
Transgenic Expression in Arabidopsis of a Polyprotein
Construct Leading to Production of Two Different
Antimicrobial Proteins1

Isabelle E.J.A. François, Miguel F.C. De Bolle, Geoff Dwyer2, Inge J.W.M. Goderis, Piet F.J. Woutors,
Peter D. Verhaert, Paul Proost, Wim M.M. Schaaper, Bruno P.A. Cammue*, and Willem F. Broekaert3

Centre of Microbial and Plant Genetics, Katholieke Universiteit Leuven, Kasteelpark Arenberg 20, B–3001
Heverlee, Belgium (I.E.J.A.F., M.F.C.D.B., G.D., I.J.W.M.G., P.F.J.W., B.P.A.C., W.F.B.); Flanders
Interuniversity Institute of Biotechnology, Rijvisschestraat 120, B–9052 Gent, Belgium (M.F.C.D.B., I.J.W.M.G.,
P.F.J.W., B.P.A.C.); Afdeling Vergelijkende Fysiologie en Morfologie Dieren, Katholieke Universiteit Leuven,
Naamsestraat 59, B–3000 Leuven, Belgium (P.D.V.); Departement Microbiologie en Immunologie, Katholieke
Universiteit Leuven, Minderbroedersstraat 10, B–3000 Leuven, Belgium (P.P.); and Institute for Animal
Science and Health (ID-DLO), P.O. Box 65, Lelystad 8200 AB, The Netherlands (W.M.M.S.)

We developed a method for expression in Arabidopsis of a transgene encoding a cleavable chimeric polyprotein. The
polyprotein precursor consists of a leader peptide and two different antimicrobial proteins (AMPs), DmAMP1 originating
from Dahlia merckii seeds and RsAFP2 originating from Raphanus sativus seeds, which are linked by an intervening sequence
(“linker peptide”) originating from a natural polyprotein occurring in seed of Impatiens balsamina. The chimeric polyprotein
was found to be cleaved in transgenic Arabidopsis plants and the individual AMPs were secreted into the extracellular
space. Both AMPs were found to exert antifungal activity in vitro. It is surprising that the amount of AMPs produced in
plants transformed with some of the polyprotein transgene constructs was significantly higher compared with the amount
in plants transformed with a transgene encoding a single AMP, indicating that the polyprotein expression strategy may be
a way to boost expression levels of small proteins.

Genetic modification of plants often requires co-
expression of two or more transgenes in addition to a
selectable marker gene. For instance, to achieve re-
sistance against a broader range of pathogens in
plants, co-expression of transgenes encoding antimi-
crobial proteins (AMPs) with different biochemical
targets is an attractive approach. Other examples
include the production of a particular metabolite in
plants by co-expressing multiple transgenes that are
involved in the biosynthetic pathway of that
metabolite.

There are different ways to obtain transgenic plants
expressing multiple transgenes. One frequently cho-

sen option is to introduce each transgene individu-
ally via separate transformation events and to cross
the different single transgene-expressing lines (Zhu
et al., 1994; Bizily et al., 2000). A drawback of this
method is that the different transgenes in the result-
ing progeny are inserted at different loci, which com-
plicates the subsequent breeding process. Moreover,
this method is not applicable to crops that are prop-
agated vegetatively; for instance, in potato (Solanum
tuberosum) and many ornamental and fruit tree
species.

A second possibility is to introduce the different
transgenes via sequential single-gene transformation
steps. The drawback of this method is that a different
selectable marker has to be used for every transfor-
mation step, which is complicated by the fact that
there is only a limited choice of selectable markers.

A third possible way is the introduction of the
different transgenes as linked expression cassettes,
each with a promoter and terminator, within a single
transformation vector (Slater et al., 1999). It has been
observed, however, that the presence of multiple
copies of the same promoter within a transgenic
plant often results in transcriptional silencing of the
transgenes (Matzke and Matzke, 1998). In an attempt
to introduce a vector containing four linked trans-
genes each driven by the cauliflower mosaic virus
35S (CaMV35S) promoter in tobacco (Nicotiana taba-
cum), it was observed that none of the analyzed trans-
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genic lines expressed all four transgenes at a reason-
ably high level (Van den Elzen et al., 1993). To avoid
this problem, different promoters for each of the
expression cassettes in the construct could be used.
However, there is only a very limited choice of pro-
moter sets that have comparable characteristics in
terms of expression levels, cell type and developmen-
tal specificity, and response to environmental factors.

A fourth option would be to produce multiple
proteins from one transcription unit by separating
the distinct coding regions by so-called internal ribo-
somal entry sites, which allow ribosomes to reiterate
translation at internal positions within an mRNA
species. Although internal ribosomal entry sites are
well documented in animal systems (Kaminski et al.,
1994), it is not known at present whether such sites
are also functional in nuclear-encoded genes from
plants. Polycistronic genes can be expressed when
inserted in plant chloroplastic genomes (Daniell et
al., 1998), but the gene products in this case are
confined to the chloroplast, which is not always the
preferred site of deposition for foreign proteins.

A fifth strategy is based on the production of mul-
tiple proteins by proteolytic cleavage of a polyprotein
precursor encoded by a single transcription unit. Po-
tyviruses, for example, translate their genomic RNA
into a single polyprotein precursor that encompasses
domains with proteolytic activity able to cleave the
polyprotein precursor in cis and to release the indi-
vidual proteins (Carrington and Dougherty, 1988).
The potyviral system has been exploited to co-
produce different proteins in plants (Marcos and
Beachy, 1994; Beck von Bodman et al., 1995). In the
construct developed by Beck von Bodman et al.
(1995), two coding sequences for enzymes involved
in mannopine biosynthesis were fused within one
open reading frame together with a coding sequence
for a protease derived from a potyviral polyprotein
precursor. The adjoining regions were separated by
sequences that represent, after translation, specific
cleavage sites for the viral protease. The tobacco
plants transformed with this construct synthesized
mannopine, suggesting that the two enzymes had
somehow been produced in a form that was at least
partially functional, although direct evidence for the
presumed cleavage in planta was not presented. A
disadvantage of this system is that a viral protease
needs to be produced, together with the proteins of
interest, that may cause cleavage of endogenous pro-
teins and hence entail undesired side effects. An
alternative approach was followed by Urwin et al.
(1998). A polyprotein precursor consisting of a Cys
protease inhibitor (oryzacystatin from rice [Oryza sa-
tiva]), a protease-sensitive propeptide from a pea
(Pisum sativum) metallothionein-like protein and a
Ser protease inhibitor (cowpea [Vigna unguiculata]
trypsin inhibitor), was found to be cleaved in Arabi-
dopsis plants. The cleavage, however, was only par-
tial because uncleaved polyprotein precursor could

also be detected in the transgenic plants. Still another
approach was followed by Halpin et al. (1999), who
linked the coding regions of two different reporter
genes by a viral sequence. This viral sequence en-
codes a 20-amino acid-long sequence, called 2A se-
quence. The 2A sequence originates from the foot-
and-mouth disease virus, where it mediates
cotranslational cleavage at its own carboxy terminus
by an apparantly enzyme-independent type of reac-
tion. A plasmid was constructed in which the 2A
sequence is inserted between the reporter genes
chloramphenicol acetyltransferase (CAT) and
�-glucuronidase (GUS) while maintaining a single
open reading frame. After expression in tobacco, the
CAT-2A-GUS polyprotein underwent cleavage to
yield CAT-2A and GUS. The limitation of this
method is the attachment of 19 amino acids of the 2A
sequence to the carboxy terminus of the first protein
of interest, which can disturb or even abolish the
action of that protein of interest. Moreover, the 20th
amino acid of the 2A sequence remains attached to
the amino-terminus of the second protein of the
polyprotein precursor.

