Lodge er al., 1993). PAP also in-
hibited the infection of both Vero and Hel.a cells by
herpes simplex virus (HSV) (Aron and Irvin, 1980),
and inhibited the replication of human immunode-
ficiency virus 1 (HIV-1) in T-cells and macrophages
(Zarling et al., 1990) and of poliovirus (Ussery et al.,
1977). In this case, use of immunotoxin by conjugat-
ing with a monoclonal antibody was more ctfective
than PAP alone (Zarling ¢t al., 1990; Irvin and Uck-
en, 1992; Jansen ef al., 1993). All these researches
imply that PAPs are very important proteins in re-
lation to application both in crop protection against
pathogens and development of antiviral and cancer
therapeutic agents.

The action mechanism of PAP with respect to its
antiviral activity has becn suggested that when a
virus infects to a cell, PAP enters the cells with
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virus, disrupts ribosome and thus inhibits protein
synthesis, finally kills the infected cells, and thereby
prevents viral multiplication and propagation (Chen
et al., 1993; Bonness et al., 1994). Hur er al. (1995)
reported important residues of PAP conferring the
cytotoxic effect or RIP activity. Recently, cDNAs en-
coding PAP-I and PAP-II proteins were cloned and
the full-length sequences were characterized (Lin ef
al., 1991; Poyet er al., 1994). However, we do not
know what the physiological roles of PAPs in a
pokeweed plant are and why pokeweed plants pro-
duce three types of antiviral protcins. At the first
step to answer the important questions, onc should
elucidate the expression characteristics of PAPs,
Therefore, the aims of this rescarch are 10 e¢xamine
the tissue specific expression of PAPs and to iden-
tify how the expression of PAP-II, a summer form,
is induced.

MATERIALS AND METHODS

Plant materials

Pokeweed (Phytolacca americana) seeds were im-
bibed ovemight, sowed in 7.6X7.6 cm pots and
kept in a greenhouse or an environmental growth
chamber for approximately 3 wecks until germinated.
Temperature in the greenhouse was kept at 20-25°C.
In the growth chamber, the irradiance from mixture
of fluorescence lamps and incandescent bulbs was
adjusted at 15 W.m". and the temperature was kept
at 25+1°C. All plants were grown with Hoagland
nutrient solution.

Pokeweed plants in a field are perennial and shoot-
ing (sprouting) in the early May at Chungnam univ-
ersity campus. The second leaf from the apex was
sampled at three sites in the campus during the ex-
perimental period. We also sowed pokeweed sceds
on the field in March and harvested cotyledons in
May.

Light illumination

To examine the effects of photoperiod on the ex-
pression of PAPs, plants were exposed to con-
tinuous light (15 W.m"), continuous darkness, short-
day (SD; 8 h light-16 h dark) and long-day (LD: 16
h light-8 h dark) conditions. Plants grown under the
LD condition for a month were also subjected to dif-
ferent irradiance levels (57, 15 and 5 W.m™) for 10
days in order to test the effect of light intensity.

Stress treatments
Pokeweed plants grown in a greenhouse were
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treated with different abiotic and biotic stresses; nu-
trient deficiency, drought stress, insect pests and
viral infections. To induce the nutrient-deficient
pokewced, voung plants, less than one month old,
were grown in a pot containing the mixture of ver-
miculitc and perlite without nutrient supply. To in-
duce the drought stress (wilt), a very small amount
of water was provided to 3-months-old mature
plants for 2 weeks. Insect pests were transferred to
heaithy leaves from old leaves having many dif-
ferent types of insects. The leaves were kept for 2
weeks, harvested, and then washed with deionized
water before protein extraction.

