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Three o-elicitins, named hibernalinl, hibernalin2 and hibernalin3 (hibl, hib2 and
hib3, respectively), were isolated by reverse phase-low-pressure liquid chromato-
graphy from culture filtrates of Phytophthora hibernalis Carne 1925, the causal agent
of citrus lemon brown rot. Hibl proved to be identical to syringicin previously
isolated from culture filtrates of Phytophthora syringae. Hib2 and hib3 shared the
same primary structure with hibl, but contained, at position 50, Met sulphoxide or
sulphone, respectively. By SDS-PAGE, the three proteins showed the same electro-
phoretic mobility, corresponding to about 10 kDa. Exact M, values were obtained by
MALDI-TOF-MS (10,194.82 for hib1, 10,209.33 for hib2 and 10,223.80 for hib3), while by
ESI-MS an M, value of 10,194.90 was found for hibl and no results for hib2 and hib3.
The hibernalin forms showed a high propensity to self-association, after exposure to
acetonitrile. Hibl showed to be active in both the hypersensitivity response and
electrolytes leakage assays; the sample containing hibl and hib2 was only weakly
active in the first assay and inactive in the second assay, while the sample
containing all three hibernalin forms proved to be inactive in both tests. It is
proposed that the different activities of the three hibernalin samples could be very
likely attributed to both Met50 oxidation and aggregation.

Key words: amino acid sequence, biological activity, citrus lemon, hibernalins,
Phytophthora hibernalis.

Abbreviations: hibl, hibernalinl; hib2, hibernalin2; hib3, hibernalin3; RP-LPLC, reverse phase-
low-pressure liquid chromatography; HR, hypersensitivity response; Hse, homoserine; Hse, homoserine
lactone; ELA, electrolytes leakage assay; PR, pathogenesis related; SAR, systemic acquired resistance;

DFDNB, 1,5-difluoro-2,4-dinitrobenzene.

Phytophthora species are plant pathogens which attack
numerous crops and woody plants. They produce protein
elicitors generally named elicitins which are involved in
the recognition of plant pathogens, inducing natural
defense mechanisms of plants in non-host resistance (1).
Elicitins are classified into a-class, acidic elicitins, with
valine at position 13, and B-class, basic and more toxic
elicitins, with hydrophilic residues at position 13 (2, 3).
They are small proteins of 98 amino acids, with M, of
about 10kDa, isolated and purified from culture filtrates
of several Phytophthora and Pythium species (oomycetes)
(4-14). Elicitins induce hypersensivity response (HR) (15)
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with the production of phytoalexins, ethylene (16) and
pathogenesis related (PR) proteins, with consequent
electrolyte leakage (17) and systemic acquired resistance
(SAR) in tobacco and in some species of Brassicaceae
(18).

Pythiaceae are not able to synthesize sterols (19), but
their requirement for growth and both sexual and
asexual reproductions is still subject to controversy (20)

It has been reported that elicitins are involved in sterol
transport, as in the case of cryptogein, a a-elicitin
produced by Phytophthora cryptogea, which binds to
dehydroergosterol and catalyzes its transport between
liposomes (21).

The elicitin-sterol complexes were proposed to be the
active form able for the binding to elicitin receptors,
located on plant plasma membrane (22), in an allosteric
manner (23). The property of these proteins to load
sterols has been exploited for the preparation of

© 2007 The Japanese Biochemical Society.
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anticholesteremic agents, and their medical use has been
patented (21). Recent studies on plant defense relation-
ships demonstrated that elicitins share some common
structural and functional properties with lipid-transfer
proteins, secreted by plant cells, being both able to load
and transfer lipidic molecules. Furthermore, sharing also
the same biological receptors, they likely play a key role
in the lipid-mediated dialogue between the pathogen and
the plant (24, 25).

Phytophthora hibernalis Carne 1925 is the causal
agent of citrus lemon brown rot disease, also known
with the term of foot rot and collar rot. Foot rots caused
by Phytophthora spp. continue to be primary factors in
poor growth and death of citrus trees of all ages both in
the nursery and in the field (26). Invasion of stems by
Phytophthora spp. initially causes a yellowish-brown
discoloration of tissues in the inner bark and cambium.
This infection may remain localized and may not be
visible externally. When the infection is more extensive,
bark tissues crack, disintegrate and exhibit gummosis. In
the Sorrento peninsula the brown rot of fruit is a serious
problem for the lemon. The disease is also caused by
P. syringae Carne 1925 (27, 28).