We have reported previously on a unique natural
polyprotein, IbAMP, occurring in seeds of the plant
Impatiens balsamina (Tailor et al., 1997). The predicted
IbAMP polyprotein precursor consists of a leader
peptide, followed by six 20-amino acid-long mature
peptide domains, each flanked at either side by
propeptide domains ranging from 16 to 35 amino
acids in length. In this paper, we have addressed the
question of whether one of the IbAMP propeptides
can be used as a linker peptide for the production of
a cleavable chimeric polyprotein precursor leading to
the delivery of different AMPs in Arabidopsis.

RESULTS

Characterization of Transgenic Plants Expressing
Polyprotein Constructs with IbAMP-Based
Linker Peptides

To explore the possibility of exploiting the IbAMP
polyprotein system for co-expression of multiple
AMPs, a plant transformation vector (pFAJ3105) was
constructed as depicted in Figure 1. In the predicted
expression product of this construct, the fifth propep-
tide (16 amino acids) of the IbAMP polyprotein is
flanked at either side by the mature protein domain
of the AMPs DmAMP1 and RsAFP2 (50 and 51 amino
acids, respectively). Moreover, the expression prod-
uct has a leader peptide (28 amino acids) at its amino-
terminus derived from the DmAMP1 precursor.
RsAFP2 and DmAMP1 belong to the family of the
plant defensins (Broekaert et al., 1995) and originate
from Raphanus sativus and Dahlia merckii seeds, re-
spectively (Terras et al., 1992; Osborn et al., 1995). For
comparative purposes, a single-protein construct was
made of which the predicted expression product con-
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sisted of the DmAMP1 leader peptide and the
DmAMP1 mature protein domain (pFAJ3109, Fig. 1).

Different transgenic T1 generation lines trans-
formed with constructs pFAJ3105 and pFAJ3109, re-
spectively, were analyzed for expression of the trans-
gene both at the mRNA and protein level. Analysis
by northern blotting, using the coding region of
DmAMP1 as a probe, indicated the presence of tran-
scripts in leaves of lines transformed with either
pFAJ3105 or pFAJ3109, but not in untransformed
lines (Fig. 2). A clear difference in size of the
DmAMP1-specific mRNA in plants transformed with
the double protein construct as compared with plants
transformed with the single-protein construct could

be observed. This size difference is because of the fact
that the double protein construct is transcribed as an
mRNA coding for the leader peptide, DmAMP1, the
linker peptide, and RsAFP2, whereas the single-
protein construct is transcribed as an mRNA only
coding for the leader peptide and DmAMP1. Quan-
tification of band intensity in nine lines transformed
with pFAJ3105 and eight lines transformed with
pFAJ3109 indicated that the amounts of transcripts
did not differ significantly between both types of
transgenic plants (data not shown).

The amount of DmAMP1 and RsAFP2 in leaves
from a series of T1 Arabidopsis plants transformed
with pFAJ3105 was determined using ELISA assays
(Table I). Most of the lines transformed with the
polyprotein construct expressed both DmAMP1-
cross-reactive proteins (CRPs) and RsAFP2-CRPs. In
general, there was a good correlation between
DmAMP1-CRP and RsAFP2-CRP levels. However,
RsAFP2-CRP levels were generally 2- to 5-fold lower
than the DmAMP1-CRP levels. The ELISA assays for
measuring the RsAFP2-CRP levels in the extracts
were, however, less reliable than those for the
DmAMP1-CRPs. In the RsAFP2 ELISA assays, dilu-
tions of extracts of transgenic plants yielded dose-
response curves that deviated from those obtained
for dilutions of standard solutions containing native
RsAFP2, indicating that the majority of the RsAFP2-
CRPs in the extracts was not immunologically iden-
tical to the native RsAFP2 itself.

The average DmAMP1-CRP expression level of 14
lines transformed with pFAJ3105 was 0.62% of total
soluble protein content versus only 0.09% for eight
lines transformed with pFAJ3109, indicating that the
polyprotein construct resulted in a dramatic increase
in expression level as compared with the single-
protein construct (Fig. 3). Statistical analysis demon-
strated that this difference in expression level is sig-
nificantly different (P � 0.05).

Figure 2. Northern-blot analysis of DmAMP1 expression in leaves of
transgenic T1 generation lines transformed with constructs pFAJ3109
and pFAJ3105. All analyzed samples represent 15 �g of total RNA.
NT, Non-transformed Arabidopsis plants; 3109, Arabidopsis plants
transformed with the single-protein construct pFAJ3109 (transgenic
line 1 and 2); 3105, Arabidopsis plants transformed with the double-
protein construct pFAJ3105 (transgenic line 1 and 2). Similar
northern-blot analyses were obtained for another eight lines of Ara-
bidopsis plants transformed with construct pFAJ3105 and six lines of
Arabidopsis plants transformed with construct pFAJ3109.

Figure 1. A, Diagram of the expression cassettes in plant transfor-
mation vectors pFAJ3105, pFAJ3109, pFAJ3339, pFAJ3340,
pFAJ3433, and pFAJ3375. p35S, Enhanced CaMV35S promoter (Kay
et al., 1987); TMV, 5� leader sequence of tobacco mosaic virus; SP,
coding region of the leader peptide derived from the DmAMP1
precursor; DmAMP1, coding region of the mature DmAMP1; LP,
coding region of the linker peptide; RsAFP2, coding region of the
mature RsAFP2; tNos, 3�-untranslated terminator region of the
Agrobacterium tumefaciens nopaline synthase gene (Bevan et al.,
1983); [uOcs]pMas, chimeric promoter consisting of the enhancer of
the A. tumefaciens octopine synthase gene and the promoter of the A.
tumefaciens mannopine synthase gene (M.F.C. De Bolle, unpub-
lished data); tMas, 3�-untranslated terminator region of the A. tume-
faciens mannopine synthase gene (Barker et al., 1983). B, Amino acid
sequence of the (poly)proteins encoded by constructs pFAJ3105,
pFAJ3109, pFAJ3339, pFAJ3340, pFAJ3433, and pFAJ3375. The
leader peptide of DmAMP1 is in normal font. The mature DmAMP1
domain is underlined. The linker peptide domain is in bold. The
mature RsAFP2 domain is italicized.
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To test whether enhanced expression observed for
the polyprotein construct pFAJ3105 is restricted to
the particular configuration of the expression unit,
four other constructs (pFAJ3339, pFAJ3340,
pFAJ3433, and pFAJ3375) were made (Fig. 1). The
promoter used in these constructs was the chimeric
promoter [uOcs]pMas, consisting of the A. tumefa-
ciens octopine synthase enhancer linked to the A.
tumefaciens mannopine synthase promoter instead of
the CaMV35S promoter used in construct pFAJ3105.
The terminator was the mannopine synthase termi-
nator instead of the nopaline synthase terminator
used in construct pFAJ3105. Constructs pFAJ3339
and pFAJ3340 are both polyprotein-encoding con-
structs, with the polyprotein encoded by pFAJ3339
being exactly the same as the polyprotein encoded by
pFAJ3105 and the one encoded by pFAJ3340 having a
reversed order of the DmAMP1 and RsAFP2 coding
regions relative to that of pFAJ3105 and pFAJ3339.
Constructs pFAJ3433 and pFAJ3375 are both single-
protein constructs, with pFAJ3433 encoding mature
DmAMP1 preceded by the DmAMP1 leader peptide