To induce viral infection, the virus-containing
solution (50 pg/ml of PBS: Phosphate-Buffered Sa-
line) was gently rubbed on a leaf of pokeweed plant
in the presence of carborundum. Five classes of
RNA virus used for the infection were cucumber mo-
saic virus (CMV), alfalfa mosaic virus (AMV), po-
tato virus Y (PVY), tobacco mosaic virus (TMV),
and potato virus X (PVX). Instead of virus, bovine
serum albumin (BSA) was used in the control plant.
The sccond leat from the inoculated leaf was sampl-
ed 2 weeks after the inoculation and total proteins
were extracted.

Preparation of antisera of PAPs

PAP polyclonal antibodies were prepared with
PAP-I, PAP-II and PAP-S purchased from Cal-
Biochem Co. Fifty micrograms of each PAP were di-
luted with 100 ul PBS, combined with an cqual
volume of complete Freund's adjuvant, thoroughly
mixed. and injected into cach pretested rabbit. One
time injection provided enough antiserum titer in 4
weeks.

Protein extraction

Samples were ground into fine powder with liquid
nitrogen. The powder was transferred into a mi-
crofuge tube, well suspended in an extraction buffer
(10 mM sodium phosphate buffer, pH 7.5 plus 0.5
mM phenylmethylsulfonyl fluoride), and microfuged
for 10 min. at 4°C. Supernatant was transterred into
a new tubc and spun again to climinate any debris.
Protein concentration was measured by BCA protein
assay method (PIERCE) (Bradford, 1976) using
BSA supplied with the kit as standard.

Immunoblot analysis

Equal amounts of protein were separated on 10%
SDS-PAGE at a constant current of 15 mA until the
bromophenol blue reached the bottom of the gel, as
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described by Laemmli (1970). Gels were rinsed with
1X SDS-gel running buffer (25 mM Tris-Cl, pH 8.3,
192 mM glycine and 0.1% SDS) containing 20%
methanol and set for blotting to prewct nitrocellu-
lose membrane (0.1 um, S&S). Proteins were elec-
troblotted for 14-20 h at 6-8 V/ecm at 4'C. The fol-
lowing steps were performed at room temperature.
After protein transfer, the membrane was blocked
with 5% non-fat dry milk (NFDM) in TBS-T, pH 7.4
(10 mM Tris, 150 mM NaCl and 0.1% Tween 20)
for more than ! h at room temperature. The mem-
brane was briefly washed three times with TBS-T
for 30 min. and incubated with 1:1,500 or 1:1,000
dilution of the antiserum in the TBS-T containing 2.
5% NFDM for 1 h. The blot was washed as des-
cribed above and incubated with TBS-T containing
diluted HRP (Horseradish Peroxidase)-conjugated
secondary antibody (1:3,500 dilution, PIERCE) for 1
h. The blot was washed with TBS-T tor 50 min with
S times of change, and developed and exposed to X-
ray film by the method as described in the manu-
facturer's manual (ECL method, Amersham).

RESULTS

Cross-reactivities of PAP antisera with three
types of PAPs

The antisera raiscd against three different PAPs
were tested with three PAP proteins, PAP-1, PAP-I1
and PAP-S (Fig. 1). Anti-PAP-I IgG weakly cross-
reacted with PAP-S, but not with PAP-II. This result
is consistent with a previous report that PAP-IT fail-
ed to cross-react with the PAP-I antibody (Irvin ¢t

PAP 1 [g(: PAP 1 et Al

Fig. 1. Immunoassay of PAP antibodies raised against
three PAPs. Fifty micrograms of PAP-1, PAP-II and PAP-
S were once injected to each rabbit and the antisera were
collected after 4 weeks. PAP proteins (10 ng/ea) pur-
chased from Calbiochem Co. were fractionated on 10%
SDS-PAGE. transferred to NC membranc (S&S) and de-
tected by ECL method. I, Il and S indicate PAP-1, PAP-1I
and PAP-S, respectively.
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al., 1980), but is discrepant to another report that
PAP-1 antibody partially cross-reacted with PAP-S
(Barbieri et al, 1982). Anti-PAP-1I IgG weakly cross-
rcacted with PAP-I, but not with PAP-S. Anti-PAP-
S IgG strongly cross-reacted with PAP-I, but not
with PAP-U. These results suggest that in addition
to their size differences the examination of cross-
reactivities could provide a clue to distinguish three
types of PAPs.

