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Abstract

Xylella fastidiosa is a xylem-limited, Gram-negative bacterium responsible for

citrus variegated chlorosis (CVC) in sweet oranges. In the present study, we present

the recombinant expression, purification and characterization of an X. fastidiosa

cysteine protease (dubbed Xylellain). The recombinant Xylellain (HISXylellain) was

able to hydrolyze carbobenzoxy-Phe-Arg-7-amido-4-methylcoumarin (Z-FR-

MCA) and carbobenzoxy-Arg-Arg-7-amido-4-methylcoumarin (Z-RR-MCA)

with similar catalytic efficiencies, suggesting that this enzyme presents substrate

specificity requirements similar to cathepsin B. The immunization of mice with

HISXylellain provided us with antibodies, which recognized a protein of c. 31 kDa

in the X. fastidiosa pathogenic strains 9a5c, and X. fastidiosa isolated from coffee

plants. However, these antibodies recognized no protein in the nonpathogenic

X. fastidiosa J1a12, suggesting the absence or low expression of this protein in the

strain. These findings enabled us to identify Xylellain as a putative target for

combating CVC and other diseases caused by X. fastidiosa strains.

Introduction

Xylella fastidiosa is a xylem-limited, Gram-negative bacter-

ium responsible for a large number of economically im-

portant plant diseases, such as Pierce’s disease in grapevines

(Mollenhauer & Hopkins, 1974; Davis et al., 1978), citrus

variegated chlorosis (CVC) in sweet oranges (Rossetti et al.,

1990; Chang et al., 1993) and leaf scorch diseases in other

plants, including almond, plum, oleander, mulberry and

coffee (Purcell & Hopkins, 1996). In all cases, X. fastidiosa

infects the plant xylem and impairs fruit production.

CVC is considered to be potentially the most devastating

citrus disease. Symptoms were first observed in the states

of Sao Paulo and Minas Gerais, Brazil in 1987, and the

identification of X. fastidiosa as the causative pathogen of

CVC occurred 6 years later in 1993 (Chang et al., 1993;

Hartung et al., 1994). The disease is responsible for produc-

tion losses mainly in Sao Paulo and has been identified in

more than 90% of the orchards in the state (Catani et al.,

2004). CVC causes annual losses of about $100 million to

the citrus industry in Brazil alone (de Souza et al., 2003).

The complete genome sequence of the X. fastidiosa strain

9a5c was published in 2000 and represents the first complete

genome sequence of a phytopathogen (Simpson et al.,

2000). Recently, the genome sequence of the X. fastidiosa

Temecula strain isolated from a naturally infected grapevine

with Pierce’s disease was published (Van Sluys et al., 2003).

The X. fastidiosa 9a5c and Temecula strains have identical

metabolic functions and are likely to use a common set of

genes in plant colonization and pathogenesis, permitting

the convergence of functional genomic strategies (Van Sluys

et al., 2003). Several X. fastidiosa strains have had their

genomes completely or partially sequenced. However, little

information on the nonpathogenic Xylella strain genome

composition is available. Such information would contri-

bute toward more direct insights on pathogenicity mechan-

isms (Koide et al., 2004).

Despite knowledge on the X. fastidiosa strain 9a5c gen-

ome, studies on the biochemical characterization of proteins

involved in the pathogenicity of this organism are still

scarce. A proteome analysis was recently performed to
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evaluate the proteins expressed by this pathogen (Smolka

et al., 2003). Particular attention has been paid to adhesion

and secreted proteins because of their possible role in

bacterial pathogenesis and their usefulness as molecular

targets for understanding and controlling the disease

(Smolka et al., 2003).

Proteins such as proteases, cellulases and lipases may be

involved in the infection process by disrupting plant tissue

and allowing the spread of bacteria throughout the vascular

system (Hopkins, 1989). Proteases have been divided into

five main groups on the basis of the catalytic mechanism

used during the hydrolytic process: serine, aspartyl, metallo,

threonine and cysteine proteases (Barrett et al., 2004). The

interest in cysteine proteases as chemotherapeutic targets

stems from the recognition that they are critical to the life

cycle or pathogenicity of a large number of parasites (Sajid &

McKerrow, 2002). Cysteine proteases from parasites play key

roles in immunoevasion, enzyme activation, virulence, tissue

and cellular invasion, as well as excystment, hatching and

molting (Lecaille et al., 2002; Sajid & McKerrow, 2002).