at its amino terminus and pFAJ3375 encoding mature
RsAFP2 with the DmAMP1 leader peptide.

Comparison of the expression levels in the dif-
ferent transgenic plant populations (Table II) re-
vealed that DmAMP1-CRP and RsAFP2-CRP levels
in the polyprotein construct pFAJ3339 plants were on
average 9- and 8-fold higher relative to the levels in
the single-protein constructs pFAJ3433 and pFAJ3375
plants, respectively (Fig. 4). The RsAFP2-CRP le-
vels in plants carrying the polyprotein construct
pFAJ3340 were on average 3-fold higher than
those in pFAJ3375 plants expressing only RsAFP2.
There was, however, no significant difference in
DmAMP1-CRP levels between polyprotein construct
pFAJ3340 plants and pFAJ3433 plants expressing
only DmAMP1.

Analysis of the Subcellular Location of Co-Expressed
Plant Defensins

To determine whether the co-expressed plant de-
fensins are either secreted extracellularly or depos-
ited intracellularly, extracellular fluid and intracellu-
lar extract fractions were prepared from leaves of
Arabidopsis plants transformed with the polyprotein
construct (pFAJ3105). The cytosolic enzyme Glc-6-
phosphate dehydrogenase was used as a marker to
detect contamination of the extracellular fluid frac-
tion with intracellular components. Glc-6-phosphate
dehydrogenase was partitioned in a ratio of 83:17
between the intracellular extract fractions and extra-
cellular fluid fractions. In contrast, 94% of DmAMP1-
CRP content and 92% of RsAFP2-CRP content in the
transgenic plants tested were found in the extracel-
lular fluid fractions. These results indicate that both
plant defensins released from the polyprotein precur-
sors are deposited primarily in the apoplast.

Purification of Proteins Processed from Polyprotein
Construct pFAJ3105

DmAMP1-CRPs and RsAFP2-CRPs were purified
by reverse-phase (RP) HPLC from extracellular fluid
prepared from leaves of transgenic Arabidopsis plants
transformed with construct pFAJ3105 (homozygous
T2 plants derived from line 12, see Table I). Extracel-
lular fluid was obtained as described in “Materials
and Methods,” using a buffer which contained a mix-
ture of protease inhibitors (phenylmethylsulfonyl-
fluoride, N-ethylmaleimide, ethylenediaminotetra-
aceticacid, and pepstatinA). The collected extracellular
fluid was analyzed by RP-HPLC on a C8-silica column
and the collected fractions were tested for the presence
of DmAMP1-CRPs and RsAFP2-CRPs using ELISA
assays. The result of this analysis is shown in Figure
5. DmAMP1-CRPs eluted in two fractions, the latter
of which eluted at a position very close to that of
native DmAMP1. RsAFP2-CRPs were found in a sin-
gle peak that eluted at a position very close to that of

Table I. Expression levels of DmAMP1 and RsAFP2 in leaves of
transgenic Arabidopsis transformed with the constructs pFAJ3105
and pFAJ3109

Expression levels of DmAMP1 and RsAFP2 are expressed as the
ratio of the amount of DmAMP1-CRP or RsAFP2-CRP to the amount
of total soluble protein in crude extracts from leaves of transgenic
Arabidopsis plants. The Arabidopsis plants are transformed with
either the double protein construct (pFAJ3105) coding for DmAMP1
and RsAFP2 or the single protein construct (pFAJ3109) coding only
for DmAMP1.

Construct Line
Expression Level

of DmAMP1
Expression Level

of RsAFP2

%

pFAJ3105 1 0.77 0.29
2 1.13 0.22
3 0.48 0.20
4 0.005 �0.001
5 0.36 0.05
6 0.99 0.25
7 0.60 0.09
8 0.13 �0.001
9 0.25 0.08

10 1.35 0.35
11 0.24 0.07
12 1.18 0.24
13 0.68 0.17
14 0.49 0.07

Average 0.62 0.15
pFAJ3109 1 0.19 nda

2 0.05 nd
3 0.02 nd
4 0.20 nd
5 0.10 nd
6 0.06 nd
7 0.07 nd
8 0.003 nd

Average 0.09 nd
a nd, Not determined.
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native RsAFP2 and that was well separated from the
DmAMP1-CRP peaks. None of the tested fractions
reacted with both the anti-DmAMP1 and anti-
RsAFP2 antibodies, indicating that an uncleaved im-
munoreactive fusion protein was absent from the
extracellular fluid. Based on comparison of inte-
grated peak areas of the DmAMP1-CRPs and
RsAFP2-CRPs with those of a series of standards
consisting of native DmAMP1 and RsAFP2, respec-
tively, it was estimated that the extract for the line
transformed with the polyprotein construct
pFAJ3105 contained about equal amounts of
DmAMP1 and RsAFP2. This indicates that cleavage
of the polyprotein precursor in this line results in
about equimolar amounts of DmAMP1-CRPs and
RsAFP2-CRPs. Similar chromatograms were ob-
tained upon analysis of the extracellular fluid pre-
pared from other transgenic lines (data not shown),
indicating that the chromatographic pattern of
DmAMP1-CRPs and RsAFP2-CRPs is independent
from the transgenic line tested.