Tissue-specific expression of PAPs

Fig. 2 showed the tissue-specific and developem-
ental cxpression of PAP-I and PAP-II. PAP-I was
constitutively cxpressed in all tissucs tested, except
fruits and seeds (Fig. 2A), while roots did not ex-
press PAP-II (Fig. 2B). The expression of PAP-II in-
creased as the plant aged, which corresponds to a
previous report (Houston et /., 1993). As shown in
Fig. 1, we expected that the intensity of PAP-I
bands should be faint when reacted with PAP-II an-
tiserum. However, the bands were thicker than PAP-
I1 one, implying that PAP-I cxpression in pokeweed
could extremely prevail over PAP-II. Therefore, we
have used more total proteins and less diluted anti-
PAP-II 1gG in following cxperiments. Molecular
mass of PAP-I, PAP-II and PAP-S estimated by
SDS-PAGE was 29, 30 and 29.5 kD, respectively.
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Fig. 2. Tissuc-specitic expression of PAPs determined by
immunoblot analysis. Greenhouse-grown pokeweed plants
were harvested in May and total proteins were extracted.
Five-micrograms of total proteins were separated on 10%
SDS-PAGE. transterred to NC membrane, and blotted
with antibodies raised against PAP-1 (A) and PAP-II (B).
PAP-II (15 ng) was loaded on the st lanc as a control.
Protein molecular mass markers were represented on the
left as kDa.
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Expression characteristics of PAP in greenhouse-
and field-grown plants

Since PAP-II could be expressed in the late summ-
er leaves (Irvin et al., 1980), we examined when PA-
P-II begins to be expressed by analyzing PAP pro-
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Fig. 3. Western blot analysis of PAPs extracted from
greenhouse-grown pokeweed plants in  March. Equal
amounts (5 ug for A and 10 pg for B) of total proteins
were fractionated on 10% SDS-PAGE. transferred to NC
membrane (S&S) and detected by ECL method. A: cross-
reactivity with PAP-I antiserum, B: cross-reactivity with
PAP-II antiserum. PAP-II (10 ng) was loaded on the Ist
lane as control. Protein molecular mass markers were
represented on the left as kDa.
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Fig. 4. Western blot analysis of PAPs extracted from
greenhouse-grown pokeweed leaves in May. Western blot
analysis was performed as described in Fig. 3. A and B
are same as described in Fig. 3. Protein molecular mass
markers were represented on the left as kDa.
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teins extracted from the pokeweed leaves grown in
greenhouse in March (Fig. 3) and May (Fig. 4). PA-
P-IT seemed not to be expressed in March (Fig. 3B),
but large amounts of the proteins were expressed in
May (Fig. 4B).

To clarify it PAP-II begins to be expressed at the
carly stage of development, we performed western
blot analysis during cotyledon development in the
field-grown pokeweed in May when the plant was
shooting at Chungnam university campus (Fig. 5).
As shown in Fig. 5, the amounts of PAP-I and PAP-
(I were progressively increased with the aging of the
cotyledons. Interestingly, PAP-II started to be ex-
pressed even at the germination time (Fig. 5B).

To examine the seasonal variations of PAP-II in
pokweed leaves grown in field, we harvested sam-
ples at 1 week interval from May 9, a week after
shooting, to June 27, and performed western blot
analysis. As shown in Fig. 6, both PAP-1 and PAP-
I were expressed from the beginning of shooting
time and then gradually increased by June.

