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Abstract A pathogenesis related protein (AhPR10) is
identiWed from a clone of 6-day old Arachis hypogaea
L. (peanut) cDNA library. The clone expressed as a
»20 kDa protein in E. coli. Nucleotide sequence
derived amino acid sequence of the coding region
shows its homology with PR10 proteins having Betv1
domain and P loop motif. Recombinant AhPR10 has
ribonuclease activity, and antifungal activity against
the peanut pathogens Fusarium oxysporum and Rhi-
zoctonia solani. Mutant protein AhPR10-K54N where
lys54 is mutated to asn54 loses its ribonuclease and
antifungal activities. FITC labeled AhPR10 and
AhPR10-K54N are internalized by hyphae of F. oxy-
sporum and R. solani but the later protein does not
inhibit the fungal growth. This suggests that the ribo-
nuclease function of AhPR10 is essential for its anti-
fungal activity. Energy and temperature dependent
internalization of AhPR10 into sensitive fungal hyphae
indicate that internalization of the protein occurs
through active uptake.

Keywords Antifungal activity · Arachis · 
Internalization · Pathogenesis related protein · 
Ribonuclease activity

Abbreviations
AhPR10 Arachis hypogaea pathogenesis

related 10 protein
AhPR10-F148S AhPR10 mutant protein where phen-

ylalanine148 is replaced by serine
AhPR10-H150Q AhPR10 mutant protein where histi-

dine150 is replaced by glutamine
AhPR10-K54N AhPR10 mutant protein where

lysine54 is replaced by asparagine
FITC Fluorescein isothiocyanate
IC50 Inhibitory concentration causing 50%

growth inhibition
IPTG Isopropyl thio-�-galactoside
NaN3 Sodium azide
PBS Phosphate buVered saline, pH 7.2
PCR Polymerase chain reaction
PI Propidium iodide
PMSF Phenyl methyl sulfonyl Xuoride
PR Pathogenesis related
SDS-PAGE Sodium dodecyl sulphate polyacryl-

amide gel electrophoresis

Introduction

Plants are equipped with well-established defense
machinery used to combat the war like situation during
stress. This defense machinery acts by up regulating the
expression of number of genes including microbe induc-
ible phytoalexins (Darvill and Albersheim 1984),
hydroxyproline rich glycoproteins (Hahn et al. 1989;
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Sommer-Knudsen et al. 1996, 1997), lytic enzymes, pro-
teinase inhibitors and several low molecular weight pro-
teins initially deWned as pathogenesis-related (PR)
proteins (Bowles 1990). A large number of PR proteins
have been characterized in recent years and grouped
into 17 families based on their primary structure, sero-
logical relationships, and biological activities (Christen-
sen et al. 2002). Most PR-proteins are either extra
cellular or intracellularly localized in the vacuole. In con-
trast, the PR-10 proteins are the only group that is intra-
cellular and cytoplasmic. Intracellular PR10 proteins
were Wrst described in cultured parsley cells (Somssich
et al. 1988). Members of PR 10 family are generally
acidic, with a molecular mass of 16–19 kDa, lack signal
peptide, resistant to proteases (Walter et al. 1990).

PR10 proteins have been reported in a number of
species through out the plant kingdom, including pea
(Fristensky et al 1988), bean (Walter et al. 1990, 1996),
soybean (Crowell et al. 1992), alfalfa (Breda et al.
1996), potato (Matton and Brisson 1989), cotton (Zhou
et al. 2002), pachyrrhizus (Wu et al. 2003), capsicum
(Park et al. 2004) as well as several monocots including
asparagus (Warner et al. 1992), lily (Huang et al. 1997),
rice (Midoh and Iwata 1996) and sorghum (Lo et al.
1999). Apart from showing amino acid sequence simi-
larity to the major food allergens of tree (Warner et al.
1994), PR10s also share homology to ribonuclease from
phosphate-starved ginseng cells. (Moiseyev et al. 1994).
Many PR10 proteins including Betv1 (Bufe et al. 1996),
LaPR10 (Bantignies et al. 2000), GaPR10 (Zhou et al.
2002), SPE16 (Wu et al. 2003) have been reported to
exhibit ribonuclease activity. Recently, a PR-10 protein
from Capsicum annuum (CaPR10) has been shown to
have both RNase and antiviral activity (Park et al.
2004). Lam and Ng (2001) have shown in vitro transla-
tion inhibitory activity for Panax RNase and predicted
it to be responsible for its antifungal activity.