To test whether the purification procedure based
on the extracellular fluid preparation reflects the true
composition in DmAMP1-CRPs and RsAFP2-CRPs of
the transgenic Arabidopsis leaves, an alternative pu-
rification procedure was developed starting from a
crude leaf extract. The extract was fractionated by
ion-exchange chromatography (IEC) and subse-

quently by RP-HPLC. After separation, fractions
were collected and assessed for the presence of
DmAMP1-CRPs and RsAFP2-CRPs using ELISA as-
says. IEC was performed by passing the extract over
a cation exchange column at pH 6. When the column
was eluted with a linear gradient of 0 to 0.5 m NaCl
in 50 mm MES at pH 6, DmAMP1-CRPs were de-
tected in fractions eluting between 0.17 and 0.33 m
NaCl, whereas RsAFP2-CRPs were detected in frac-
tions eluting between 0.24 and 0.49 m NaCl (data not
shown). Fractions containing either DmAMP1-CRPs
or RsAFP2-CRPs were pooled into two fractions
(0.17–0.24 m NaCl and 0.33–0.49 m NaCl, respective-
ly), which were each subjected to RP-HPLC on a
C8-silica column eluted with a linear gradient of
acetonitrile. DmAMP1-CRPs eluted in two peaks, the
latter of which eluted at a position very close to that
of native DmAMP1. RsAFP2-CRPs were found in a
single peak that was well separated from the
DmAMP1-CRP peaks and eluted at a position very
close to that of native RsAFP2 (data not shown).

Molecular Analyses of the Purified Protein Fractions

The different DmAMP1-CRPs and RsAFP2-CRPs
purified from the extracellular fluid were subjected
to amino-terminal amino acid sequence analysis as
well as to mass spectrometry. The carboxy-terminal

Table II. Expression levels of DmAMP1 and RsAFP2 in leaves of transgenic Arabidopsis transformed
with the constructs pFAJ3339, pFAJ3340, pFAJ3433, and pFAJ3375

Expression levels are expressed as described in Table I.

Construct na
Average Expression Level

P b P c

DmAMP1 RsAFP2

%

pFAJ3339 13 0.085 0.024 a a
pFAJ3340 19 0.006 0.01 b a
pFAJ3433 20 0.009 ndd b nd
pFAJ3375 13 nd 0.003 nd b

a n is the no. of independent transformants for which expression was measured. b Comparison of
the average of the ln-transformed DmAMP1 expression levels at significance level 0.05. Identical letters
indicate that the averages are not significantly different according to Tukey’s studentized range
test. c Comparison of the average of the ln-transformed RsAFP2 expression levels at significance
level 0.05. Identical letters indicate that the averages are not significantly different according to Tukey’s
studentized range test. d Not determined.

Figure 3. Box plots of the DmAMP1 expression levels of T1 generation transgenic Arabidopsis plants transformed with
constructs pFAJ3105 and pFAJ3109, respectively. DmAMP1 expression level is expressed as the ratio of the amount of
DmAMP1 to the amount of total soluble protein in crude extracts from leaves of transgenic T1 Arabidopsis plants. Gridlines
depicted as vertical dotted lines represent the DmAMP1 expression level scale. Vertical lines in the box plots correspond to
the 0th, 25th, 50th (or median), 75th, and 100th percentile, respectively.

François et al.

1350 Plant Physiol. Vol. 128, 2002



amino acid was determined based on the best ap-
proximation of the predicted theoretical mass to the
experimentally determined mass (Table III). The
DmAMP1-CRPs, p3105EF1 and p3105EF2 (nomencla-
ture as in Fig. 5), had masses that were consistent
with the presence of a single additional Ser residue at
their carboxy-terminal end as compared with native
DmAMP1. However, whereas the mass of p3105EF2
corresponded exactly (within experimental error) to
that calculated for a DmAMP1 derivative with an
additional Ser (hereafter called DmAMP1�S) at its
carboxy-terminal end, the mass of p3105EF1 was in
excess by 4 D relative to the calculated mass for
DmAMP1�S. Hence, this protein might be a
DmAMP1�S derivative with partially reduced disul-
fide bridges. This hypothesis was confirmed by re-
duction of the disulfide bonds in p3105EF1 and
p3105EF2 with excess dithiothreitol, followed by sep-
aration of the reduced forms by RP-HPLC. The re-
duced form of p3105EF1 and p3105EF2 eluted at
exactly the same position, indicating that p3105EF1
only differs from p3105EF2 in its disulfide bond con-
tent (data not shown).

The RsAFP2-CRP fraction p3105EF3 represents an
RsAFP2 derivative with the additional pentapeptide
sequence DVEPG at its amino terminus, correspond-
ing to the five carboxy-terminal amino acids of the
linker peptide. This protein is further referred to as
DVEPG�RsAFP2.

The different DmAMP1-CRPs and RsAFP2-CRPs
purified from total leaf extract from plants trans-
formed with construct pFAJ3105 were analyzed in

the same way. The analyses indicated that the same
three molecular species were present in the total leaf
extract, namely DmAMP1�S, a reduced form of
DmAMP1�S and DVEPG�RsAFP2 (data not
shown).

In addition, DmAMP1-CRPs and RsAFP2-CRPs
were also purified from extracellular fluid of plants
transformed with construct pFAJ3340, the construct
in which the order of DmAMP1 and RsAFP2 in
the polyprotein was reversed. In this case, the mo-
lecular entities identified were authentic RsAFP2
including a pyro-Glu residue at its amino-terminus,
RsAFP2 with an amino-terminal pyro-Glu and an
additional carboxy-terminal Ser (RsAFP2�S), and fi-
nally DmAMP1 with an additional amino-terminal
pentapeptide (DVEPG�DmAMP1; data not shown).
In the plants transformed with polyprotein construct
pFAJ3340, no reduced or partially reduced forms of
either DmAMP1-CRPs or RsAFP2-CRPs could be de-
tected (data not shown).

In Vitro Antifungal Activity of the Purified Proteins

The antifungal activity of the purified fractions
from the extracellular fluid of plants transformed
with construct pFAJ3105, containing the major pro-
cessed products DmAMP1�S and DVEPG�RsAFP2,
respectively, were assayed using Fusarium culmorum
as a test fungus (Table IV). The specific antimicrobial
activity, expressed as protein concentration re-
quired for 50% growth inhibition of the test organ-
ism, of purified DmAMP1�S appeared to be iden-

Figure 4. A, Box plots of the DmAMP1 expression levels of T1 generation Arabidopsis plants transformed with the
polyprotein constructs pFAJ3339 and pFAJ3340 and the single-protein construct pFAJ3433, respectively. B, Box plots of the
RsAFP2 expression levels of T1 generation Arabidopsis plants transformed with the polyprotein constructs pFAJ3339 and
pFAJ3340 and the single-protein construct pFAJ33775, respectively. Legend for both box plots as in Figure 3.
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tical to that of native DmAMP1. The specific
antimicrobial activity of purified DVEPG�RsAFP2,
however, was about 2-fold lower relative to that of
native RsAFP2. The slight drop in antimicrobial ac-
tivity of DVEPG�RsAFP2 is most likely because of
the presence of the five additional amino-terminal
amino acids. Nevertheless, our data prove that pro-
cessing of the polyprotein precursors in transgenic
plants can result in the release of bioactive proteins.

DISCUSSION

In this paper, we have described the expression
and processing in transgenic Arabidopsis plants of a
chimeric polyprotein consisting of a leader peptide
domain and two mature protein domains, corre-
sponding respectively to the AMPs DmAMP1 and
RsAFP2, separated from each other by a 16-amino
acid-linker peptide corresponding to the fifth
propeptide of the IbAMP precursor.