Effects of light on the expression of PAPs
The results of Figs. 3 and 4 naturally lead to con-
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Fig. 5. Expressions of PAPs during cotyledon develop-
ment from field-grown pokeweed plants in May. Proteins
were extracted from 1-week- to 4-week old cotyldons.
Western blot analysis was performed as described in Fig. 3.
A and B are same as described in Fig. 3. PAP-I (5 ng) was
loaded on the Ist lane as a control. Protein molecular mass
markers were represented on the left as kDa.
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Fig. 6. Expressions of PAPs from field-grown pokeweed
leaves. Samples were harvested and total proteins were ex-
tracted from May 9 to June 27. Western blot analysis was
performed as described in Fig. 3. A and B are same as
described in Fig. 3. Protein molecular mass markers were
represented on the left as kDa.
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Fig. 7. Effects of photoperiods on the expression of PAPs
in pokeweed cotyledons. Western blot analysis was per-
formed as described in Fig. 3. A and B are same as des-
cribed in Fig. 3. CL(4); 4 days in the continuous light, CD
(4); 4 days in the continuous darkness, SD(4): 4 days in
short day, LD(4); 4 days in long day. Protein molecular
mass markers were represented on the left as kDa.

clude that the expression of PAP-II will be induced
and/or stimulated by the length of light pecriod and
not by temperature since the temperature was fixed
constant during the experiments. Therefore, we test-
ed the expression of PAP-II on the different light
periods and intensities (Figs. 7 and 8). Fig. 7 show-
ed several unexpected results: the plant leaves ex-
posed to short-day (SD) condition (8-h light-16 h
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Fig. 8. Effects of light intensities on the expression of
PAPs in pokeweed leaves. One-month old pokeweed
plants grown in an environmental growth chamber under
16 h light period were exposed to three different in-
tensities of light for 10 days. Western blot analysis was
performed as described in Fig. 3. A and B are same as
described in Fig. 3. LLI; low light intensity (5 W.m™),
MLI; medium light intensity (15 W.m”), and HLI; high
light intensity (57 W.m"). Protein molecular mass markers
were represented on the left as kDa.

dark) expressed more PAP-II than those exposed to
long-day (LD) condition (16 h light-8 h dark); SD/
I.D or LD/SD transition did not affect the ex-
pression. However, we found that both PAP-I and
PAP-11 were not expressed in the continuous dark-
ness (or in etiolated plants), while the continuous
light was particularly effective in the PAP-II ex-
pression.

We assumed that the light intensity could affect
the expression of PAP-II because the intensity gra-
dually increases in the growing seasons of the plant,
from spring to summer. One-month old pokeweed
plants were exposed to three different light in-
tensities under 16 h photoperiod for 10 days; low
light intensity (5 W.m™), medium light intensity (15
W.m”), and high light intensity (57 W.m™). The
highest expression of both PAP-1 and PAP-II was
observed in the leaves exposed to the low light in-
tensity, and less amounts of PAPs were detected
under the medium and high light intensities (Fig. 8).

Stress-induced or stimulated expression of PAP-II

In addition to photoperiod, light intensity and de-
velopmental stage, various stresses might be im-
portant factors affecting the expression of PAP-II, a
summer form. Pokeweed plants were subjected to a-
biotic stresses, such as depletion of nutrients and
water-stress (drought stress), and to biotic stresses,
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Fig. 9. Immunoblot analysis of PAPs, showing the stress-
induced expression of PAP-II. Young (1 month old), ma-
ture (3 months old), and old (over 6 months old) pokewe-
ed plants were subjected to nutrient deficient (YNDP),
water-stress  (WSP), insect-damaged (MIDP and OIDP)
conditions. MHP represents mature healthy plants, a con-
trol. Total proteins were extracted, separated on 10%-SDS-
PAGE, transferred to NC membrane, and blotted with an-
tibodies raised against PAP-1 (A) and PAP-II (B). Protein
molecular mass markers were represented on the left as
kDa.

such as viral infection and damage by insect pests.
Young nutrient-deficient and drought-stressed plants
expressed less PAP-1 than healthy ones (Fig. 9A).
The expression of PAP-II was induced by drought
stress and damage by insect pests (Fig. 9B). Howev-
er. the nutrient deficiency may not be a critical fac-
tor for the induction of PAP-II expression. Figure 10
showed that the viral infection could induce and/or
stimulate the PAP-II expression. Control plant rubb-
ed with BSA somewhat expressed PAP-II, implying
that undamaged leaves express PAP-11 when any oth-
er parts of the plant are wounded.