Although antifungal activity of PR10 proteins has
been presumed to be mediated by its RNase activity,
there has been no evidence for its internalization and
the direct involvement of its ribonuclease activity in
antifungal action. In this report, we have described the
identiWcation of a PR10 having RNase activity from the
commercial crop peanut for the Wrst time and explored
the mode of its antifungal activity.

Materials and methods

Plant materials and growth conditions

Peanut seeds (Arachis hypogaea L. var. ICGS1) were
obtained from National Research Center for ground-

nut (NRCG), Junagarh, Gujarat, India. The seeds were
sterilized with 95% ethanol followed by 0.2% acidiWed
mercuric chloride wash. The germinated seeds were
grown for 6 days in agar medium and kept in aseptic
conditions in a growth chamber programmed with
alternate light and dark cycles of 12 h and 60–70% rel-
ative humidity at 28°C. Harvested and cleaned plant
samples were stored in liquid nitrogen prior to use for
RNA isolation.

IdentiWcation of cDNA clone and sequence analysis

Six-day old peanut roots were used for total RNA iso-
lation using RNaesy plant mini kit followed by mRNA
preparation using oligotex suspension (Qiagen). The
cDNA library was constructed from polyA+ mRNA
using SMART cDNA library construction kit (Clon-
tech). BrieXy, ds cDNAs synthesized were ligated to
�TripleEx2 vector (Clontech) followed by packaging
into lambda packaging extract (Gigapack, Stratagene).
UnampliWed library was titered to calculate pfu/ml.
The average insert size of the library was calculated
using PCR based insert screening of more than 200
cDNA clones. Primers used for the insert screening
were provided by the manufacturer (Clontech). The
cDNA clones were randomly picked up for expressed
sequence tags analysis (ESTs) and sequenced using a
dye terminator cycle sequencing kit (PE applied Bio-
systems) and an automated capillary DNA sequencer,
ABI 3370, Prism (Applied Biosystems). Nucleotide
sequences were analyzed for open reading frames
using DNASTAR program (Lasergene, Madison, WI,
USA) followed by homology search with BLAST
(Altschul et al. 1997) against sequences in the NCBI
database. Multiple sequence alignment of the nucleo-
tide sequence deduced protein sequence was done
using MegAlign program (Lasergene).

Construction of expression vector

The cDNA library vector carrying cDNA for putative
AhPR10 was used as template to PCR amplify 453 bp
coding region. Along with the wild type, three substitu-
tion mutants (K54N, F148S, and H150Q) were con-
structed by site directed mutagenesis using overlap
extension PCR (Ho et al. 1989) with the following
primer sets, Wild-F (5�CATGCCATGGGTGTTCAC
ACTTTTGAAGA3�) and Wild-R (5�CGGAATTC
CCGTGGACAAACATAACTCATA3�); K54N-F
(5�CCTGGAACTGTCAACAAGGTTACCGCT3�)
and K54N-R (5�AGCGGTAACCTTGTTGACAGT
TCCAGG3�); F148S-R (5�CGGAATTCCCGTGGA
CAGACATAACCCTCATA3�) and F148S-F (5�CAT
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GCCATGGGTGTTCACACTTTTGAAGA3�); H
150Q-R (5�CGGAATTCCCCTGGACAAACATAA
CCCTCATA3�) and H150Q-F (5�CATGCCATGG
GTGTTCACACTTTTGAAGA3�). NcoI and EcoRI
restriction sites are underlined and mismatched nucle-
otides are bold faced. PCR were carried out at an
annealing temperature of 56°C for 28 cycles. After
digestion with NcoI and EcoRI, the PCR products
were ligated into expression vector pET28a (Novagen)
to express with 6£ His aYnity tag at C terminal end
under the T7 promoter. Desired mutations were con-
Wrmed by DNA sequencing as described above.

Expression and puriWcation of recombinant proteins

The pET28a vector containing wild type AhPR10 and its
mutated coding regions were transformed into E. coli
BL21 (DE3) strain and over expression of the cloned
genes was induced with 1 mM IPTG at 37°C for 4 h.