In this paper we describe the primary structure
determination of three o-elicitin forms purified from
culture filtrates of P. hibernalis Carne 1925. We also
describe their effects on the usual HR and electrolysis
leakage assay (ELA) tests on tobacco (Nicotiana taba-
cum, cv “Rustica”) and discuss on their structure-elicitor
activity relationships.

MATERIALS AND METHODS

Production of Culture Filtrates—The pathogenic strain
of P. hibernalis Carne 1925, the causal agent of rot of
citrus lemon fruits was isolated in the North slope of
Sorrento, Italy and deposited in the culture collection
at the Department of AR.BO.PAVE University of Naples
Federico II. The disease is caused by two Phytophtora
species, P. hibernalis and P. syringae (27, 28). The
identification of the two different species was confirmed
by morpho-biometric characters according to the Tabular
Key (29). The stock culture of P. hibernalis Carne 1925
was maintained on V-8 agar. Liquid cultures were
obtained by growing the strain in flasks containing
ASYT medium composed of: L-asparagine, 1g; sucrose,
10 g; yeast extract, 5g; thiamine, 0.001 g; KH,PO,4-7TH50,
0.5g; distilled water, 1000 mL. The flasks were incubated
and stirred (120rev/min) for 12day at 214+ 1°C, under
the natural alternation of light and dark, then the
culture fluid was strained through cheese cloth and filter
paper, sterilised by filtration through a 0.22 pym mem-
brane and stored at —20°C until use.

Purification of Hibernalins—Culture filtrates (1L)
were concentrated by evaporation under vacuum to
500mL, treated with 3 volumes of acetone at —10°C
and refrigerated for 2h (5). The mixture was centrifuged
(Kendro Laboratory Products, Asheville, NC, USA) at
10,000 rpm for 30 min; the supernatant was evaporated
under reduced pressure to remove acetone and then
dialyzed using tubes with cut-off 3.5kDa. The non-
permeated fraction was lyophilized, weighed (185mg),
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Culture filtrates of P. hibernalis (1 L)
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v
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RP-LPLC on a prepacked C18 column
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Scheme 1. Purification procedure of three hibernalin
forms.

and chromatographed on a column (22 x 1.5cm) packed
with Lichroprep RP-C18 resin (25-40pum, Merck,
Darmstad), and eluted step-wise at flow rate of about
10mL/min under low pressure with aqueous CH3CN
(0, 10, 20, 30, 40 and 100% CH3CN in H,0; ~200 mL for
each step). The elution was monitored at 210 nm, using a
spectrophotometer Perkin Elmer, and the eluent changed
when the absorbance was below 0.010 OD. The sample
eluted at 40% CH3CN was dried in rotavapor under
reduced pressure and lyophilized, obtaining 7.2mg of
partially pure hibernalins. This fraction was further
purified at low pressure (3bar) on a pre-packed
Lichroprep RP-C18 column (24 x 1cm, 25—-40 um particle)
eluted step-wise with aqueous CH3CN (0, 1, 5, 10, 20, 30,
40, 50 and 100% of acetonitrile in water; 20 mL each
step). 2mL fractions were collected and monitored by UV
absorbance at 210 nm. Three main peaks were obtained:
peak 1 (2.3mg), peak 2 (1.8 mg) and peak 3 (1.5mg)
(Scheme 1). The chromatographic behaviour of these
three samples was also tested on an analytical RP-HPLC
column (Beckman C18 column; 250 x4.6mm; 5pum
particle size) with or without a prior treatment with a
denaturing agent (8 M urea) for 24 h, at room tempera-
ture. The elution was performed with a continuous
gradient (5-50% over 60min) of aqueous CH3CN at a
flow rate of 1 mL/min.

Cyanogen Bromide Cleavage—Cleavage of the three
native elicitin samples with cyanogen bromide
was carried out in 70% formic acid as already
reported (30). At the end of the incubation time CNBr-
treated samples were dried over NaOH pellets under
vacuum, and S-pyridylethylated (see later).