DISCUSSION

Researches on the application of PAP has been in-
tensively carried out in the past two decades. PAP
becomes novel therapeutic agents in relation to po-
tential application in human viral discases and canc-
er (Irvin, 1983; Irvin et al., 1992), and potent and
putative protective proteins in plants as a defense
against viruses (Chen et al, 1993; Lodge et al.,
1993). However, molecular information on the PAP
expression is still unknown. This work may provide
a certain degree of information with respect to phy-
siological roles and actions of PAP in vivo.
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Fig. 10. Immunoblot analysis of PAPs expressed in the
virus infection conditions. Greenhouse-grown-2-month old
pokeweed plants were infected to various viruses by coino-
culation method. and unincoculated leaf was sampled in 2
weeks after the inoculation. Total proteins were extracted,
separated on 10% SDS-PAGE. transferred to NC mem-
brane, and blotted with antibodies raised against PAP-1 (A)
and PAP-1I (B). PAP-I (5 ng) and PAP-II (10 ng) were
loaded on the left as control proteins. Control represents
BSA-inoculated plant. Protein molecular mass markers
were represented on the left as kDa.

Povet er al. (1994) reported that PAP-I has 76%
similarity to PAP-S in amino acid sequences,
whereas PAP-1I was only 33% homologous to PAP-
I and PAP-S. However, the active site for RIP was
conserved among all three PAP proteins. This com-
parison may lead to a prediction that anti-PAP-11
lgG can not cross-recact with PAP-I and PAP-S,
while anti-PAP-1 IgG strongly cross-react with PAP-
S. The results shown in Fig. 1 support this pred-
iction, cxcept that anti-PAP-II 1gG weakly cross-
rcacted with PAP-1. Our results will be an important
information that in addition to their size differences
the different cross-reactivitics between anti-PAP-
[pGs could provide a clue to distinguish three types
ot PAPs.

PAP-1I was expressed in leaves and stems, while
PAP-1 was expressed in leaves. stems and roots, cx-
cept in fruits and seceds. Lin er al. (1991) reported
that PAP-1 is encoded by a multigene family. There-
fore, PAP-I expressed in roots (Fig. 2) could be the
product of a different gene from one in the leaf.
This postulation could be supported by the result
shown in Fig. 7 in that PAP-I could not be detected
in the cotyledons grown under the continuous dark-
ness. The expression of gene(s) encoding shoot-spec-
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ific PAP-I appears to be induced by light. We de-
tected the seed form of PAP (PAP-S) only in sceds.
Several types of PAPs, including root PAP-1 isoform,
present in a plant seem to be related to the distinct
physiological role of each protein.

As shown in Figs. 3, 4, 5 and 6, PAP-I was con-
stitutively expressed, while PAP-II expression ex-
hibited seasonal variations. There was only one re-
port that PAP-II is synthesized progressively with
the aging of the plant (Houston et al., 1983), but
they did not show any data on that in the paper. In
our study, PAP-II began to be expressed in May
when the pokeweed plant starts shooting. After that,
the levels of expression is gradually increased. Even
though people have purificd PAP-II from the late
summer leaves and named it a summer form of PAP
(Irvin et al., 1980; Irvin, 1983; Poyet et al., 1994),
our results suggest that the mame may be not ap-
propriate. Instead they could obtain more PAP-1I on
the basis of total proteins from the latc summer
leaves than from spring leaves.