In the present study, we present the recombinant expression,

purification and characterization of an X. fastidiosa cysteine

protease (dubbed Xylellain). This protein may be involved in

X. fastidiosa pathogenicity and therefore constitutes a probable

target for combating CVC and other diseases.

Materials and methods

Bacterial strains and growth conditions

Strains of X. fastidiosa isolated from symptomatic coffee

plants (Coffea arabica L.), triply cloned X. fastidiosa strains

9a5c (Li et al., 1999) and J1a12 (Teixeira et al., 2004) isolated

from sweet oranges (Citrus sinensis L.) were grown in a

periwinkle wilt broth medium (Davis et al., 1981) at 28 1C.

The strain J1a12 (nonpathogenic) causes few or no CVC

symptoms when inoculated in citrus and tobacco plants,

despite its isolation from CVC symptomatic C. sinensis (L.)

(Koide et al., 2004; Teixeira et al., 2004).

ORF amplification and construction of the
expression vector

The 816 bp coding region for the cysteine protease was

amplified by PCR using the following primers (CPXYLF: 50

cat atg caa act gtc ttg aaa ag 30; CPXYLR: 50 gga tcc tta ttt tct

gac ggt ctt a 30) and DNA was extracted from the X.

fastidiosa 9a5c strain. The primers were designed based on

the sequence deposited in the GenBank (GenBank accession

No. AE003869, locus_tag XF_0156, position 159327–

160142, complement). Twenty nanogram template DNA,

1 U Taq DNA Polymerase (Fermentas), 1� reaction buffer

containing 100 mM Tris-HCl, pH 8.5, and 500 mM KCl,

0.2 mM dNTPs and 3 mM MgCl2 were used in the PCR

reaction. Amplification was performed in a PTC-100 TM MJ

research thermocycler programmed for (1� ) 94 1C 5 min,

(35� ) 94 1C 1 min, 55 1C 1 min, 72 1C 1 min, and (1�)

72 1C 5 min. The NdeI and BamHI sites were included in the

primers for cleavage and insertion in the expression vector

pET28a, which was also digested with the same enzymes.

The insert was then subcloned in pET28a in a frame with

an N-terminal poly-His coding sequence, generating

pET28xylCP. Recombinant plasmids were sequenced by the

dideoxy chain termination method (Sanger et al., 1997),

using the ET-Dyenamic terminator in an ABI Prism 377

DNA sequencer.

Expression of His-tagged Xylellain (HISXylellain)

The pET28xylCP vector was used to transform chemically

competent Escherichia coli BL21 (DE3) cells. Transformed cells

were grown at 37 1C and 200 r.p.m. in a selective medium

containing kanamycin (25mgmL�1) until OD600 nm was 0.5.

Expression of the HISXylellain was induced at 30 1C by the

addition of isopropyl-b-D-thiogalactopyranoside (IPTG) to a

final concentration of 0.4 mM. Aliquots of the induced culture

were taken 1, 2, 3, 4 and 16 h after IPTG addition and analyzed

in 15% sodium dodecyl sulfate polyacrylamide gel electrophor-

esis (SDS-PAGE). The induced cells were harvested by centrifu-

gation (8000 g, 4 1C for 5 min), resuspended in Tris-8.0 buffer

(10 mM Tris-HCl, 100 mM NaCl, 50 mM NaH2PO4, pH 8.0)

and disrupted by sonication, using ten 1 min pulses. The lysate

was centrifuged at 13 000 g, 4 1C for 15 min, and the super-

natant and precipitate were analyzed in 15% SDS-PAGE

(Laemmli, 1970).

Purification of the HISXylellain

The HISXylellain was purified from the supernatant using an

affinity nickel resin column Ni-NTA superflow (Qiagen)

equilibrated with Tris-8.0 buffer. The column was washed

with 25 mL Tris-8.0 buffer (five column volumes) and the

protein was eluted with the same buffer containing increased

concentrations of imidazole (10, 25, 50, 75, 100, 250 and

500 mM). The purified product was analyzed in 15% SDS-

PAGE. The fractions containing the purified protein were

dialyzed using MW 14 000 membranes (Spectrum Labora-

tories). The protein concentration was determined by Brad-

ford’s method (Bradford, 1976).