For recombinant protein puriWcation, bacterial cells
were pelleted after induction, suspended in lysis buVer
(50 mM sodium phosphate buVer, pH 7.0 containing
150 mM NaCl, 1 mM PMSF and 0.75 mg/ml of lyso-
zyme) and sonicated on ice for 3 min (30 s pulse/min).
Lysate was centrifuged at 14,000g, 4°C for 20 min and
loaded onto Talon resin metal aYnity column (Clon-
tech), eluted with 100 mM of imidazole and desalted by
centricon YM10 (Millipore). The recombinant proteins
were further puriWed to apparent homogeneity by
Sephadex G50 gel Wltration chromatography and ana-
lyzed by 15% SDS PAGE (Laemmli 1970) followed by
Western-blot analysis with monoclonal anti-His anti-
body (Qiagen) using the standard protocol (Towbin
et al. 1979).

RNase assays

The RNA degradation assays by the method of Bantig-
nies et al. (2000) was carried out using 10 �g of total
RNA extracted from peanut root using TRIZOL
reagent (Invitrogen) and 2 �g of puriWed FITC labeled
or unlabeled AhPR10 or its mutant proteins at 37°C
for 1 h. Reaction mixtures were deproteinized by
extraction with phenol–chloroform followed by etha-
nol precipitation and analyzed by 1.2% agarose gel
electrophoresis.

RNase activity units of the proteins were deter-
mined spectrophotometrically using acid soluble
method (Wang and Ng 2000) using yeast tRNA as a
substrate. Two hundred micrograms of yeast tRNA
were incubated with AhPR10 or its mutant proteins in
150 �l of 0.1 M Tris–HCl buVer, pH 7.0 at 37°C for
15 min followed by addition of 350 �l of ice cold

perchloric acid (3.4%) to terminate the reaction. The
reaction mixture was kept on ice for 30 min before cen-
trifugation (12,000g, 15 min at 4°C). The absorbance of
the supernatant was read at 260 nm after suitable dilu-
tion. One unit of RNase activity was deWned as the
amount of enzyme that produces an absorbance
increase of one in the acid soluble supernatant at A260
after 15 min incubation at 37°C.

Ribonuclease activities of wild and mutant proteins
were also assayed by zymogram analysis method as
described by Yen and Green (1991). Proteins exhibit-
ing RNase activity were seen as bright bands against
the blue background.

Antifungal activity assays

Antifungal activities of AhPR10 and its mutant pro-
teins were determined by radial growth inhibition
method as described by Schlumbaum et al. (1986) as
well as micro spectrophotometry (Broekaert et al.
1990). Fungal pathogens, Fusarium oxysporum, Rhi-
zoctonia solani, Sclerotium rolfsii, Aspergillus Xavus, A.
niger and Phytophthora infestans were used to check
the antifungal activity of AhPR10s. For spectrophoto-
metric assay, 10 �l of protein samples at diVerent con-
centrations were mixed with 90 �l of Sabouraud
dextrose broth (SDB, HiMedia) containing fungal
spores that had been pre-germinated for 16 h in 96 well
microtiter plates. After incubation for 12 h at 37°C
without shaking, fungal growth was estimated by
observing the absorbance at 595 nm in an ELISA plate
reader (Molecular Devices, USA). IC50 values were
calculated from twofold dilution steps (Terras et al.
1992). Growth inhibitions were also ascertained by
visualizing under bright Weld phase contrast micro-
scope (TS100, Nikon).

FITC labeling

Wild type AhPR10 and its mutant proteins were Xuo-
rescence labeled using Xuorescein isothiocyanate
(FITC, Sigma). BrieXy, 0.5 mg of FITC powder was
dissolved in 50 �l of anhydrous DMSO to give a reac-
tive dye concentration of 10 mg/ml. One milligram of
AhPR10 or mutant protein was dissolved in 200 �l of
50 mM carbonate–bicarbonate buVer, pH 9.0. FITC
solution was added drop wise to the protein sample
and mixed by stirring. Samples were incubated at 25°C
in dark for 1 h. Unreacted FITC was removed by
Sephadex G25 gel Wltration and the protein concentra-
tion was determined by the Bradford method (Brad-
ford 1977). An intense Xuorescent band under UV
light in SDS-PAGE gel veriWed the conjugation
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between FITC and protein. FITC labeled proteins
were stored at 4°C until use.