Since PAP-II level was graually increased as time
goes by summer from spring, we expected that LD
condition and high-light intensity could pre-
ferentially stimulate the PAP-II expression. However,
the results are cxactly opposite. This discrepancy
may be resufted from the presence of Rubisco
(Ribulose-1,5-bisphosphate  carboxylase/oxygenase).
about 50% of total soluble proteins in plant leaves.
It is probable that a large amount of Rubisco syn-
thesized under LD and high-light conditions may de-
creasc the relative amounts of PAPs in total proteins
used in western blot analysis. Another possibility is
that PAP-I and PAP-Il could be expressed better
under low-light intensity than under high-light con-
dition. In general, the pokeweed plants grown in
shade look much healthier than grown in open field;
they seemed to be more resistant to pathogens. Thus,
the plants in shade seem to produce morc PAP and
thereby they become more resistant to pathogens.

As shown in Figs. 9 and 10, the expression of PA-
P-I1 was induced and/or stimulated by biotic stresses
and drought stress. The pokeweced plants inoculated
with § different RNA viruses were protected against
viral transmission. Thesc results suggest that under
the stress conditions cither PAP-II supplements PAP-
I action or PAP-II itself has own function.

Based on the our results and fact that threc PAPs
have same antiviral effects. we would propose a hy-
pothesis: PAP-II appears to have an additive cffect
in terms of protection of the plant against pathogens
during summer time when the plant actively grows
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and is attacked by various pathogens. However, the
exact physiological roles of PAPs in vivo still re-
main to be investigated.

ACKNOWLEDGEMENTS

This work was supported in part by Genetic En-
gineering Research Fund from the Ministry of Edu-
cation and by Research Fund from Chungnam Na-
tional University.

LITERATURE CITED

Aron, G.M. and J.D. Irvin. 1980. Inhibition of herpes
simplex virus multiplication by the pokeweed an-
tiviral protein. Antimicrob. Ag. Chemother., 17: 1032-
1033.

Barbieri, L., G.M. Aron, J.D. Irvin and F. Stirpe. 1982.
Purification and partial characteriztion of another
form of the antiviral protein from the seeds of Phv-
tolacca americana L. {pokeweed). Biochem. J.. 203:
55-59,

Bonness, M.S., M.P. Ready, J.D. Irvin and T.J. Mabry.
1994, Pokeweed antiviral protein inactivates pokewe-
ed ribosomes; implications for the antiviral mechan-
ism. Plant J., 5: 173-183.

Bradford, M.M. 1976. A rapid and sensitive mecthod for
the quantitation of microgram quantities of protein u-
titizing the principle of protein-dve binding. Analy.
Biochem., 72 248-254.

Chen, Z.C., R.F. White, J.F. Antoniw and Q. Lin. 1991,
Effect of pokeweed antiviral protein (PAP) on the in-
fection of plant viruses. Planr Pathol., 40: 612-620.

Chen, Z.C., J.F. Antoniw and R.F. White. 1993. A pos-
sible mechanism for the antiviral activity of pokewe-
ed antiviral protein. Physiol. Mol Plant Pathol.. 42:
249-25K.

Duggar, B.M. and J.K. Armstrong. 1925. The effect of
treating the virus of tobacco mosaic with the juice of
various plants. Ann. Mol Bot. Gard., 12: 359-366.

Endo, Y., K. Tsurugi and J.M. Lambert. 1988. The site
of action of six different ribosome-inactivating pro-
teins from plants on cukaryotic ribosomes: the RNA
N-glycosidase activity of the  proteins.  Biochen.
Biophy. Res. Commun., 150: 1032-1036.

Hartley, M.R., ;. Legname, R. Osborn, Z. Chen and J.
M. Lord. 1991. Single-chain ribosome inactivating
proteins from plants depurinate £, coli 23S ribosomal
RNA. FEBS Lent., 290: 65-68.

Houston, L.L., S. Ramakrishnan and M.A. Hermodson.
1983, Seasonal variations in  different forms  of
pokeweed antiviral protein, a potent inactivator of ri-
bosomes. J. Biol. Chem., 258; 9601-960)4.