Our data indicate that the polyprotein precursor is
cleaved to release bioactive derivatives of the mature

AMPs DmAMP1 and RsAFP2. The processing of the
polyprotein precursor encoded by construct
pFAJ3105 appears to occur in at least two steps. At
first, the polyprotein precursor is cleaved upon trans-
lation to release the leader peptide as occurs during
the maturation of native DmAMP1. The remaining
part of the polyprotein precursor is then cleaved at
one or more unknown positions in the linker peptide,
giving rise to a DmAMP1 derivative with an addi-
tional carboxy-terminal Ser and an RsAFP2 deriva-
tive with an additional pentapeptide (DVEPG) at its
amino terminus (Fig. 6). The polyprotein precursor
encoded by construct pFAJ3340, in which the order
of the mature DmAMP1 and RsAFP2 domains is
reversed relative to that of pFAJ3105, is cleaved at
almost the same positions as for the polyprotein
precursor encoded by pFAJ3105. One small differ-
ence is that cleavage of the first protein (RsAFP2 in
the case of pFAJ3340) occurs both after the mature
RsAFP2 domain and after the immediately adjacent
Ser (Fig. 6). This indicates that cleavage within the
IbAMP linker peptide is largely independent of the
sequence context at both the amino- and carboxy-
terminal ends.

The protease (or group of proteases) responsible
for these cleavages is not known. Endoproteinases or
a combination of endo- and exoproteinases could
be responsible for these cleavages. In the latter case,
it is possible that a first cleavage occurs by the action
of an endoproteinase, whereas exoproteinases would
be responsible for the subsequent trimming of the
cleavage products. It is possible that the carboxy
terminus of the linker peptide is cleaved by an endo-
proteinase between two acidic amino acids, Glu
and Asp. A comparison of the amino acid sequence
of the five propeptides of the natural polyprotein
precursor isolated from I. balsamina (Tailor et al.,
1997) shows that four of five linker peptides have the
doublet Glu/Asp at their carboxy-terminal end. The
linker peptide used in constructs pFAJ3105,
pFAJ3339, and pFAJ3340 contains this acidic doublet
internally and not at the carboxy-terminal end. This
doublet of acidic amino acids could form a recogni-
tion sequence for a specific endoproteinase. It is in-
teresting that D’Hondt et al. (1993) isolated an aspar-
tic endoproteinase from the seed of Brassica napus
that cleaves between two consecutive acidic amino
acids. It is possible that a first cleavage of this linker
peptide in I. balsamina occurs between the acidic dou-
blet, with subsequent action of an exocarboxypepti-
dase to trim the first protein up to the point of steric
hindrance. The fact that cleavage of the polyprotein
precursor encoded by pFAJ3340 results in the release
of two forms, RsAFP2 and RsAFP2�S, points to the
intervention of such an exocarboxypeptidase.

Deposition of AMPs in the apoplast of transgenic
plants is preferred for the purpose of engineering
disease-resistant plants because most pathogenic mi-
croorganisms occur at least during the early stages of

Figure 5. Chromatographic purification of DmAMP1-CRPs and
RsAFP2-CRPs from extracellular fluid fraction of Arabidopsis plants
transformed with the double-protein construct pFAJ3105. The extra-
cellular fluid fraction was loaded on a C8 RP-HPLC column equili-
brated in 15% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid
(TFA). The column was eluted at a flow rate of 1 mL min�1 for 15 min
with 15% (v/v) acetonitrile in 0.1% (v/v) TFA followed by a linear
gradient of acetonitrile in 0.1% (v/v) TFA from 15% (v/v) to 50% (v/v)
acetonitrile in 35 min. The eluate was monitored by on-line mea-
surement of the A280 (A280;—) and the acetonitrile gradient (---) was
monitored with an on-line conductivity sensor. Fractions were col-
lected and assessed for the presence of DmAMP1-CRPs and RsAFP2-
CRPs by the respective ELISA assays. Dotted bars represent the
presence of DmAMP1-CRPs (p3105EF1 and p3105EF2), whereas the
black bar represents the presence of RsAFP2-CRPs (p3105EF3). Tri-
angles indicate the elution position of native DmAMP1 (white trian-
gle) and of native RsAFP2 (black triangle).
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infection in the extracellular space. The polyprotein
expression system based on the IbAMP propeptide is
the first of its kind to succeed in extracellular depo-
sition of the processed mature proteins. Previous
reports on polyprotein expression systems (Marcos
and Beachy, 1994; Beck von Bodman et al., 1995;
Urwin et al., 1998; Halpin et al., 1999) described the
use of polyproteins without a leader peptide, leading
to assume that in these cases processing occurred in
the cytosol. It is not known whether these systems
would also work in conjunction with a leader peptide
because the processing environment of the cytosol is
completely different from that of the secretory sys-
tem. For the production of AMPs with a high content
of disulfide bonding, which is the case for most
AMPs of plant origin described so far (Broekaert et
al., 1997; Yun et al., 1997), expression in the cytosol is
not an option because it will not lead to disulfide
bond formation.

In plants transformed with the polyprotein con-
struct pFAJ3105, a minor fraction of the DmAMP1-
processed product occurred in a form in which two
of the four disulfide bridges are not formed, whereas
this was not observed for the RsAFP2-processing
product. The reason for this incorrect maturation of
DmAMP1 is currently unclear. One possible expla-
nation is that cleavage of the [DmAMP1]-[IbAMP
linker]-[RsAFP2] precursor occurs in the Golgi appa-
ratus, whereas folding and disulfide formation oc-
curs in the endoplasmic reticulum. The nature of the

precursor may hamper proper folding of the amino-
terminal DmAMP1 domain in a fraction of the pre-
cursor molecules, leading to incomplete cystine for-
mation that is known to be assisted by disulfide
isomerases residing in the endoplasmic reticulum
(Vitale and Denecke, 1999). In plants transformed
with the polyprotein construct pFAJ3340, no such
reduced forms of DmAMP1 could be detected. The
overall expression levels obtained with construct
pFAJ3340 were on average one order of magnitude
lower than those obtained with construct pFAJ3105.
The lower expression levels in plants transformed
with construct pFAJ3340 may entail less overload of
disulfide isomerase complexes, and hence less prob-
lems with correct disulfide bridge formation.

A striking observation from our experiments is that
DmAMP1-CRP and RsAFP2-CRP levels in the lines
transformed with a polyprotein construct are on av-
erage severalfold higher as compared with those in
the lines transformed with the corresponding single-
protein construct, respectively. The only exception
was the level of DmAMP1-CRPs in plants trans-
formed with the polyprotein construct pFAJ3340,
which was not significantly different from the level
of DmAMP1-CRPs in plants transformed with the
single-protein construct pFAJ3433. Expression levels
as high as 1.35% of total protein content, as seen in
some lines transformed with pFAJ3105, have so far
never been reported in the literature for a peptide
expressed in leaves of transgenic plants. The fusion
of a small peptide to another protein as a way to
enhance its expression level has been suggested by
another recent observation. Okamoto et al. (1998)
describe enhanced expression of the gene coding for
the antimicrobial peptide sarcotoxin IA by fusing
translationally the coding sequence of this gene to
that of Escherichia coli GUS. Western-blot analysis of
transgenic tobacco plants demonstrated that the
amounts of sarcotoxin IA present in the form of
sarcotoxin IA-GUS fusion proteins were considerably
higher than in tobacco plants transformed with the

Table IV. Antifungal activity of the purified AMP fractions

Antifungal activity was determined as the concentration of protein
(micrograms per milliliter) required to cause 50% growth inhibition
of the fungus F. culmorum relative to a control culture. Data are
given as means of triplicates with SE.