Internalization assays by Xuorescence microscopy

FITC labeled proteins were applied to fungi in a micro
titer plate. To 90 �l of SDB (HiMedia) containing fun-
gal spores (1 £ 105 spores/ml) that had been pre-germi-
nated for 16 h in 96 well microtiter plates, 12 �g/ml of
FITC labeled AhPR10 proteins were added and incu-
bated at 37°C and 4°C in presence or absence of 0.05%
NAN3, for 1 h. For time course analysis of internaliza-
tion, 100 �l hyphal suspension containing FITC labeled
protein was incubated for diVerent times starting from
15 min to 6 h. After incubation, hyphae were washed
twice with 1£ PBS and then observed under Xuores-
cence microscope TS100 (Nikon) attached with FITC
and propidium iodide (PI) Wlters. Images were cap-
tured using 40£ objective under bright Weld as well as
under Xuorescent Wlters. Green and red images were
merged using Image Pro software (Media cybernetics,
USA) for co-localization of the FITC labeled protein
and PI at diVerent time points. For all the images a
scale bar of 100 �m was set.

Propidium-iodide uptake assays

Fungal spores were pre germinated in SDB as
described above, followed by addition of labeled or
unlabeled AhPR10 or mutant AhPR10 along with
2 �M of PI. After diVerent time intervals (15 min–6 h)
hyphae were washed twice with 1£ PBS to remove
unincorporated dye and protein, and then monitored
by Xuorescence microscope.

Results

IdentiWcation of AhPR10 cDNA clone 
from peanut roots

Titer of unampliWed peanut root cDNA library was
found to 106 pfu/ml with an average insert size of
900 bp. Random sequencing of the library cDNA
clones resulted in identiWcation of a cDNA clone show-
ing upto 70% homology with reported plant PR10 pro-
teins in NCBI database. This clone represented the
Wrst PR10 identiWed from Arachis hypogaea L.

Sequence analysis

The cDNA clone identiWed as putative PR10 gene has
the insert size of 847 bp with a single open reading

frame (ORF) of 453 nucleotides to encode a protein of
150 amino acid residues. The nucleotide sequence also
shows a 5� untranslated region (5� UTR) of 84 nucleo-
tides and a 3� UTR of 310 nucleotides along with a poly
A signal AATAAA from 655–660 bp (Fig. 1a). The
predicted translation product of the gene has the calcu-
lated molecular mass of 16.217 kDa and an isoelectric
point of 5.3. The deduced amino acid sequence of
AhPR10 shows the presence of conserved P loop motif
GXGGXGXXK and a Betv1 domain as present in
many PR-10 proteins (Fig. 1a). The sequence align-
ment using MegAlign (DNASTAR, Lasergene, Madi-
son, WI, USA) of the predicted amino acid sequence of
AhPR10 with diVerent members of the PR10 family
indicated that AhPR10 has the similarity with other
PR10 proteins (Fig. 1b)

Analysis of expressed recombinant AhPR10 proteins

Wild type AhPR10 and its mutants cloned in pET28a
vector were conWrmed by restriction enzyme digestion
analysis (not shown). DNA sequencing conWrmed the
site directed mutagenesis at desired sites (S1). Protein
molecular weights (»20 kDa) of the putative wild type-
recombinant AhPR10 and its three mutant proteins,
K54N, F148S and H150Q expressed in E. coli are in
agreement with their amino acid sequence derived
molecular weights (S2). The apparent homogeneity of
the protein preparations is evident from their SDS-
PAGE analysis and identity of the expressed proteins
was established by probing the Western-blot with
monoclonal anti His-tag antibody (Fig. 2).