Assays of HISXylellain catalytic activity

The Z-FR-MCA and Z-RR-MCA (MCA,methyl-7-amino-

coumarin amide) substrates and the inhibitor E64 ([trans-

epoxy-succinyl-L-leucylamido-(4-guanidino)butane]) were

purchased from Sigma. The peptide Z-LR-MCA was ob-

tained from Novabiochem. The fluorogenic substrates were

assayed in a Hitachi F-2500 spectrofluorometer at 37 1C.
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Assays were performed in 50 mM sodium acetate buffer, pH

5.0. The HISXylellain was preactivated in the presence of

2.5 mM DTE for 5 min at 37 1C before the addition of the

substrates. Fluorescence changes were continuously moni-

tored at lex = 380 nm and lem = 460 nm. The molar concen-

tration of the HISXylellain was determined by active site

titration with E64, according to Barrett & Kirschke (1981).

The apparent second-order rate constant kcat/Km

was determined under pseudo-first-order conditions, where

[S] ooKm, performed at two different substrate concentra-

tions and calculated by a nonlinear regression using the

Grafit program (Leatherbarrow, 1992). In all determina-

tions, errors were less than 5%. Fractions eluted at 100 and

250 mM imidazole from the supernatant of a pET28a-

transformed E. coli BL21 subjected to separation on an

affinity nickel resin column were included in the enzyme

assays as a negative control.

pH activity profile

pH dependence was studied at 37 1C by the fluorimetric

assay described above, using Z-FR-MCA as substrate. We

used a four-component buffer containing 25 mM glycine,

25 mM acetic acid, 25 mM Mes and Tris 75 mM (3.0 o pH

o 7.0). The enzyme was preactivated with 2.5 mM DTE for

5 min at 37 1C before the addition of the substrate. For each

pH, the apparent second-order rate constant (kcat/Km) was

determined at low substrate concentrations, as described

above.

Influence of salt on catalytic activity and enzyme
inhibition with E64

The influence of NaCl on the catalytic activity of HISXylellain

was investigated over a salt concentration range from 0 to

500 mM. Assays were performed using Z-FR-MCA as sub-

strate at 37 1C in 50 mM sodium acetate, pH 5.0. The

enzyme was preactivated in the presence of 2.5 mM DTE

for 5 min at 37 1C before the addition of the substrate.

Enzymatic activity was followed as described above. kcat/Km

values were calculated by a nonlinear regression using the

Grafit program (Leatherbarrow, 1992).

HISXylellain activity in the presence of the specific inhi-

bitor for cysteine proteases E64 was assayed with 10mM of

Z-FR-MCA in 50 mM sodium acetate, pH 5.0, at 37 1C. The

enzyme was first preactivated with 2.5 mM DTE for 5 min at

37 1C and then preincubated with 1 mM of E64 for 15 min

before the addition of the substrate. The residual activity

was followed as described above.

Western immunoblot

Anti-HISXylellain polyclonal antibodies were raised in mice

following a standard procedure (Sambrook & Russel, 1989).

The immunization schedule used 50 mg of the purified

HISXylellain along with Freund’s complete adjuvant (Sigma).

A second injection was performed 6 weeks later using 50 mg

of the purified HISXylellain along with Freund’s incomplete

adjuvant (Sigma). Ten days later, the immunized animals

were bled and the serum was collected through centrifuga-

tion at 15 700 g for 5 min and kept at 4 1C.

For Western immunoblotting, proteins were subjected to

electrophoresis in 15% SDS-PAGE and transferred to a

nitrocellulose membrane by electroblotting in a buffer

containing 200 mM Tris, 50 mM glycine and 20% methanol.

The membrane was incubated overnight in a blocking buffer

and then washed with PBS (100 mM Tris, 70 mM NaCl, pH

8.0), incubated with anti-HISXylellain antibody (1 : 10 000) for

90 min, and washed as described above. The membrane was

then incubated with antimouse IgG (Sigma) for 90 min,

washed with phosphate-buffered saline (PBS) and revealed

with AP Color Development reagent (Bio Rad).