Protein Fraction Antifungal Activity (IC50)

p3105EF2 3.2 � 0.7
DmAMP1 2.8 � 0.5
p3105EF3 3.2 � 0.8
RsAFP2 1.7 � 0.4

Table III. Molecular analysis of the purified AMP fractions

Molecular mass (D) of DmAMP1-CRPs and RsAFP2-CRPs purified as described in Fig. 3 was determined by matrix-assisted laser-desorption-
ionization time of flight or electrospray ionization-mass spectrometry (MS) and amino-terminal sequence of the same components was
determined by automated Edman degradation. Also shown are the predicted carboxy-terminal sequences that give best correspondence between
experimental molecular mass and theoretical molecular mass. Amino acids of the mature DmAMP1 domain are underlined, amino acids of the
linker peptide are in bold, and amino acids of the mature RsAFP2 domain are italicized.

Protein Fraction

Molecular Mass Determined by: Amino Acid Sequence

Matrix-assisted
laser-desorption

ionization time of
flight MS

Electrospray
ionization-MS

Theoretical
prediction

Determined
amino terminal

Predicted carboxy
terminal

D

p3105EF1 5,614 � 5 5,608.3 � 1 5,604.25 ELCEKAS CYFNCS
p3105EF2 5,602 � 5 5,604.9 � 1 5,604.25 ELCEKAS CYFNCS
p3105EF3 6,223 � 6 nda 6,225.15 DVEPGQK ICYFPC

a nd, Not determined.
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single sarcotoxin IA peptide construct. The levels of
mRNA accumulation did not differ significantly be-
tween plants transformed with the single protein and
the fusion protein constructs, and therefore it was
suggested that sarcotoxin IA peptide was protected
from degradation when fused to GUS. Our analysis
demonstrates that the amount of DmAMP1 specific
mRNA in plants transformed with the double protein
construct (pFAJ3105) also does not differ signifi-
cantly from the amount of DmAMP1-specific mRNA
in plants transformed with the single-protein con-
struct (pFAJ3109). Protection from degradation can-
not explain the observed differences at the protein
level because the eventually released mature proteins
are almost identical. It is possible that, because of the
increased length of the mRNA in plants transformed
with the double protein construct, the mRNA be-
comes more efficiently translated than in the case of
the smaller mRNA in plants transformed with the
single-protein construct.

In our polyprotein precursor constructs in which
DmAMP1 was the first protein and RsAFP2 the sec-
ond (pFAJ3105 and pFAJ3339), production of
DmAMP1-CRPs was consistently higher than that of
RsAFP2-CRPs, as measured by ELISA assays. How-
ever, when analyzed by chromatography, the fraction
of DmAMP1-CRPs and RsAFP2-CRPs appeared to be
equal. We believe that the apparently lower RsAFP2-
CRP content versus the DmAMP1-CRP content in
those plants is because of suboptimal recognition of
DVEPG�RsAFP2 by the antibodies raised against

RsAFP2. ELISA assays performed with extracts con-
taining DVEPG�RsAFP2 always showed deviating
dose-response curves. Moreover, studies of the inter-
actions of anti-RsAFP2 antibodies with a series of
synthetic 15-mer peptides, representing an overlap-
ping series of the entire RsAFP2 sequence, revealed
that these antibodies react most strongly with pep-
tides representing the amino-terminal end (A.Van
Amerongen, personal communication). Hence, the
DVEPG sequence in DVEPG�RsAFP2 may partially
mask the most immunoresponsive epitope. In plants
transformed with construct pFAJ3340, in which
RsAFP2-CRPs are present with their authentic
amino-terminal end, RsAFP2-CRPs and DmAMP1-
CRPs were expressed at approximately equal levels.

In current experiments, we are adapting the linker
peptide used in the polyprotein constructs in an at-
tempt to ensure a more correct cleavage of the
polyprotein construct with the aim to release the
individual AMPs with a minimal number of addi-
tional amino acids at their amino or carboxy
terminus.

MATERIALS AND METHODS

Construction of Plant Transformation Vectors

The polyprotein encoding sequences of plasmid pFAJ3105
(shown in Fig. 1) was constructed following the two-step
recombinant PCR protocol of Pont-Kingdon (1994). Primers
OWB175 (sense, 5� AGGAAGTTCATTTCATTTGG) and

Figure 6. Schematic representation of the polyprotein precursor encoded by construct pFAJ3105 and pFAJ3340. The protein
domain of the leader peptide of DmAMP1, DmAMP1, and RsAFP2 is represented by boxes containing the amino- and
carboxy-terminal amino acids of the different subdomains. The protein domain of the linker peptide is represented by a box
containing the complete amino acid sequence. Cleavage of the pFAJ3105 polyprotein precursor results in the release of a
DmAMP1 derivative with an additional Ser at its carboxy terminus (DmAMP1�S) and an RsAFP2 derivative with an
additional pentapeptide at its amino-terminus (RsAFP2�DVEPG). Cleavage of the pFAJ3340 polyprotein precursor results in
the release of RsAFP2, an RsAFP2 derivative with an additional Ser at its carboxy terminus (DmAMP1�S) and a DmAMP1
derivative with an additional pentapeptide at its amino terminus (DVEPG�DmAMP1).
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OWB278 (antisense, 5� GCCTTTGGCACAACTTCTGTCCT-
GGCTCCACGTCCTCTGGGGTAGCCACCTCGTCAGC-
AGCGTTGGAACAAG AAGTAACAGAAACAC) were
used in a first PCR reaction with a plasmid pDMAMPD
containing DmAMP1 cDNA (gift from Dr. Ian Evans, Zen-
eca Agrochemicals, Berkshire, UK) as a template. The sec-
ond PCR reaction was done using as a template plasmid
pFRG4 containing the RsAFP2 cDNA (Terras et al., 1995)
and as primers a mixture of the PCR product of the first
PCR reaction, primer OWB175 and primer OWB172 (anti-
sense, 5� TTAGAGCTCCTATTAACAAGGAAAGTAGC,
SacI site underlined). The resulting PCR product was di-
gested with XhoI and SacI and cloned into the expression
cassette vector pMJB1. pMJB1 is an expression cassette
vector containing in sequence a HindIII site; the enhanced
CaMV35S RNA promoter (Kay et al., 1987); an XhoI site; the
5�-untranslated leader sequence of tobacco mosaic virus
(Gallie and Walbot, 1992); a polylinker including NcoI,
SmaI, KpnI, and SacI sites; the 3�-untranslated terminator
region of the Agrobacterium tumefaciens nopaline synthase
gene (Bevan et al., 1983); and an EcoRI site. The expression
cassette in the resulting plasmid, called pFAJ3099, was
digested with HindIII (flanking the 5� end of the CaMV35S
promoter) and EcoRI (flanking the 3� end of the nopaline
synthase terminator) and cloned in the corresponding sites
of the plant transformation vector pGPTVbar (Becker et al.,
1992) to yield plasmid pFAJ3105.