Ribonuclease activity of AhPR10 and the mutant 
proteins

DiVerential RNase activities of wild and mutant
AhPR10 proteins were observed in all three RNase
assays as shown in the Fig. 3. Ribonuclease activity of
AhPR10-K54N protein almost completely abolished
whereas AhPR10-F148S and AhPR10-H150Q proteins
lost their activities partially. The loss of activity in
AhPR10-H150Q is more than AhPR10-F148S. Ribo-
nuclease speciWc activity of wild type AhPR10 and
mutants when calculated using acid soluble method
was found to be 115 U/mg for wild type protein
whereas for AhPR10-F148S and AhPR10-H150Q it
reduced to 75 and 36 U/mg, respectively. Ribonuclease
activity of AhPR10-K54N protein was almost com-
pletely lost with a value of 2.5 U/mg (Fig. 3b bottom).
Ribonuclease activities of AhPR10 and its mutant pro-
teins F148S and H150Q were not aVected on FITC
labeling (results not shown).
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Antifungal activity of AhPR10

Preliminary screening of the antifungal activity of puri-
Wed recombinant AhPR10 by halo formation indicated
that it inhibits the growth of F. oxysporum and R.
solani but not S. rolfsii, A. Xavus, A. niger and P. infe-
stans (results not shown).

In micro plate assays IC50 values of AhPR10 against
F. oxysporum and R. solani were found to be 12.5 and

100 �g/ml (not shown) respectively. The eVects on
growth inhibition of F. oxysporum with increasing con-
centrations of AhPR10 and AhPR10-K54N are shown
in the Fig. 4. AhPR10-K54N showed only 10% growth
inhibition of F. oxysporum at 100 �g/ml concentration
(Fig. 4). Inhibition of mycelial growth of F. oxysporum
with increasing concentration of AhPR10 was also visi-
ble under microscope as shown in the insets of the
Fig. 4.

Fig. 1 Nucleotide and nucleotide sequence derived amino acid
sequences of putative AhPR10. a Nucleotide and deduced amino
acid sequence of AhPR10 cDNA. P loop motif and Betv1 domain
are underlined. Asterisk marks represent the translation start site
and termination codon of the open reading frame. PolyA signal
sequence is shown in the box. b Comparison of the predicted ami-
no acid sequence of AhPR10 with Betv1 allergen (Betula pendu-
la), [Z72431] CaPR10 (Capsicum annuum) [AF244121], GaPR10

(Gossypium arboreum) [AF416652], LaPR10 (Lupinus albus)
[AJ000108], Ll PR10.1B (Lupinus luteus) [X79975], PANGI
RNase2 (Panax ginseng) [P80890], SPE16 (Pachyrhizus erosus)
[AY433943], and yPR10 (Malus domestica) [AJ417551]. The cru-
cial amino acid residues implicated for RNase activity are shown
in bold. The percentage amino acid homology of AhPR10 with
other PR10s is indicated at the end of the sequence

(a)

(b)
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Internalization of AhPR10 in fungal hyphae

Internalization of FITC labeled AhPR10 occurred in F.
oxysporum within 30 min of incubation at 37°C but not
at 4°C. Uptake of the protein was inhibited by 0.05%
sodium azide. The FITC labeled His tagged control
protein (proWlin from peanut) did not appear to inter-
nalize as no Xuorescent signal was observed. In case of
S. rolfsii Xuorescent signal was not detected even after
4 h of incubation with labeled AhPR10 (Fig. 5).

AhPR10 interaction with fungal hyphae 
and its localization

Time course analysis showed increase in internaliza-
tion of FITC labeled AhPR10 with time from 15 min to
4 h (Fig. 6b, c, d). FITC labeled AhPR10 was not local-
ized in speciWc area in the hyphae, however, an intense
green Xuorescence at hyphal tip on 1 h incubation can

be seen in F. oxysporum (Fig. 6g). Labeled AhPR10-
K54N also internalized in F. oxysporum and appeared
to be more concentrated in the vacuoles (Fig. 6i).
AhPR10-F148S and AhPR10-H150Q were also inter-
nalized in F. oxysporum. Similar results were observed
with R. solani (results not shown).

AhPR10 and membrane permeability

Incubation of FITC labeled AhPR10 or its mutant pro-
tein AhPR10-K54N at 37°C leads to internalization of
the protein within 15 min. Internalization of PI
occurred after 30 min of incubation with AhPR10
while that with mutant protein it did not occur even
after 6 h of incubation (Fig. 7a, b). Heat killed hyphae
showed positive staining of PI within 15 min (results
not shown). The merged image in panel (c) of the
Fig. 7 shows the co-localization of AhPR10 and PI in F.
oxysporum hyphae.

