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Abstract

The genus Phytomonas is responsible for many diseases in different crop plant species. The finding that chitin is an exposed cell surface
polysaccharide in Phytomonas frangai and the observation that chitinases can inhibit fungal growth raises expectations about the potential
effect of plant chitinases on the P. frangai cell membrane surface. The plant chitinases Urtica dioica agglutinin (UDA) and Arabidopsis
thaliana Chia4 (ATCHIT4) proteins were over-expressed in bacteria and the interaction between these proteins and P. fran¢ai surface was
analyzed by immunocytochemistry. We showed that UDA and ATCHIT4 proteins can interact with surface-exposed chitin from

P. frangai.

© 2003 Published by Elsevier B.V. on behalf of the Federation of European Microbiological Societies.
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1. Introduction

The empty root is a disease associated with Phytomonas
frangai, a parasite flagellate of the family Trypanosomati-
dae. It was observed affecting certain cultivars of cassava
(Manihot esculenta) in the Espirito Santo state of Brazil
[1,2]. Usually, the roots of affected plants remain small
and slender, containing little or no starch. The above-
ground parts of infected plants show chlorosis and decline.
The empty root disease can be transmitted by grafting
and/or by insect vectors of the Lincus or Ochlerus genera
(Hemiptera Pentatomidae). Diseased plants contain nu-
merous Phytomonas in the lacifer ducts but not in the
phloem [1]. Another member of the genus (Phytomonas
staheli) has become one of the most serious pathogens of
oil palm and coconut crops in South America. The control
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of such diseases has been limited to the elimination of
affected plants and the bug responsible for the transmis-
sion (Lincus sp). This treatment is based on the use of
organochlorines that have dangerous cumulative effects
and concentrate along the food chains. Its employ in agri-
culture is therefore forbidden in most of the countries
where the disease is rife [3]. Chitin is an important struc-
tural component of the cell wall of fungi and of the exo-
skeleton of many invertebrates, such as insects and nema-
todes. It has also been demonstrated that the P. francai
presents chitin exposed in the membrane surface [4]. In
this work the authors characterized chitin by its insolubil-
ity in hot alkali and chromatographic immobility, as well
as by the release of glucosamine on hydrolysis with strong
acid and of N-acetylglucosamine (GlcNAc) on hydrolysis
with chitinase. The presence of chitin was also shown di-
rectly by binding of wheat-germ agglutinin (WGA) [4].
Chitin is also present as a structural component of Tricho-
monas vaginalis and Tritrichomonas foetus [5] and in the
cyst wall of Entamoeba [6,7]. Chitin may be important in
the maintenance of cell integrity by providing protection
from mechanical and chemical environmental stress.
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Chitinases alone, or acting synergistically with gluca-
nases, can inhibit fungal growth in vitro or in vivo when
over-expressed in transgenic plants [8—10]. Two proteins
with distinct characteristics of this group might be used
against trypanosomatids: the Urtica dioica agglutinin
(UDA) and the Arabidopsis thaliana Chia4 (ATCHIT4).
Stinging nettle lectin or UDA is a single-chain protein
containing two homologous chitin-binding domains
[11,12], which independently bind to N,N’,N"-triacetylchi-
totriose or larger oligomers [13,14]. UDA is present in
stems and in the outer exodermis cell layer of roots, but
it is absent from leaves [12,15,16]. UDA possesses both
antifungal and insecticidal activities [15,17]. It exhibits
growth-inhibiting activities against several plant pathogen-
ic fungi, which contain chitin in their cell walls [15]. Udal
cDNA comprises an N-terminal signal peptide, two chitin-
binding domains, a small hinge region, and a C-terminal
chitinase domain [18,19]. The signal peptide, the hinge
region, as well as the chitinase domain are processed
from the precursor to yield mature UDA. Because of the
presence of two chitin-binding domains and the homology
of the chitinase domains with the other plant chitinases
(45% identity with chitinase domains of plant class I chi-
tinases), the precursor to UDA was classified as a Chia5
chitinase [20,21].