S-pyridylethylation—Samples (25pug) of CNBr-treated
peak 1, peak 2 and peak 3 of Fig. 1 were
S-pyridylethylated as previously reported (31) and
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Fig. 1. Chromatographic profile of culture filtrates of
P. hibernalis obtained by step-wise elution from an
RP-LPLC, C18 column, using aqueous CH3CN as eluent
under low pressure (LP, 3bar). Flow rate 4 mL/min; fraction

chromatographed by RP-HPLC on a Beckman C18
column (250 x4.6mm, 5um particle size), using a
continuous gradient of aqueous CH3CN containing 0.1%
TFA as eluent, at a flow rate of 1mL/min. Optimal
separations were obtained using the following elution
conditions: time 0—20 min, 5% B; time 20-66 min, 10% B;
time 66-96 min, 28% B; time 96-101min, 28% B; time
101-181 min, 45% B; time 181-196 min, 95% B.

Amino Acid Sequencing—Native or S-pyridylethylated
hibernalins were adsorbed on ProSorb™ membranes
(Applied Biosystem) and then sequenced by automated
Edman degradation on a pulsed phase sequencer
(Model 491C; Applied Biosystems) as previously reported
(30). CNBr-peptides were dried and sequenced in the
same way.

Mass Spectrometry of Elicitins and Peptides—
Molecular weights of native proteins were obtained by
MALDI-TOF-MS Voyager DE-STR (accuracy 50 ppm).
Molecular weights of peptides were determined by
MALDI-TOF-MS (32) and ESI-MS (33). Peptide mapping
of elicitins was carried out by MALDI-TOF-MS, compar-
ing their experimental masses with those of the peptides
which can be theoretically derived from syringicin (6).
Edman degradation analysis supported the correct frag-
ment assignment.

Preparation of Cross-linked Hibernalin Derivatives—
Cross-linked derivatives of elicitins were prepared
with DFDNB (Sigma-Aldrich), as previously reported
(34). Briefly, hibernalin samples (100 pug) were dissolved
in 100l of 50mM sodium borate buffer, pH
8.5 (~100uM elicitins). DFDNB (1 mg/mL) was added
to the protein solution to obtain 1:10 or 1:5 [reagent:
elicitin(s); mol:mol] ratios. The reaction mixture
was stirred for further 24h in the dark. To stop the
reaction, the sample was taken into the loading
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of 2mL. In the insert, SDS-PAGE analysis of peaks 1-3; M,
molecular weight markers; lines 1-3, peaks 1, 2 and 3,
respectively. Proteins were detected with silver stain.

buffer and analysed by SDS-PAGE (18% polyacrylamide)
(39).

Gel-filtration Analyses—Gel-filtration was performed
on an Amersham Pharmacia Biotech AKTA FPLC, using
an Amersham Pharmacia Biotech Superdex™ 75 10/300
GL column. The column was equilibrated with 10 mM
Tris.Cl pH 7.2 buffer, containing 0.15M NaCl. Protein
elution was detected by recording the absorption at
214nm. As molecular weight markers the following
proteins were wused: bovine serum albumin (BSA;
66 kDa); myoglobin from horse heart (Mb; 17kDa) and
ubiquitin (Ub; 8.5kDa). A similar experiment was carried
out with 30% CH3CN in water.

Bioinformatics Study On-line 3D-modelling—3D-
model of hibl was obtained using a comparison proce-
dure with known 3D-protein structure available on
Swiss-Model server (http:/www.expasy.org/swissmod/
SWISS-MODEL.html).

HR induction assay—Induction of HR by peaks 1, 2
and 3 of Fig. 1 was determined by infiltrating 100 pL
sterile distilled water solutions of proteins (0.26 uM
for peak 1 and peak 2 and 0.35uM for peak 3)
into asymptomatic tobacco (Nicotiana tabacum L., cv.
Rustica grown in greenhouse using environmental
conditions) leaves. HR was scored when a brown
necrosis occurred in the infiltrated area 48h after
inoculation. To test the induction of distal HR, petiole
dip assays (2) were carried out on cut tobacco leaves.
Leaf petioles were treated with 25ul. of a solution
0.2uM for peak 1 and peak 2 and 0.35uM for peak 3.
The solution was taken up after about 2h. Then
the leaves were transferred to sterile water. Necrotic
lesions were monitored visible after 2 and 7day and
ranked from minute necrotic spots to large, confluent
necrotic areas.
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ELA Assay—Thirty tobacco leaf discs (5 mm diameter)
were incubated for 24h, in 2mL of peaks 1, 2 and 3
(0.1 mg/mL) and distilled water (35). After the incubation
six leaf disks were transferred to sterile distilled water
(156mL) and the corresponding conductance was mea-
sured in pS using a conductivity meter with 20 electrodes
(range 20-200mS/cm; K=1) connected to a computer
with a specific program. Each value was the mean of at
least five replicated samples and was calculated as the
difference from the reading at the beginning of the assay,
after several hours. The test was repeated twice.