Fig. 2 SDS-PAGE (15%) analysis of puriWed AhPR10 and its
mutant proteins expressed in E. coli BL21 (DE3) cells. a Protein
molecular weight markers (lane 1), puriWed AhPR10 (lane 2) and
its mutant proteins K54N (lane 3), F148S (lane 4) and H150Q
(lane 5). b Western-blot analysis with anti-His antibody of puri-

Wed AhPR10 and its mutant proteins. Lanes 1–4, respectively,
indicate wild type, K54N, F148S, and H150Q recombinant
AhPR10 proteins. Lane M indicates the prestained protein
molecular weight markers
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Fig. 3 Activity of RNase of recombinant AhPR10 and its mutant
proteins, F148S, H150Q and K54N as visualized in a 1.2% agarose
gel using 2 �g puriWed recombinant proteins and 10 �g total RNA
from peanut roots. b Comparison of RNase activities of wild type
AhPR10 and its mutant proteins, by in gel (top) using 3 mg/ml of

yeast tRNA in polyacrylamide gel and loading 2 �g of AhPR10
proteins in the well, and spectrophotometric assays (bottom) using
200 �g yeast tRNA per assay at pH 7.0 as described in Materials
and methods. The RNase units plotted in (b, bottom) are the aver-
age of three independent determinations (P values · 0.05)
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Discussion

Pathogenesis related proteins of PR10 family are
believed to have potential role in plant defense (Van

Loon and Van Stein 1999). The putative AhPR10 has
maximum amino acid sequence homology (70%) with
drought induced protein RPR-10 from Retama raetam
(Pnueli et al. 2002) followed by 58% homology with
pea disease resistance response protein (Chiang and
Hadwiger 1990). This constitutively expressed
AhPR10 is inducible by drought and pathogen stress
(manuscript in preparation). The presence of P loop
motif (GXGGXGXXK) and 38–60% amino acid
sequence homology of AhPR10 with PR10s having
RNase activity indicated the possible RNase activity of
AhPR10. The P loop has been considered to be the
possible RNA phosphate binding site correlated with
ribonucleotlytic activity (Bantignies et al. 2000; HoV-
mann-Sommergruber et al. 1997). In other PR10s hav-
ing RNase actvity tyr148 and glu150 are conserved but
in AhPR10 these are replaced with phenylalanine and
histidine respectively. However, glu96 and lys54 are
also conserved in AhPR10.

The puriWed recombinant AhPR10 showed RNase
activity in all three RNase assays (Fig. 3) as predicted
by its amino acid sequence. Reduction of RNase activ-
ity of AhPR10-F148S and AhPR10-H150Q suggests
the involvement of phe148 and his150 in its RNase
activity. The lys54 appears to play a more crucial role
in the RNase activity of AhPR10 as its mutation causes
the almost complete loss of its RNase activity (Fig. 3).
A similar role of lys55 in GaPR10 (Gossypium arbor-
eum) and P loop in SPE16 (Pachyrrhizus erosus) in
RNase activities were reported earlier (Wu et al. 2003;
Zhou et al. 2002).

Growth inhibition of F. oxysporum and R. solani
and not of S. rolfsii, A. niger, A. Xavus and P. infestans

Fig. 4 EVect of AhPR10 and its mutant proteins, AhPR10-
F148S, AhPR10-H150Q and AhPR10-K54N on growth of F. oxy-
sporum and S. rolfsii in SDB medium at 28°C in 12 h. Each point
of the plot were the average of four independent determinations.
The inset shows the phase contrast view of F. oxysporum at three
diVerent concentrations of AhPR10
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Fig. 5 Internalization of FITC labeled AhPR10. FITC labeled
AhPR10 or FITC labeled His-tag control protein was incubated
with F. oxysporum or S. rolfsii at 37 or 4°C in the presence or
absence of sodium azide and observed under Xuorescent micro-
scope

