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Abstract

The uptake of maltose and maltodextrins in gram-negative bacteria is mediated by an ATP-dependent transport complex com-
posed of a periplasmic maltose-binding protein (MBP) and membrane-associated proteins responsible for the formation of a mem-
brane pore and generation of energy to drive the translocation process. In this work, we report the purification and in vitro
functional analysis of MBP, encoded by the malE gene, of the plant pathogen Xanthomonas citri, responsible for the canker disease
affecting citrus plants throughout the world. The X. citri MBP is composed of 456 amino acids, displaying a low amino acid identity
(16% throughout the sequence) compared to the Escherichia coli K12 ortholog. The X. citri malE gene was cloned into a pET28a
vector, and the encoded protein was expressed and purified by affinity chromatography as a His-tag N-terminal fusion peptide pro-
duced by the E. coli BL21 strain. Enhanced levels of soluble protein were achieved with static cultures kept overnight at 23 �C. Abil-
ity to bind immobilized amylose, the emission of intrinsic fluorescence and circular dichroism spectra indicated that the purified
recombinant protein preserved both conformation and biological activity of the native protein. The availability of the recombinant
MBP will contribute to the functional and structural analysis of the maltose and maltodextrin uptake system of the plant pathogen
X. citri.
� 2005 Elsevier Inc. All rights reserved.
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Maltose- or maltodextrin-binding proteins (MBP)1

are produced by and accumulated in the periplasm of
several gram-negative bacterial species, where they inter-
act with high affinity to substrates such as the disaccha-
ride maltose, as well as with longer linear maltodextrins
or even cyclodextrins, before uptake to the cell interior
[1,2]. In Escherichia coli K12, the active transport of
maltose and maltodextrins depends upon MBP and an
ATP-dependent membrane-associated transport system
comprised of two integral membrane proteins (MalF
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and MalG) and two copies of an ATP-hydrolyzing sub-
unit (MalK) [3]. Similar to other ABC-type transport
binding components, MBP or MalE typically contains
two nearly symmetrical lobes separated by a hinge re-
gion where the substrate-binding site lies [4]. After bind-
ing, the protein undergoes a conformational change as a
direct result of the lobes bending and twisting toward
each other leading to substrate enclosure [4–7]. MBPs
also participate in maltose taxis after interaction of the
bound complex with the periplasmic portion of the
Tar protein [8].

MBP orthologs from different gram-negative and
gram-positive bacteria, such as the hyperthermophile
Pyrococcus furiosus and Themococcus litoralis, have
been cloned and expressed in E. coli K12 aiming to
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define the three-dimensional structures and physiologi-
cal features [9–11]. However, no ortholog derived from
plant-associated bacteria has been reported so far. In
such cases, identification, expression, and purification
of components pertaining to the uptake transport sys-
tem followed by functional and structural analyses rep-
resent essential steps toward defining the physiological
and functional role of the uptake system in regard to
the nutritional strategies of the bacterial pathogen.

The genus Xanthomonas comprises a diverse group of
bacterial phytopathogens, belonging to the c-subdivi-
sion of the proteobacteria. X. citri is the causative agent
of the citrus canker, which affects most commercial cit-
rus cultivars, resulting in significant economic losses
worldwide [12]. The definition of the complete genome
sequences of X. citri revealed that approximately 4%
of the structural genes are devoted to the synthesis of
ATP-dependent transport system components, includ-
ing ABC-transporters [13]. Ability to use sugars and
polysaccharides represents an important feature of bac-
terial species living in close association with plant hosts.
Nonetheless, no previous attempts to identify and char-
acterize ABC-transporters dedicated to the transport of
maltose and maltodextrins in X. citri have been re-
ported. In this work, we report the identification and
purification of the X. citri MBP ortholog. The recombi-
nant protein was expressed in E. coli BL21(DE3) and its
functionality evaluated under in vitro conditions.
Materials and methods

Strains and plasmids

All strains and plasmids used in this work are listed in
Table 1.