UniProt Knowledgebase Accession Numbers—The pri-
mary structure of hibernalin 1 has been deposited in the
UniProtKB (accession code P85174).

RESULTS AND DISCUSSION

Elicitin Forms Purification and Primary Structure
Determination of hibl by Edman degradation—The
purification of the three elicitins from culture filtrates
of P. hibernalis Carne 1925 was performed applying a
modified procedure (Scheme 1) with respect to that
previously reported for syringicin (6). In particular, the
gel-filtration step of the non-permeated lyophilized
supernatant, obtained after dialysis, was replaced with
the RP-LPLC step on a column packed with C18 resin,
eluted step-wise with increasing concentration of aqu-
eous CH3CN. A biologically active fraction was obtained
at 40% CH3CN (data not shown). This crude fraction was
re-chromatographed by RP-LPLC on a commercial
RP-C18 column (6), giving rise to three distinct peaks
(Fig. 1). In particular, peak 1 (2.3 mg; 41%) was eluted at
30% CH3CN, while peaks 2 (1.8 mg; 32%) and 3 (1.5 mg;
27%) were eluted at 40% of the same eluent.

The reported purification procedure, based on two
consecutive chromatographic steps under reduced pres-
sure is reported for the first time for the purification of
elicitins from Phytophthora species.

The three peaks were analysed by SDS-PAGE (see
insert of Fig. 1), which revealed, in all three samples,
the presence of a single protein band with the same
molecular weight of about 10kDa.

The apparently homogeneous elicitins were then
reduced, S-pyridylethylated and their N-terminal amino
acid sequences determined. This analysis allowed us
to obtain the sequence of the first thirty N-terminal
amino acid residues (TTCTTTQQTA AYVALVSILS
DSSFNQCATD), identical for all three proteins and, in
turn, identical to the N-terminal of syringicin, the
a-elicitin from P. syringae (6).

In order to explain the different elution volumes of the
three peaks, from the RP-LPLC column (Fig. 1) which, in
general, separates analytes on the basis of their hydro-
phobic properties, we decided: i) to determine the
molecular weight of the samples of peaks 1-3 by mass
spectrometry; ii) to complete the amino acid sequence of
peak 1 (the major form) and, iii) to characterize, by mass
spectrometry mapping, the protein component of peak 2
and peak 3.

To obtain the molecular weight value, we first used
the ESI-MS, which provided a M, for peak 1 of
10,194.9+0.2. In the case of peak 2 and peak 3 no
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results were obtained, likely because the correspondent
samples polymerised in the mass spectrometry capillary,
which was even blocked. We then decided to use the
MALDI TOF-MS which provided the following M, values:
10,194.82 for peak 1 [relative mass intensity (RI) 100%];
10,194.86 and 10,209.33 for peak 2 (two forms; 100 and
78% RI, respectively), and 10,194.87, 10,209.47 and
10,223.80 for peak 3 [three forms; (100, 90 and 40% RI,
respectively)]. Multiple values (about 20,000, 30,000 and
40,000 M,, data not shown) were also seen, consistent
with the presence of higher aggregated forms.

These results revealed that peak 1 contained a
homogeneous protein (hereafter called hibl), while peak
2 contained hibl and a molecular component with M,
10,209.47 (hereafter called hib2), and peak 3 contained
hib1, hib2 and a component with M, 10,223.80 (hereafter
called hib3).

From the results obtained so far we concluded that
the molecular mass differences among the three forms,
with the same primary structure up to residue 30,
was due to differences in the remaining part of the
molecule.