ATCHIT4 protein contains an N-terminal signal pep-
tide, one chitin-binding domain and one C-terminal chiti-
nase domain separated by a hinge region. Deletions in the
catalytic domain, characteristic of all Chia4 chitinases, are
also present. The specific physiological role of ATCHIT4
remains unclear. Apparently, ATCHIT4 is involved in
both plant-pathogen interaction and embryo development
[22]. ATCHIT4 transcripts are detected in seedpods, but
not in roots, inflorescence stems, leaves or flowers of
healthy plants. However, analysis of ATCHIT4 transcripts
expression showed that this chitinase is involved in a rapid
defense response to bacteria, wounding, UV light and sal-
icylic acid treatment [23].

The aim of this work was to characterize the effect of
these two plant chitinases against the pathogenic trypano-
somatid P. francai. For this purpose we over-expressed in
Escherichia coli the ATCHIT4 and UDA chitinases fused
to maltose-binding protein — MBP. We show that both
protein fusions interacted with surface carbohydrate resi-
dues and were able to trim chitin present on the surface of
P. frangai.

2. Materials and methods

2.1. Cloning procedures, production and purification of
fusion proteins

The cDNAs of ATCHIT4 and Udal were introduced
into the polylinker of vector pMAL-2c, downstream
from the MalE gene of E. coli, resulting in expression of

the target gene product as a fusion to MBP, a water-solu-
ble protein with a molecular mass of 42.7 kDa. The mo-
lecular masses of MBP-UDA and MBP-ATCHIT4 are
82.5 and 72.5 kDa, respectively. Expression of the fusion
proteins was induced by growing the bacteria BL21 for
further 4 h in the presence of IPTG (isopropylthio-p-ga-
lactoside — final concentration 0.0003 mM). After this
time, the cells were harvested by centrifugation (4000 X g
for 10 min), and re-suspended in STE buffer (150 mm
NaCl, 1 mm EDTA, 10 mm Tris, pH 8.0) containing
0.1 mg ml~! lysozyme, and incubated on ice for 2 h. Di-
thiothreitol (final concentration 5 mm) and N-laurylsarco-
sinate (sarcosyl — final concentration 0.5%) were then
added [24]. The cells were lysed by cycles of quick freezing
in liquid nitrogen and thawing at 37°C. The lysate was
centrifuged at 12000Xg for 30 min. The supernatant
was centrifuged once more at 12000X g for 30 min to
minimize clogging of the amylose resin column and Triton
X-100 (final concentration 1.5%) was added. An enriched
fraction was then obtained through affinity chromatogra-
phy onto amylose resin, according to the manufacturer’s
specification (Protein Fusion and Purification System —
BioLabs). Protein concentration was determined using a
bicinchoninic acid Protein Assay Reagent kit (Pierce). Pu-
rity of the fusion protein was checked by 7.5% SDS—poly-
acrylamide gel electrophoresis (PAGE). Protein bands
were visualized with Coomassie brilliant blue R-250.

Trypsin (2 ug ml~!, 37°C; 1.30 h) was used for cleavage
of MBP-UDA. Reaction was stopped by the addition of
leupeptin to a final concentration of 1 mM. The samples
were analyzed by SDS-PAGE. After cleavage, the UDA
protein was purified using affinity chromatography onto
amylose resin.

2.2. Chitinase assay

For quantitative assays of chitinase activity, measure-
ments were carried out using chitin (Sigma) as a substrate
as described [8,25]. For qualitative assays, the chitinase
activity was detected using SDS-PAGE in combination
with glycol chitin substrate [26].

2.3. Microorganism

P. francai was maintained by weekly transfer [27]. For
the experiments, the cells were grown in Warren’s complex
medium (37 g 17! brain heart infusion, 10 mg ml™! folic
acid and 10 mg ml~! hemin). After 96 h of incubation, the
cells were collected by centrifugation (2000 X g) for 10 min
at 4°C, and were washed three times in 0.01 mM phos-
phate-buffered saline (PBS, pH 7.2).