Results and discussion

Similarity of X. fastidiosa cysteine protease to
other cysteine proteases

The protein studied in the present study, which we have

dubbed Xylellain, is similar to several cysteine proteases

from different organisms (Fig. 1). This X. fastidiosa cysteine

protease showed high similarity with other phytopathogen

proteases, such as X. fastidiosa Temecula strain, the agent

responsible for Pierce’s disease in grapevines (Van Sluys

et al., 2003) and Pseudomonas syringae, which causes bacter-

ial specks in tomatoes (Chen et al., 2000). These alignments

showed highly conserved regions within these proteins,

including a cysteine-containing motif (GSC) close to the

60th amino acid, suggesting that this cysteine is probably

from the catalytic site.

Cloning, expression and purification of the
His-tagged Xylellain

The complete ORF sequence was confirmed through nu-

cleotide sequencing and corresponded to the sequence

previously annotated as a cysteine protease (Simpson et al.,

2000).

The recombinant Xylellain was efficiently expressed in

E. coli as a His-tagged fusion with a molecular mass of c.

33 kDa (corresponding to fusion with the His-tag) (Fig. 2).

Most of the recombinant protein was located in the super-

natant, specifically in its soluble form. This was achieved by

growing the bacteria at 30 1C rather than at the typical

temperature of 37 1C, as the latter condition renders a larger

amount of protein in inclusion bodies (data not shown).

The His-tagged Xylellain was purified through affinity

chromatography in a nickel column. The expressed
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HISXylellain, specifically linked to the nickel resin through

fusion with a histidine tail (�1.5 kDa) originating from

pET28a, was eluted from the column with a buffer contain-

ing 100, 250 and 500 mM imidazole (Fig. 2).

The purification system was quite efficient, as SDS-PAGE

analyses revealed the presence of a single band of HISXylel-

lain in the collected fractions. The total yield was around

15 mg L�1 of culture, used in activity tests and in the

structural studies underway.

Activity assays for HISXylellain

The enzymatic activity of HISXylellain was studied using

fluorescent peptides with general structure Z-Xaa-Arg-MCA

(Z = carbobenzoxy; Xaa = Arg, Phe or Leu; MCA = 7-amino-

4-methylcoumarin) as substrates. Table 1 shows the catalytic

efficiencies for the hydrolyses of these peptides by HISXylel-

lain. The enzyme was activated by sulfhydryl compounds

and inhibited by E-64 (Hanada et al., 1978), which is an

Fig. 1. Alignment between the cysteine protease from Xylella fastidiosa strain 9a5c (Xylellain), a similar enzyme from X. fastidiosa Temecula (XFTem)

and cysteine proteases from other bacteria, such as Pseudomonas syringae pv. tomato (PSpvT), Pseudomonas syringae pv. syringae (PSpvS),

Fusobacterium nucleatum (FN) and Xanthomonas campestris pv. campestris, showing conserved regions among these proteins. Black boxes indicate

identity of above 90% within the sequences, and empty boxes indicate identity between 50% and 90%.
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effective cysteine protease inhibitor (data not shown). These

results, together with the alignment with other cysteine

proteases, confirmed that this protease is a cysteine protease,

which led us to dub it ‘Xylellain’.

According to the Schechter and Berger nomenclature

(Schechter & Berger, 1967), the S2 subsite of cysteine

proteases from the papain family is described as the sub-

strate specificity determining binding site (Turk et al., 1998),

and the majority of the enzymes in this class prefer hydro-

phobic residues at the P2 position of the substrates. How-

ever, cathepsin B presents the distinguishing feature of

hydrolyzing peptides containing either hydrophobic or basic

P2 position residues (Barrett & Kirschke, 1981). The ability

of HISXylellain to hydrolyze Z-FR-MCA and Z-RR-MCA

with similar catalytic efficiencies is an indication that this

enzyme presents substrate specificity requirements similar

to cathepsin B. A more detailed study will be necessary in

order to classify Xylellain as a cathepsin B-like enzyme.