Sequence Determination of hibI—Since hibl present in
peak 1 of Fig.1 was homogeneous, judging from the MS
data, we decided to complete its sequence, to obtain a
reference sample. Native hibl was treated with several
proteases, commonly employed to obtain peptides for
sequence determination purposes, but, in all cases, no
fragmentation was achieved, revealing a remarkable
resistance of hibl to proteolytic agents. Therefore,
hibl was subjected to chemical cleavage by CNBr and
then reduced and S-pyridylethylated. The obtained
peptides were solubilized in 50% formic acid and
separated by RP-HPLC, applying the elution program
reported in Materials and Methods (Fig. 2, peak 1).
CNBr peptides from hibl were sequenced by automated
Edman degradation and provided a sequence set of
98 amino acid residues (Table 1). In particular, peptides
CB-1/CB-2, CB-3/CB-4 and CB-6/CB-7 were present
as doublets, due to the homoserine/homoserine
lactone equilibrium at their C-terminus. Peptide CB-5
corresponded to the C-terminal peptide of the protein
(residues 60-98). The peptide corresponding to the amino
acid residues 51-59 was not found, likely because
adsorbed to the reverse phase column, or eluted in the
flow-through of the same column, which contained
peptide solvent (formic acid) and residual reagents.
Peptides CB-1/CB-2 corresponded to the amino acid
residues 36-59 with Met in position 50, as shown by
Edman degradation.

CNBr peptides were obtained with different yields
(Fig. 2), likely as a consequence of several factors: i)
differences in CNBr cleavage efficiency at the three
methionyl residues at positions 35, 50 and 59, respec-
tively; ii) occurrence of the homoserine-homoserine
lactone equilibrium at the C-terminus of peptides
CB-1/2, CB-3/4 and CB-6/7; iii) differential peptide
solubility and, iv) differential adsorption of peptides to
the RP C18 column.

Furthermore, the presence of Met at position 50 of
peptides CB-1/2 was unexpected, but it could be
explained considering that the pyridylethylation of the
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Fig. 2. RP-HPLC separation of S-pyridylethylated peptides obtained by CNBr cleavage of peaks 1, 2 and 3 of Fig. 1.

cysteinyl residues was performed in the presence of
thiol excess, which is known to revert Met-sulphoxide to
Met [(36); Fig. 3B]. Finally, the complete amino acid
sequence of hibl (Fig. 3A) was obtained aligning the
CB-peptides and using syringicin as reference protein,
whose N-terminal sequence had already been shown
to be identical to the N-terminal sequence of hibl
(see above).

The molecular mass of hibl, obtained from the
sequence was 10,194.62. This value was identical,
within the experimental error, to that experimentally
determined by ESI-MS and MALDI-TOF-MS and in turn
to that of syringicin (6).

Characterization of Peaks 2 and 3 with MALDI-TOF-
MS—Once obtained the sequence of hibl, the major
elicitin form, we undertook the structural characteriza-
tion of the component(s) of peaks 2 and 3 of Fig. 1 and
adopted a different, more sensitive approach, based on
mass spectrometry, which is particularly useful in the
case of mixture samples.

Vol. 143, No. 1, 2008

To directly verify possible differences in the amino acid
sequence of their protein components, peaks 2 and 3
were cleaved with CNBr, followed by pyridylethylation
of the cysteinyl residues. The resulting RP-HPLC
chromatograms are reported in Fig. 2. Comparing the
three chromatograms of Fig. 2, it appears that, while
the elution patterns are identical each other, differences
are mainly related to peak heights, especially in the
case of peaks 1-4. The eluted peptides were then
individually analyzed by MALDI-TOF-MS, which
confirmed, on the basis of the comparison between
experimental and theoretical molecular weights, the
presence, also in peaks 2 and 3, of all CNBr peptides
of hibl (Table 2). Quantitative differences were
related only to peptides CB-1/CB-2, which, submitted
to Edman degradation, confirmed the sequence
LTATALPTTAQYKLMCASTACKTHse, corresponding to
the trait 36-59 of hibl.

The results presented above showed that CNBr did not
cleave efficiently after Met 50. In fact, the percentage of
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Table 1. Amino acid sequences of S-pyridylethylated hibl and of CNBr peptides of Fig. 2A, used to assemble the

complete amino acid sequence.

Protein/peptide Sequence

Notes

Hib1, hib2 and hib3

1 TTCTTTQQTA AYVALVSILS DSSFNQCATD 30

S-Pyridylethylated protein;
N-terminal (1-30)

CB-1 36 LTATALPTTA QYKLMCASTA CKTHse 59 No cleavage at the internal Met.
Homoserine form

CB-2 36 LTATALPTTA QYKLMCASTA CKTHse> 59 No cleavage at the internal Met.
Homoserine lactone form

CB-3 36 LTATALPTTA QYKLHse 50 Homoserine form

CB-4 36 LTATALPTTA QYKLHse> 50 Homoserine lactone form

CB-5 68 ITKIVSLNAP DCELTVPTSG LVLNVYSYAN GFSSTCASL 98 C-terminal peptide

CB-6 1 TTCTTTQQTA AYVALVSILS DSSFNQCATD SGYSHse 35 N-terminal peptide.