For the construction of plasmid pFAJ3109, the NcoI-SacI
fragment of plasmid pDMAMPD containing the DmAMP1
cDNA (gift from Dr. Ian Evans, Zeneca Agrochemicals)
was first cloned into the corresponding sites of the expres-
sion vector pMJB1, and the HindIII-EcoRI fragment of this
plasmid was subsequently cloned in the corresponding
sites of plant transformation vector pGPTVbar (see above).

For the construction of plasmid pFAJ3339, the NcoI-
SacI fragment of plasmid pFAJ3099 was cloned into
pMODUL3460, which is a derivative of the vector
pMODUL3459 (Goderis et al., 2002) containing in sequence
an I-SceI restriction site, the chimeric [uOcs]pMas promoter
(De Bolle et al., 2001), a polylinker including NcoI and SacI
restriction sites, the 3�-untranslated terminator region of
the A. tumefaciens mannopine synthase gene (Barker et al.,
1983), and an I-SceI restriction site. The expression cassette
in the resulting plasmid, called pFAJ3325, was digested
with I-SceI (flanking both the 5� end of the [uOcs]pMas
promoter and the 3� end of the mannopine synthase termi-
nator) and cloned in the corresponding site of the plant
transformation vector pFAJ3337, which is a pPZP-RCS2
derivative (De Bolle et al., 2002) with a selectable marker
gene cassette based on the Streptomyces hygroscopicus pat
gene (White et al., 1990), to yield plasmid pFAJ3339.

For the construction of plasmid pFAJ3340, several PCR
reactions were performed. At first, an inverse PCR reaction
with primers OWB520 (sense, 5� GAGGACGTGGAACCT
GGTCAGAAGTTGTGCC) and OWB521 (antisense, 5�
TGGGGTAGCCACCTCGTCGGCC GCGTTGGAAC) was
performed on plasmid pFAJ3099 to yield plasmid pFAJ3312
with silent mutations in the linker peptide to incorporate
additional restriction sites in the coding region of the linker

peptide (EagI site at the 5� end of the linker peptide-coding
region and SexAI site at the 3� end of the linker peptide-
coding region). A second PCR reaction was performed on
plasmid pFAJ3099 with primers OWB452 (sense, 5� TTAC-
ACCATGGTGAA TCGGTCGGTTGCGTTCTCCGCGTTCG-
TTCTGATCCTTTTCGTGCTCGCCATCTCAGATATCGCA-
TCCGTTAGTGGACAGAAGTTGTGCCAAAGG C) and
OWB519 (antisense, 5� CGGCCGCGTTGGAACACGG-
GAAGTAGCAGATACAC) to attach the coding region of
the leader peptide of DmAMP1 at the 5� end of the RsAFP2
coding region and the 5� part of the coding region of the
linker peptide (together with the EagI restriction site) at the
3� end of RsAFP2 coding region. The resulting PCR product
was cloned into pGEM-T (Promega, Madison, WI) to yield
plasmid pFAJ3313. A third PCR reaction was performed on
plasmid pDMAMPD with primers OWB517 (sense, 5� AAC-
CTGGTGAACTA TGCGAGAAAGCTAGC) and OWB518
(antisense, 5� GAGCTCTATTAGCAGTTGAAGT AACA-
GAAACAC) to attach the 3� part of the linker peptide cod-
ing reigon at the 5� end of the DmAMP1 coding region. The
resulting PCR product was cloned into pGEM-T to yield
pFAJ3314. The NcoI-EagI fragment of pFAJ3313 and the
SexAI-SacI fragment of plasmid pFAJ3314 were cloned into
the corresponding restriction sites of plasmid pFAJ3312 to
yield pFAJ3324. The NcoI-SacI fragment of pFAJ3324 was
cloned into the corresponding restriction sites of plasmid
pMODUL3460 to yield plasmid pFAJ3328. The I-SceI frag-
ment of plasmid pFAJ3328 was cloned into the correspond-
ing restriction site of plasmid pFAJ3337 to yield plasmid
pFAJ3340.

For the construction of plasmid pFAJ3433, the NcoI-SacI
fragment of plasmid pDMAMPD containing the DmAMP1
cDNA was first cloned into the corresponding restriction
sites of plasmid pMODUL3460 to yield plasmid pFAJ3432.
The I-SceI fragment of plasmid pFAJ3432 was cloned into
the corresponding restriction site of plasmid pFAJ3337 to
yield plasmid pFAJ3433.

For the construction of plasmid pFAJ3375, a PCR reaction
with primers OWB452 (sense, 5� TTACACCATGGTGAA-
TCGGTCGGTTGCGTTCTCCGCGTTCGTTCTGATC CTTT-
TCGTGCTCGCCATCTCAGATATCGCATCCGTTAGTGG-
ACAGAAGTTGTGCCAAAGGC) and OWB172 (antisense,
5� TTAGAGCTCCTATTAACAAGGAAAGTAGC) was per-
formed on plasmid pFAJ3099. The resulting PCR product
was digested with NcoI and SacI and cloned into the plas-
mid pMODUL3460 to yield plasmid pFAJ3364. The I-SceI
fragment of pFAJ3364 was cloned into the corresponding
restriction site of plasmid pFAJ3337 to yield plasmid
pFAJ3375.

Plant Transformation

Arabidopsis ecotype Columbia-O was transformed us-
ing recombinant A. tumefaciens by the vacuum infiltration
method of Bechthold et al. (1993). Transformants were
selected on a sand/perlite mixture subirrigated with water
containing the herbicide Basta (Agrevo NV, Machelen, Bel-
gium) at a final concentration of 5 mg L�1 for the active
ingredient phosphinothricin.
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ELISA Assay and Protein Assay

Antisera were raised in rabbits injected with either
DmAMP1 (purified as in Osborn et al., 1995) or RsAFP2
(purified as described in Terras et al., 1992). ELISA assays
were set up as competitive type assays essentially as de-
scribed by Penninckx et al. (1996). Coating of the ELISA
microtiterplates was done with 50 ng mL�1 DmAMP1 or
RsAFP2 in coating buffer (15 mm Na2CO3 and 35 mm
NaHCO3, pH 9.6). Primary antisera were used as 1,000-
and 2,000-fold diluted solutions (DmAMP1 and RsAFP2,
respectively) in 3% (w/v) gelatin (Sigma-Aldrich NV,
Bornem, Belgium) in phosphate-buffered saline (140 mm
NaCl, 3 mm KCl, 2 mm KH2PO4, and 8 mm Na2HPO4, pH
7.4) containing 0.05% (v/v) Tween 20.