2.4. Binding analysis of protein fusions and P. frangai

For the experiments, 25 ul of PBS containing 1X 10’
protozoa ml~! was placed on a glass slide, air-dried, and
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Fig. 1. SDS-PAGE (7.5% acrylamide) analysis: expression and solubilization of MBP-UDA and MBP-ATCHIT4 fusion proteins. a: Comparison of
IPTG-induced E. coli clones harboring cDNAs of uda or atchit4. Cells were harvested just before induction with 0.3 mm IPTG (NI) and 4 h after in-
duction (I). b: Solubilization analysis of the MBP-UDA and MBP-ATCHIT4 fusion proteins using lysozyme and the freeze-defreeze method. c: Solubi-
lization of the MBP-UDA and MBP-ATCHIT4 fusion proteins using lysozyme, sarcosyl and the freeze—defreeze method. After the freeze—defreeze meth-
od, the lysate was subjected to centrifugation. d: The proteins MBP-UDA and MBP-ATCHIT4 were purified by affinity chromatography onto amylose
resin after lysis of bacteria. Samples taken of supernatant (S) and insoluble pellets (P). The lane M shows prestained marker with the molecular masses

indicated. E, eluate.

fixed in methanol for 10 min at room temperature. Slides
were pre-incubated in PBS with 1% bovine serum albumin
(BSA) for 1 h, and then incubated for 1 h at 4°C in a
moist chamber in PBS with: 20 ug ml~! of MBP-UDA,
MBP-ATCHIT4 or MBP proteins. As a control for the
proteins, cells were incubated with equal volumes of PBS.
The slides were washed three times with PBS, incubated
first with 25 pl of anti-MBP antibodies for 1 h, and then
with PBS containing 1% BSA for 1 h. After that, the slides
were incubated with 20 pl of fluorescein isothiocyanate
(FITC)-labeled anti-rabbit IgG (Sigma) at a concentration
of 100 ug ml~! for 1 h at room temperature. The slides
were then washed in PBS, and examined under a fluores-
cence microscope with standard filter for observing fluo-
rescence from fluorescein (Zeiss Axioplan equipped with
epifluorescence).

2.5. FITCIWGA-binding studies

Slides were prepared as described above, and incubated
in a moist chamber with any one of the following proteins
dissolved in PBS in a final concentration of: 5 ug of chi-
tinase from Streptomyces griseus (5 mU — Sigma); 5 ug,
10 pug or 20 ug of MBP-UDA, MBP-ATCHIT4, UDA or
MBP proteins, for 12 h, 24 h, 36 h, and 48 h at 4°C.
Control cells were incubated with equal volumes of PBS
for similar periods. The slides were washed twice with PBS
and incubated with 15 ul of FITC-labeled WGA (Sigma)
at a concentration of 0.1 ug ml™! for 1 h at room temper-
ature. The slides were then washed in PBS, and examined

under a fluorescence microscope with standard filter for
observing fluorescence from fluorescein (Zeiss Axioplan
equipped with epifluorescence).

2.6. FACS (fluorescent-activated cell sorter) analysis

The protozoa were collected by centrifugation (2000 X g)
for 10 min at 4°C, and washed three times in PBS. Cells
were fixed in 4% formaldehyde for 30 min at room temper-
ature, washed three times in PBS and re-suspended in 1%
BSA in PBS. Experiments were performed with 13X 107
protozoa ml~! in PBS incubated with MBP-UDA, MBP-
ATCHIT4, UDA or MBP proteins at a final concentra-
tion of 20 ug ml~! for 48 h and 72 h at 37°C. S. griseus
chitinase was used as positive control. Residues of N-ace-
tyl-D-glucosamine on the cell surface of Phytomonas were
labeled by FITC WGA (Sigma) at a concentration of
10 pg ml~! for 1 h at room temperature. The cells were
washed and re-suspended in PBS. Flow cytometry of
P. frangai treated with proteins was performed on a dual
beam instrument (Coulter EPICS® Elite). Positive or
negative staining with FITC-WGA was defined as the
emission of a level of fluorescence that exceeded or did
not exceed, respectively, levels obtained by 99% of the
cells from the same starting population when these were
incubated only with PBS. Data were analyzed using
WinMDI software (Joseph Trotter, Scripps Research
Institute, La Jolla, CA, USA). Fluorescence levels de-
rived from the FACS analysis were plotted versus cell
number.
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A
Fig. 2. Binding of MBP-UDA, MBP-ATCHIT4 and MBP to the cell surface of P. francai. Cells were incubated for 1 h with MBP-ATCHIT4 (A),
MBP-UDA (C) and MBP (E) proteins and then anti-MBP antibodies were used for the immunolabeling. Visualization was performed using FITC-la-
beled anti-rabbit IgG. For MBP no labeling was observed. B, D and F: phase-contrast of the same fields shown in A, C and E, respectively. Bar equals
30 um.