The effect of pH and the influence of NaCl on HISXylellain

enzymatic activity were examined using Z-FR-MCA as

substrate. HISXylellain presents better activity at pH 5.0

(Fig. 3). This is characteristic of cysteine proteases, which

are generally active in pH ranging from 4.5 to 6.0, and are

practically inactive in pH 7.0 (Turk et al., 2000). Further-

more, a significant influence of NaCl concentration on the

catalytic efficiency of Xylellain was detected, as shown in the

inset of Fig. 3.

Expression analysis by Western immunoblot

The immunization of mice with HISXylellain provided us

with antibodies that recognized a protein of approximately

31 kDa in the X. fastidiosa pathogenic strain 9a5c and

X. fastidiosa isolated from coffee plants, confirming the

presence of this protein in both strains (Fig. 4). In fact, the

antibodies also recognized an X. fastidiosa strain isolated

from plum plants, and an X. fastidiosa strain isolated from

grapevines (data not shown). Two bands are visible in the

blot, probably due to protein degradation or posttransla-

tional processing. However, this result needs to be investi-

gated in future studies. Interestingly, these antibodies were

not able to recognize any protein in the nonpathogenic X.

fastidiosa J1a12, suggesting the absence or low expression of

Xylellain in this strain. This fact may be explained through

differences in the promoter or factors involved in the gene

transcription, diminishing or abolishing the Xylellain tran-

scription in this nonpathogenic strain. This could also be

due to a significant difference between the nonpathogenic

xylellain gene and the pathogenic gene, impairing the

recognition of protein by the antibody produced using the

protein derived from X. fastidiosa 9a5c. However, we were

able to amplify the complete xylellain gene using DNA from

the X. fastidiosa J1a12, and after sequencing we confirmed

that the ORF is identical to the X. fastidiosa 9a5c. On the

other hand, the promoter region of J1a12 xylellain gene was

also sequenced and presented some differences when com-

pared with 9a5c (data not shown). This result suggests that

the difference may be in the promoter region or in some

Fig. 2. Analysis of the expression, solubility test and purification of the His-tagged Xylellain in Escherichia coli. (a) SDS-PAGE 15% stained with

Coomassie blue, showing the induction of HISXylellain expression with 0.4 mM IPTG. M, molecular mass marker; 1, control without induction; 2, BL21

(DE3) pET28xylCP transformed at 1 h of induction; 3, BL21 (DE3) pET28xylCP transformed at 2 h of induction; 4, BL21 (DE3) pET28xylCP transformed at

3 h of induction; 5, BL21 (DE3) pET28xylCP transformed at 4 h of induction; 6, BL21 (DE3) pET28xylCP transformed at 16 h of induction; 7, pellet; 8,

supernatant. (b) SDS-PAGE 15% stained with Coomassie blue, showing induction and subsequent purification of HISXylellain by affinity chromato-

graphy in nickel resin. M, molecular mass marker. 1, control without induction; 2, BL21 (DE3) pET28xylCP transformed at 4 h of induction; 3, BL21 (DE3)

pET28xylCP transformed at 16 h of induction; 4 and 5, eluted (100 mM imidazole); 6 and 7, eluted (250 mM imidazole); 8 and 9, eluted (500 mM

imidazole).

Table 1. Second-order rate constants (kcat/Km) for the hydrolysis of

fluorogenic substrates by HISXylellain

Substrate kcat/Km (mM�1 s�1)

Z-FR-MCA 2.3

Z-LR-MCA 1.6

Z-RR-MCA 2.6

Z-FR-MCA, carbobenzoxy-Phe-Arg-7-amido-4-methylcoumarin; Z-RR-

MCA, carbobenzoxy-Arg-Arg-7-amido-4-methylcoumarin.
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factor necessary for the gene expression, or even due to a

posttranslational modification in Xylellain from the non-

pathogenic strain. Future studies should be performed to

clarify this point.

In conclusion, the present study has demonstrated the

presence of a differentially expressed protein in X. fastidiosa

pathogenic strains, in comparison to a nonpathogenic

strain. This protein was recombinantly expressed in E. coli

and characterized as a cysteine protease. These findings

enabled us to elect this protein, dubbed Xylellain, as a

putative target for combating CVC and other diseases

caused by X. fastidiosa strains.
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