Homoserine form
CB-7 1 TTCTTTQQTA AYVALVSILS DSSFNQCATD SGYSHse> 35 N-terminal peptide.

Homoserine lactone form

peptides CB-1 plus CB-2 (residue 36-59, with internal
intact Met 50) was lower in hib1 (about 12%), and higher
in hib2 (25%) and hib3 (27%) (Fig. 2).

Indeed, peptide 36-59 was produced in lower quantity
from peak 1 (hib1), and in higher amounts from peak 2
and peak 3 of Fig. 1. As a counterpart, the amount of
peptide 36-50 (peaks CB-3 and CB-4; Fig. 2) was higher
from peak 1 (hibl) than from peaks 2 and 3. One
explanation of the resistance to CNBr cleavage could be
the oxidation of Met to Met-sulphoxide or sulphone
(Fig. 3). Therefore, the presence of peaks CB-1 and CB-2
(Fig. 2) could depend both from a low cleavage yield and
from the fact that Met had been transformed to sulphone
which could not be reverted to methyonine, while part of
the sulphoxide had been transformed to Met, which
appeared during the Edman degradation. The data
pointed to the fact that peaks 2 and 3 of Fig. 1 contained
hibl (as in peak 1), and modified (oxidized) forms at
Met 50 (see later). This conclusion is supported by the
M, values found, by MALDI-MS, in peaks 2 and 3,
which differ each other of about 16 uma (see earlier).
This value should correspond to the oxidation of Met to
the corresponding sulphone (+16uma) and then
sulphoxide (further +16 wuma). Thus, the oxidation
could explain the different M, values of the three elicitin
forms and, considering also the likely aggregation,
the different elution times from the RP-LPLC column
(Fig. 1).

The transformation of Met is a dynamic process
and apparently oxidised Met forms were present in all
peaks shown in the chromatogram of Fig. 1 at the
time the proteins were treated with CNBr. In addition,
the MS analysis of peaks 2 and 3 showed the presence
of more than one molecular form. The coexistence of
these forms could be likely promoted by conformation
changes (denaturation) due to the oxidation of Met,
which may have favoured the aggregation during
the purification steps performed in the presence of
CH;CN.

This issue was examined by gel-filtration on the FPLC
system as reported in Materials and Methods. To exclude
the possibility of interactions between hibernalins
and the gel support, 0.15M NaCl was added to the
aqueous buffer at pH 7.2. Furthermore, 30% CH3;CN
(the maximum percentage allowed on Superdex resins, as

A
i 20 40
Syr TTCTTTQQTA AYVALVSILS DSSFNQCATD SGYSMLTATA
Hib, . , TTCTTTQQTA AYVALVSILS DSSFNQCATD SGYSMLTATA
41 a0 a0
Syr LPTTAQYKLM CASTACKETMI TEIVSLMNAFD CELTVPTSGL
Hib,, LPTTAQYKIM CASTACKTMI TEKIVSLNAPD CELTVPTSGL
81 98
Syr VLNVYSYANG FSSTCASL
Hib, . ., VLNVYSYANG FSSTCASL
B
CH, CH, CH,
| Jis |
s s=o 0=3=0
| | |
CH, — CH, _> CH,
e 77 i
CHy cH, cH
-NH-CH-CO- -NH-CH-CO- -NH-CH-CO-
Methyonine Methyonine Methyonine
sulphoxide sulphone

Fig. 3. (A) Amino acid sequence of hibl, hib2 and hib3.
The sequence is identical to that of syringicin. The
suggested, oxidized methionyl residue is shaded; (B) scheme of
the oxidative steps, occurring on the Met sulphur.

suggested by the manufacturer) was added. These
conditions simulated those of the RP-HPLC chromato-
graphy. The chromatographic profile of samples of peaks
1, 2 and 3 of Fig. 1 from the analytical Superdex 75
column in 10mM Tris-Cl, 0.15M NaCl, pH 7.2 or 30%
CH3CN in water are reported in Fig. 4A-C and 4D-F,
respectively. The obtained results indicated the presence
of dimeric forms (~M, 20,000) in all samples when the
elution was performed with 10mM Tris-Cl, 150 mM
NaCl, pH 7.20, in equilibrium with oligomeric forms
(M, >40,000) in the presence of 30% CH3CN with elution
volumes of 8.51 and lower, 8.08 and 7.78 mL for hibl
(peak 1), hib1/hib2 (peak 2) and hib1, 2 and 3 (peak 3),
respectively (Fig. 4D-F).