3. Results

3.1. Over-expression and purification of MBP-UDA and
MBP-ATCHIT4

Protein fractions analysis showed that the chimeric pro-
teins were localized in the bacterial-insoluble fractions. A
standard protocol associated with a sarcosyl and Triton
X-100 treatment was used to solubilize the chimeric MBP-
ATCHIT4 and MBP-UDA proteins (Fig. 1, top) [24]. An
enriched fraction was then obtained after affinity chroma-
tography onto amylose resin (Fig. 1, bottom).

3.2. Functional analysis of the chimeric MBP-UDA and
MBP-ATCHIT4 proteins

Colorimetric assay using chitin as substrate demon-
strated that the chimeric MBP-UDA and MBP-ATCHIT4
displayed chitinase activity. The chitinase activities of
MBP-UDA and of MBP-ATCHIT4 were approximately
10-15-fold lower than that of S. griseus chitinase. To ob-
tain 1 mU of chitinase activity 2.5 pg, 25.8 ug and 37.7 ug

AR «4,”“ : BTN E SR

S

of S. griseus chitinase, MBP-UDA and MBP-ATCHIT4
are necessary, respectively. Using SDS-PAGE in combi-
nation with glycol chitin 0.01% substrate we observed that
over-expressed UDA without MBP protein also displays
chitinase activity (data not shown). Lysis zones were visu-
alized by UV illumination as non-fluorescent dark bands
corresponding to the localization of the UDA in SDS-
PAGE in contrast to the fluorescent intact glycol chitin.
No lysis zone was observed when MBP protein was used
(data not shown).

Immunolabeling assays were performed to check the
binding competence of the chimeric proteins to the cell
surface of P. franc¢ai. After incubation with the chimeric
proteins, the cells were incubated with antibodies against
MBP protein. These antibodies were obtained from rab-
bits by inoculation with MBP (LGMYV, Departamento de
Genética, UFRJ). The cells were finally incubated with
FITC-labeled anti-rabbit IgG (Sigma) and were seen by
fluorescence microscopy.

Only the cells incubated with MBP-UDA or MBP-
ATCHIT4 proteins were labeled. No labeling was ob-
served when the cells were incubated with MBP protein,
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indicating a specific interaction between UDA, ATCHIT4
and P. francai cell surface (Fig. 2).

In order to check if chimeric proteins were able to trim
the chitin present on the surface of the P. frangai, cells of
this protozoan were incubated with MBP-UDA or MBP-
ATCHIT4, and then with FITC-labeled WGA. The cells
were seen by fluorescence microscopy. The carbohydrate
specificity of WGA includes terminal sialic acid, as well as
N-acetyl-pD-glucosamine and its 3-1,4-linked oligomers [28—
30]. After 36-48 h of incubation with MBP-UDA and
MBP-ATCHIT4, the fluorescent labeling on the Phytomo-
nas cell surface was dramatically reduced compared to that
of the controls, indicating a chitinase activity against
P. franc¢ai (data not shown).

FACS analysis of the interaction between chimeric pro-
teins and surface carbohydrate residues of P. francai cor-
roborated the microscopic analysis. P. francai treated with
chimeric proteins for 48 or 72 h, before incubation in
FITC-labeled WGA for 1 h, were screened by FACS to
isolate cells that bind to FITC-labeled WGA with high
affinity. Purified MBP and commercial S. griseus chitinase
were used as negative and positive controls, respectively.
The initial analysis showed that MBP-UDA had lower
chitinase activity when compared with the MBP-ATCH-
IT4. In order to make sure that the UDA chitinase activity
had not been inhibited by the presence of MBP protein in
the chimeric fusion, MBP was removed from recombinant
UDA by trypsin digestion. The purified UDA protein was
more effective on the surface of P. francai, when compared
with MBP-UDA protein (Fig. 3).