Total protein content was determined according to Brad-
ford (1976) using bovine serum albumin as a standard.

Statistical analysis of expression levels in plant extracts
(expressed as micrograms DmAMP1 or RsAFP2 equiva-
lents per milligram of total protein) was performed. Be-
cause of the non-normal distribution of the datasets (as
shown by QQplots), a natural logarithm transformation of
the datasets was performed. These logarithm-transformed
datasets were analyzed by using the Tukey’s studentized
range test with a significance level of 95%.

Northern-Blot Assay

Extraction of RNA from Arabidopsis leaves and
northern-blot analysis via chemiluminiscent detection were
performed as described by Eggermont et al. (1996). Quan-
tification of band intensity was done using a NightOwl
luminiscence digital camera (EG&G Berthold, Bad Wild-
bad, Germany).

Preparation of Extracellular Fluid, Intracellular
Extract, and Crude Leaf Extract

Extracellular fluid was collected from Arabidopsis
leaves by immersing the leaves in a beaker containing
extraction buffer. The extraction buffer used to analyze
secretion of the AMPs consisted of 100 mm KCl, 9.6 mm
NaH2PO4.2H2O, 15.2 mm Na2HPO4.2H2O, and 1.5 m NaCl
(pH 7). The extraction buffer used to conduct cleavage
analyses consisted of 50 mm MES, 1 mm phenylmethylsul-
fonylfluoride, 1 mm N-ethylmaleimide, 5 mm EDTA, and
0.02 mm pepstatinA (pH 6). The beaker was placed in a
vacuum chamber and subjected to six consecutive rounds
of vacuum for 2 min followed by abrupt release of vacuum.
The infiltrated leaves were gently placed in a centrifuge
tube on a grid separated from the tube bottom. The extra-
cellular fluid was collected from the bottom of the tube
after centrifugation of the tubes for 15 min at 1,800g. The
leaves were extracted in a Phastprep (BIO101/Savant, To-
ronto) reciprocal shaker (Eggermont et al., 1996) and the
extract clarified by centrifugation (10 min at 10,000g). The
resulting supernatant is referred to as the intracellular
extract.

To prepare a crude leaf extract, Arabidopsis leaves were
homogenized under liquid nitrogen and extracted with 50

mm MES (pH 6) containing a mixture of protease inhibitors
(1 mm phenylmethylsulfonylfluoride, 1 mm N-ethylmale-
imide, 5 mm EDTA, and 0.02 mm pepstatinA). The homog-
enate was cleared by centrifugation (10 min at 10,000g) and
the supernatant is referred to as the crude leaf extract.

Glc-6-Phosphate Deydrogenase Test

Glc-6-phosphate dehydrogenase activity was measured
according to a modified protocol of Simcox et al. (1977).
The reaction mixture consisted of 10 mm MgCl2, 0.1%
(w/v) Triton-100, 0.17 mm NADP�, and 0.33 mm Glc-6-
phosphate in 20 mm N-[2-hydroxy-ethyl]piperazine-N�-[2-
ethanesulfonic acid], pH 7.5. This mixture was incubated at
37°C; thereafter, the sample was added. After addition of
the sample, A340 was measured 15 times with interval
periods of 15 s.

Separation of Proteins Processed from Polyprotein
Precursors Encoded by Constructs pFAJ3105 and
pFAJ3340

Extracellular Fluid

Extracellular fluid (collected as described above) was
injected on an RP-HPLC column consisting of C8 silica
(0.46 � 25 cm, Varian, Palo Alto, CA) equilibrated with
15% (w/v) acetonitrile in 0.1% (v/v) TFA. The column was
eluted at 1 mL min�1 in a linear gradient in 35 min from
15% to 50% (w/v) acetonitrile in 0.1% (v/v) TFA. The
eluate was monitored for A280 and individual peak frac-
tions were collected and analyzed for the presence of
DmAMP1-CRPs and RsAFP2-CRPs by ELISA assays. Frac-
tions that contained DmAMP1-CRPs and RsAFP2-CRPs
were evaporated and used for amino-terminal sequence
analysis, mass spectrometry, and in vitro antifungal activ-
ity assay.

Crude Leaf Extract

Crude leaf extract from plants transformed with con-
struct pFAJ3105 was fractionated by IEC. IEC was per-
formed by passing the extract over a cation-exchange col-
umn (Mono S, 5 � 50 mm, Pharmacia Biotech, Piscataway,
NJ) equilibrated with 50 mm MES at pH 6. The column was
eluted with a linear gradient of 0 to 0.5 m NaCl in 50 mm
MES at pH 6 at a flow rate of 1 mL min�1 and 1-mL
fractions were collected. Fractions were assessed for the
presence of DmAMP1-CRPs and RsAFP2-CRPs via ELISA
assay (as described above). Fractions containing either
DmAMP1-CRPs or RsAFP2-CRPs were further fractionated
by RP-HPLC as described above.

Assessment of Protein Levels

The concentration of purified DmAMP1 and RsAFP2 in
solution was determined by weighing lyophilized proteins
before dissolving. Known amounts of either purified
DmAMP1 or RsAFP2 (5, 10, and 20 �g) were added to
partially purified extracellular fluid from wild-type plants
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and the mixtures were subjected to HPLC as described
above. The protein amounts of the protein standards were
related to the area of the peaks corresponding to
DmAMP1-CRPs or RsAFP2-CRPs as determined with an
HP3396 series II integrator. This correlation of protein
amount to peak area was used to determine protein
amounts in HPLC chromatogram peaks, integrated using
the same settings as for the protein standards, correspond-
ing to DmAMP1-CRPs or RsAFP2-CRPs in samples con-
sisting of partially purified extracellular fluid from trans-
genic plants, assuming that the peaks consisted purely of
DmAMP1 or RsAFP2, respectively.

Reduction of Proteins

Reduction of proteins was performed by adding Tris-
HCl (pH 8.4) and dithiotreitol to final concentrations of 100
mm, followed by incubation at 45°C for 1 h. Reagents were
removed by RP-HPLC on a C8 silica column (0.46 � 25 cm,
Rainin).

Antifungal Activity Assay

Antifungal activity was measured by microspectropho-
tometry (Broekaert et al., 1990). Spores of the test fungus
Fusarium culmorum (strain MUCL30162, Mycothèque Uni-
versité Catholique de Louvain, Louvain-la-Neuve, Bel-
gium) were suspended in 12 g L�1 potato dextrose broth
(Difco, Detroit) at a final concentration of 2.104 spores
mL�1, supplemented with tetracycline (10 �g mL�1) and
cefotaxim (100 �g mL�1). This suspension was dispensed
by aliquots of 80 �L into wells of a 96-well microtiter plate
containing 20 �L of the sample to be analyzed. After 24 to
48 h of incubation at 25°C, growth of the fungus was
evaluated microscopically, using an inverted microscope,
and by measuring the culture A595 using a microplate
reader.
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