Hur, Y., D.J. Hwang, O. Zoubendo, C. Coetzer, F.M.
Uckun and N.E. Tumer. 1995, Isolation and chract-
erization of pokeweed antiviral protein mutations in
Saccharomyces cerevisiae: Identification of residues



60 Hur, Yoonkang et al.

important for toxicity. Proc. Natl. Acad. Sci. USA, 92:
8448-8452.

Irvin, J.D. 1975, Purification and partial characterization
of the antiviral protein from Phytolacca americana
which inhibits cukaryotic protein synthesis. Arch.
Biochem. Biophys., 169: 522-528.

Irvin, J.D. 1983. Pokeweed antiviral protein. Pharmac.
Ther., 21: 371-387.

Irivin, J.D. and F.M. Uckun. 1992. Pokeweed antiviral
protein: Ribosome inactivation and therapeutic ap-
plications. Pharmac. Ther., 85: 279-302.

Irvin, J.D., T. Kelly and J.D. Robertus. 1980. Pu-
rification and properties of a second antiviral protein
from Phytolacca americana which inactivates eu-
karyotic ribosomes. Arch. Biochem. Biophvs., 200:
418-425.

Jansen, B., FM. Uckun, W.B. Jaszes and J.H. Kersey.
1992, Establishment of a human t(4;11) lcukemia in
severe combined immunodeficient mice and suc-
cessful treatment using anti-CD19(B43)-pokeweed an-
tiviral protein immunotoxin. Cancer Res., 52: 406-412.

Kung, S., M. Kimura and G. Funatsu. 1990. The com-
plete amino acid sequence of antiviral protein from
the seeds of pokeweed (Phytolacca americana). Arric.
Bio. Chem., 34: 3301-3318.

Laemli, UK. 1970. Cleavage of structural proteins during
the assembly of the head of buacteriophage T4. Nature,
227: 680-6KS.

Lin, Q., Z.C. Chen, J.F. Antoniw and R.F. White. 1991,
Isolation and characterization of a cDNA clone en-

J. Plant Biol., Vol. 40, No. 1

coding the antiviral protein from Phytolacca am-
ericana. Plant Mol. Biol., 17: 609-614.

Lodge, J.K., W.K. Kaniewski and N.E. Tumer. 1993.
Broad spectrum virus resistance in transgenic plants
expressing pokeweed antiviral protein. Proc. Natl
Acad. Sci. USA, 90: 7089-7093.

Poyet, J.L., J. Radom and A. Hoeveler. 1994. Isolation
and charactenization of a ¢DNA clone encoding the
pokeweed antiviral protein I from Phytolacca am-
ericana and its expression in E. cofli. FEBS Lett., 347:
268-272.

Ready, M.P., D.T. Brown and J.D. Robertus. 1986. Ex-
tracellular localization of pokewced antiviral protein.
Proc. Natl. Acad. Sci. USA, 83: S053-5056.

Tomlinson, J.A., V.M. Walker, T.H. Flewett and G.R.
Barclay. 1974. The inhibition of infection by cu-
cumber mosaic virus and influenzavirus by extracts
trom Phvtolacca americana. J. Gen. Virol, 22: 225-
232.

Ussery, M.A,, J.D. Irvin and B. Hardesty. 1977. In-
hibition of poliovirus replication by a plant antiviral
peptide. Ann. N. Y. Aca. Sci. 284: 431-440.

Zarling, J.M., P.A. Moran, O. Haffar, J. Slas, D.D.
Richman, C.A. Spina, D.E. Myers, V. Kuebelbeck,
J.A. Ledbetter and F.M. Uckun. 1990. Inhibition of
HIV-1 replication by pokeweed antiviral protein tar-
geted CD4+ cells by monoclonal antibodies. Nature,
347: 92-95,

(Received March 17, 1997)