Furthermore, to investigate the influence of denatur-
ing agents on the hibernalin forms, peaks 1, 2 and 3
were also treated with urea and then analysed by
analytical RP-HPLC. It was found (Fig. 5) that
their chromatographic behaviour, without and with
treatment with 8 M urea, presented no differences in
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Table 2. Peptide mapping by MALDI-TOF mass spectrometry of peak 1, peak 2 and peak 3 of Fig. 1 after CNBr cleavage.

Peptide Experimental M, Syringicin derived peptides Sequence position Notes
Peak 1 Peak 2 Peak 3

CB-1 2701.6 2701.5% 2701.3 2701.2° 36-59

CB-2 2683.6 2683.7% 2683.5 2682.3¢ 36-59

CB-3 1592.8° 1592.9° 1593.0° 1591.9° 36-50

CB-4 1574.8°¢ 1575.2¢ 1575.0°¢ 1573.9°¢ 36-50

CB-5 4260.6 4260.4 4260.4 4259.1 60-98 C-terminal
CB-6 3847.9 3848.0 3848.1 3846.7° 1-35 N-terminal
CB-7 3830.0 3829.8 3829.9 3828.7¢ 1-35 N-terminal

Theoretical molecular weights of peptides from CNBr-treated syringicin are reported for comparison. The molecular weights take into account
the pyridylethylation reaction. CB, cyanogen bromide peptides. The mass values have been reported as average of the different values obtained

by each MS analysis (three determinations).

Present in trace. "Peptides with C-terminal homoserine. “Peptides with C-terminal homoserine lactone.

elution times, but only a widening of peaks 2 and 3
(inserts D and F, without and with denaturation,
respectively). These results give additional evidence
regarding the occurrence of protein aggregates for
peaks 2 and 3 that are somewhat very resistant also to
denaturation.

Furthermore, to establish the presence of more than
one molecular form in peaks 2 and 3, we decided to
covalently stabilize them. For this purpose, samples
were reacted with the cross-linking agent DFDNB.
In the presence of DFDNB at 1:10 ratio [reagent:
hibernalin(s)] no dimerization was present in hibl
(peak 1), up to 24h (data not shown). In the same
conditions, oligomeric forms were present when hibl
was in association with hib2 (peak 2) or with hib2
and 3 (peak 3). Furthermore, doubling the DFDNB
concentration [ratio 1:5; reagent: hibernalin(s)] the
oligomeric forms (dimer, trimer and higher forms)
increased (Fig. 6). Although not reliable, due to the
potential artifactual nature of the observed results, the
cross-linking experiment was carried out to further
support the tendency of hibernalins, under certain
conditions, to aggregate.

A possible mechanism for the aggregation of the three
hibernalins is suggested in Fig. 7. The homogeneous hibl
is progressively oxidized to hib2 (Met50 sulphoxide
derivative) and hib3 (Met50 sulphone derivative) (see
also Fig. 3B), undergoing to conformational change(s),
which increase the association propensity, giving rise to
the hib1/hib2 heterodimer (peak 2 of Fig. 1) and to
the heterotrimer hib1/hib2/hib3 (peak 3 of Fig. 1).
Very likely, the formation of other polymeric forms is
possible, but they were not detected in the chromato-
grams of Fig. 1.

In previous studies (6), purified syringicin preparations
from P. syringae contained neither oxidized nor
oligomeric forms. It is conceivable to suggest that
these forms, observed in the present study, could
derive from a longer exposure to CH3CN during
the isolation procedure, and that the denaturation
induced by CH3CN might speed up or favour the
oxidation of Met 50.

Biological Activity of the Three Hibernalins—The
biological characterization of the chromatographic
peaks 1, 2 and 3 from Lichroprep RP- C18 column
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Fig. 4. Elution profile from the analytical chromatogra-
phy on Superdex 75 of peaks 1, 2 and 3 of Fig. 1. (A-C)
Separation in aqueous buffer, respectively; (D-F) separation in
30% acetonitrile, respectively.
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(see Fig. 1) was also performed by the distinct HR peak 3 induced no response. Pure hibl induced a
induced on Nicotiana tabacum cv “Rustica” (17, 37) and  response stronger than in association with hib1/hib2
ELA (35). (peak 2) and with hib1/hib2/hib3 (peak3).