Fig. 6 Fluorescence imaging of the interaction of FITC labeled
AhPR10 and its mutant protein AhPR10-K54N with fungal hy-
phae. a and e Phase contrast images of F.oxysporum. b–d The
internalization of FITC labeled AhPR10 (12.5 �g/ml) in F. oxy-
sporum hyphae on incubation for 15 min, 1 h and 4 h, respec-
tively, at 37°C. f Image of F. oxysporum after 4-h incubation with
AhPR10-K54N protein. g Enlarged image of the hyphal tip
shown by arrow in (c). Arrows in (h) and (i), respectively, indicate
the vacuoles and vacuolar accumulation of internalized FITC la-
beled AhPR10-K54N in F. oxysporum
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by recombinant AhPR10 indicated the selectivity of
inhibition by the protein. The non inhibition of the
growth of F. oxysporum and R. solani by AhPR10-
K54N protein lacking RNase activity suggests the pos-
sible role of its RNase function in fungal inhibition.

AhPR10 appears to exert its antifungal activity upon
entering in the fungal hyphae of sensitive fungi as the
protein is not internalized in S. roXsii. The temperature
dependence and sodium azide inhibition of the entry of
AhPR10 suggest the active transport of the protein in
the fungal hyphae. Similar observations were also
made earlier with antifungal histatins against C. albi-
cans (Kim et al. 2001; Xu et al. 1999).

Internalization of AhPR10 mutant proteins impli-
cates that RNase activity domain of AhPR10 is distinct
from the site that interacts with the fungal membrane.
It has been shown by Mogensen et al. (2002) that Bet
v1 contains two ligand binding sites, one binds to 8-ani-
lino-1-naphthalenesulfonic acid (ANS), a hydrophobic
ligand and the other to kinetin, an adenine derivative.
In AhPR10, lys54 adjacent to P loop may interact with
RNA whereas the hydrophobic ligand binding site may
interact with the receptor or target site on the fungal
hyphae.

The uptake of PI (a commonly used cell viability
marker which enters only through damaged cell mem-
branes) after internalization of AhPR10 (Fig. 7a) sug-
gests that membrane integrity is not disrupted by the
protein unlike antifungal plant defensins, which
directly permeabilize or disrupt the fungal membrane
(Thevissen et al. 1999). Disruptions of the membrane
integrity and PI uptake appear to be the post internali-
zation phenomenon following the ribonuclease func-
tion of AhPR10 within the fungal hyphae. Plant
defense proteins like ribosome inactivating proteins
are also shown to act after internalization inside the
fungi (Park et al. 2002). For some non plant antimicro-
bial peptides, such as buforin II from Bufo bufo garag-
riozans (Park et al. 1998), PR-39 from pig intestine
(Boman et al. 1993) and tachyplesin I from Tachypleus
tridentatus (Yonezawa et al.1992) non-lytic internaliza-
tion and nucleic acid binding properties have been
reported. However, the intracellular nature of PR10
proteins suggests that such an interaction is possible
only when the pathogen enters the host cells.

Thus, internalization appears to be essential for
AhPR10 to display its antifungal activity through its
RNase function. Energy and temperature dependence

Fig. 7 Time course analysis of the eVect of FITC labeled
AhPR10 and AhPR10-K54N on membrane permeability of F.
oxysporum hyphae. FITC labeled AhPR10 (a) and AhPR10-
K54N (b) were used to check the eVect of internalization on mem-
brane integrity using propidium iodide uptake assay. Hyphae
were observed under Xuorescence microscope at diVerent time
points (15 min–6 h), and images were taken under phase contrast

(PC), FITC Wlter and PI Wlter. c Co-localized FITC labeled
AhPR10 protein and propidium iodide in F. oxysporum hyphae.
Inset 4 of c shows the image obtained after merging green and red
images of hyphae as observed under FITC (inset 2) and PI (inset
3) Wlters whereas inset 1 is the same image of F. oxysporum hy-
phae under phase contrast
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of AhPR10 for rapid internalization in the sensitive
fungi without disrupting the membrane suggest that
the internalization of the protein occurs through active
uptake. Further studies on the type of putative recep-
tor or target site on fungal membrane, and the traYck-
ing pathway by which the wild and the mutant proteins
are destined to diVerent locations inside the hyphae
will help to unravel the mechanism of interaction
between the fungal membrane and AhPR10.
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