4. Discussion

Several experiments have shown the importance of chi-
tinases as defense mechanisms against pathogenic attacks.
Their effects on fungi have been well characterized [31-35],
but no information was available about the activity of
plant chitinase against protozoa. We have shown for the
first time that two plant chitinases (ATCHIT4 and UDA)
can bind to the cell surface and trim chitin present in a
phytopathogenic protozoan, suggesting that plant chiti-
nases may represent a defense mechanism against proto-
zoa attacks in addition to their role against fungal and
bacterial infection. However, further studies are necessary
to completely understand the mechanisms of plant resis-
tance to phytoprotozoan.

In the present work, we over-expressed UDA and

-
Fig. 3. FACS analysis of the interaction between proteins and surface
carbohydrate residues of P. fran¢ai. Flow cytometric analysis of
P. frangai cells labeled with FITC WGA after treatment with S. griseus,
MBP, MBP-ATCHIT4, MBP-UDA and UDA proteins for 48 h. Auto-
fluorescence inherent to parasites (a); incubation of untreated (b) and
protein-treated (c) Phytomonas.
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ATCHIT4 proteins fused with MBP in E. coli. Both chi-
meric proteins show a lower level of chitinase activity,
when compared with commercial chitinase from S. griseus.
Some factors can be responsible for this low level of chi-
tinase activity: an inadequate folding of the protein during
the translation in E. coli cytoplasm or in the refolding step
through the protein purification, or the use of an inappro-
priate substrate in the chitinase assay. The presence of
MBP protein fused to the chitinases can also be respon-
sible for altering the proteins three-dimensional structure
and/or hiding catalytic sites inhibiting the chitinase activ-
ity. This outcome was observed when it was compared to
the ability of UDA and MBP-UDA to trim chitin on the
cell surface of P. francai. The UDA protein presented a
more pronounced effect on the protozoa when compared
with MBP-UDA. As mentioned before, the presence of
MBP could explain the lower level of chitinase activity
observed in MBP-UDA. However, the binding activity
of the chimeric MBP-UDA protein to chitin was not hin-
dered by the presence of MBP. The chimeric protein
MBP-ATCHIT4 presents a higher level of activity when
compared with MBP-UDA and UDA.

The MBP-UDA and MBP-ATCHIT4 proteins are ca-
pable of recognizing and binding to the surface of Phyto-
monas. This effect is not related to MBP because this pro-
tein does not bind or trim chitin residues (Figs. 2 and 3).
After 1 h of incubation, the chimeric proteins were ob-
served coupled to the Phytomonas surface (Fig. 2). When
chitinase assay was performed with Phytomonas through-
out different incubation periods, fluorescence loss in-
creased through time. This observation indicates that the
chimeric proteins bind to the surface of Phytomonas and
their chitinase activity triggers the removal of chitin from
the cell surface by progressive trimming. The fluorescent
intensity quantification by FACS further supported the
fluorescent microscopy analysis.

ATCHIT4 gene was previously characterized by our
laboratory [22] and others [23], although no functional
assay was performed. We have shown at this time that
the ATCHIT4 protein presents chitinase activity. It has
been suggested that ATCHIT4 is involved in plant protec-
tion and also in embryo development [22]. Ponstein et al.
[34] also reported that tobacco chitinase of class IV
presents antifungal activity by causing in vitro growth in-
hibition of Trichoderma viride and Fusarium solani, by
causing lysis of the germ tubes and/or growth inhibition.

Regardless of the genus Phytomonas being the causal
agent of diseases affecting plants of economic importance,
very little attention has been assigned to understand its
interaction with plants.

To our knowledge, this is the first report demonstrating
the interaction between plant chitinases and chitin chains
present in the cell wall of a phytoprotozoan, namely
P. francai. The identification of plant proteins with activ-
ity against Phytomonas phytopathogens can provide im-
portant clues to understand the interaction between

plant/protozoa and to develop strategies to improve plant
resistance against this class of pathogens.
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