The first test showed that hibl (peak 1) induced In the second test, hib1 induced a statistically different
chlorotic stains up to the 5° leaf, peak 2 up the 4° and increase of the conductivity in comparison to peaks 2

Lo A 49.86 min c 48.43 min E 5405 min | w0
Peak 1 Ve Peak 2 e Peak 3
' i 40
0.5+ o
_ . -
- - 20 &
+ 0 1 1 ! - ! | i T | | =
a 10 Urea peak Urea peak Urea peak :_
- . 49.90 min 48.38 min 53.98 min o
« f 60 —~
g : D _ F .
g Peak 1 . Peak 2 ) Peak 3 S
R - -
-
8 —
2 05

20 40 60
Time (min)

Fig. 5. RP-HPLC analysis of peaks 1-3 of Fig. 1 without or for peak 1, peak 2 and peak 3 without (panels A, C and E) and
with an incubation in the presence of 8 M urea, for 24h at with (B, D and F) the incubation in the presence of urea,
room temperature. The chromatographic profiles are reported respectively.

Hibernalin:DFDNB ratio 1: 5 (mol:mol)
time =0 h | time = 24 h

M | peak 1 peak 2 peak3 M ‘ peak 1 peak 2 peak3

kDa

66

45
36
29
24

«d frimer

20 < dimer

14.2

« monomer

Fig. 6. SDS-PAGE analysis of the peaks 1-3 of Fig. 1, after respectively at 0h incubation; lines 5-7, peak 1, peak 2 and peak
incubation with DFDNB (reagent:protein ratio 1:5). M, 3, respectively, after 24-h incubation.
molecular weight markers; lines 1-3, peak 1, peak 2 and peak 3,
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and 3, these latter giving any type of response (Fig. 8).
These results underline only a correlation between
ELA and HR for hib1 (peak 1).

The different activity of the three hibernalin peaks
could be explained considering both the presence of
oligomeric forms and the oxidation of Met 50.

Once oxidized, this residue could prevent its correct
location inside the core changing the 3D structure of
the protein. Probably, oxidized Met remains outside

Conformational changes

upon Met50 oxidation

Met et Met  Met
sulphoxide sulphoxide sulphone
Peak 1 of Fig. 1

el

Heterodimer in peak 2 of Fig. 1

-
HOIN

‘ Heterotrimer in peak 3 of Fig. 1

Other oligomer forms

Fig. 7. Hypothesized mechanism for self-aggregation of
hibl, hib2 and hib3 upon Met 50 oxidation. The stechio-
metry of the protein forms in the oligomer does not correspond
to the real situation.

139

and drags other hydrophobic residues outside leading
to local conformational modifications which favour
aggregation in oligomeric inactive forms (23, 38). This
hypothesis is also supported by previous NMR stu-
dies (39), which revealed the occurrence, in cryptogein
of an unusual hydrophobic core comprising a cluster
of three methionines (Met 35, Met 50, Met 59). It is
also suggested that these residues can affect the
stability of the protein, justifying also their high
conservativity.

CONCLUSION

This paper describes for the fist time the characterization
of hibl, an a-elicitin isolated from culture filtrates of
P. hibernalis. Hibl shows the same primary structure
and activity of syringicin, o-elicitin isolated from
P. syringae, as revealed by biochemical analysis and
biological assays (HR and ELA).

Moreover, two oligomeric forms hib1/hib2 (peak 2)
and hib1/hib2/hib3 (peak 3) were isolated and character-
ized; these forms are likely due to the oxidation of a
Met residue (Met 50), to sulphoxide and than to
sulphone. The oligomeric forms did not show biological
activity.

In perspective, the analysis of these oxidized forms
may give useful insights into structure-elicitor activity
relationships of the elicitins.

This work was supported by funds from the Second
University of Naples and University of Naples Federico II,
Italy. DiSSPAPA contribution n° 156. Antonino Testa’s
position was funded by the Italian Ministry of Education
(MIUR), project “Rientro dei Cervelli”, of the University
Politecnica delle Marche, Ancona, Italy.
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Fig. 8. ELA curves stimulated by the three hybernalins replicates +SD. The test was repeated twice.

on tobacco leaf disks. Results are mean values of five
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