Cloning of the malE X. citri gene

The nucleotide sequence encoding the mature X. citri
MBP (without the first 57 base pair encoding the 19 ami-
no acid long signal peptide) was amplified by PCR (for-
ward primer, 5 0 GCAGGTCATATGGGATGCGA 3 0
Table 1
Strains and plasmids used in this work

Reference or gene ID

Strains
E. coli DH5a Laboratory stock
E. coli BL21(DE3) Invitrogen
X. citri 306 1156381

Plasmids
pGEM T-easy Promega
pGEMMalE This work
pET28a Novagen
pETMalE This work
and reverse primer, 5 0 CCGGAAGCTTTCATCGTGC
3 0) using Platinum high fidelity Taq polymerase (Invitro-
gen) using standard amplification conditions: an initial
step of 5 min at 95 �C, 1 min at 95 �C; followed by 25
cycles of 1 min at 49.4 �C, 2 min at 72 �C; and followed
by a final extension at 72 �C for 10 min. The forward
primer included a NdeI site, and the reverse primer a
HindIII site (underlined). The resulting amplified frag-
ment, with a total length of 1311 nucleotides, was first
cloned into the vector pGEM T-Easy (Promega) using
standard cloning conditions. After transformation of
E. coli DH5a cells and screening of recombinant colo-
nies, a recombinant plasmid, named pGEMMalE, was
selected, amplified, and cleaved with NdeI and HindIII
enzymes (Invitrogen) to release the 1311 kbp fragment,
which was purified from agarose gels and subsequently
cloned into the expression vector pET28a (Novagen),
previously treated with NdeI/HindIII. Transformation
efficiencies of approximately 107 c.f.u./lg DNA were
routinely achieved with chemically competent E. coli

DH5a cells. One recombinant colony, selected out of
10 chosen colonies, was subjected to restriction analysis
and nucleotide sequencing. The recombinant plasmid,
named pETMalE, was further purified in larger quanti-
ties and transformed into the E. coli BL21(DE3) strain
(Novagen). One recombinant clone chosen at random
among a lawn of recombinant colonies was selected
for further analysis of protein expression and purifica-
tion. The recombinant X. citri MBP was expressed as
a cytoplasmic protein with a His6-tag genetically fused
at the N-terminal end (HT-MBP).

Computational analysis

The nucleotide and corresponding amino acid se-
quences of the X. citri malE gene (gene ID 1156381)
were made available by the Xanthomonas project
(http://genoma4.iq.usp.br/xanthomonas) and retrieved
from the GenBank (Accession No. AE011868). Search
of MBP ortholog sequences was first carried out using
the KEGG2 program of the Bioinformatics Center
Institute for Chemical Research Kyoto University
(www.genome.jp). The alignments of MBP amino acid
sequences were carried out using the BLASTP, available
at the National Center of Biotechnology Information
server (http://www.ncbi.nlm.nih.gov/BLAST) and Clu-
stalW (www.ebi.ac.uk/clustalw/). Prediction of signal
peptide and transmembrane sequences was determined
with SignalP and DAS programs, respectively (http://
www.cbs.dtu.dk/services/SignalP/, and http://www.sbc.
su.se/~miklos/DAS/). Protein parameters of the X. citri

MBP were calculated with application of programs
available at the Expasy Molecular Biology Server
(http://www.au.expasy.org/). Definition of conserved
structural domains was carried out with the Conserved
Domain Search program available at NCBI (http://
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www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), as
previously reported by Marchler-Bauer and Bryant
[14]. The MBP sequences reported in Fig. 1 are those de-
rived from X. campestris, Xylella fastidiosa, Salmonella

typhimurium, Shigella flexneri, Yersinia pestis, Erwinia
carotovora, E. coli, Pyrococcus furiosus, Thermococcus
litoralis, and Alicyclobacillus acidocaldarius.
Fig. 1. Computational analysis of X. citri MBP comprising sequence
alignments and definition of functional and structural domains. (A)
Amino acid identity shared by different bacterial MBPs in relation to
the X. citri protein. The open boxes indicate the amino acid identity
values (expressed as percent of the total amino acid sequence of X. citri
MBP) of MBP orthologs expressed by different bacterial species. The
total numbers of amino acids of the MBPs expressed by the different
bacterial species are indicated in the left side of the figure. Boxes in
gray represent MBPs with solved structure available at the Protein
Data Bank. (B) Analysis of conserved structural and functional
domains of X. citri MBP based on comparison with other periplasmic
binding proteins, as determined with the Conserved Domain Search
program. The bar and numbers on the top of the figure (signal peptide
in gray, mature sequence in black) refer to the size in amino acids of
the X. citri MBP. The open boxes indicate the classes of binding
proteins sharing conserved functional and structural domains with X.

citri MBP, as indicated: SBP, bacterial extracellular solute-binding
proteins; UgpB, sugar-binding proteins; MBP, maltose-binding pro-
teins; and PotD, spermine/putrescine-binding proteins. The accession
numbers of each protein class sharing similarity with X. citri MBP are
indicated, as well as the calculated similarity values, expressed as
percentages of X. citri MBP amino acid sequence used in the analysis
(SBP, 330 residues; UgpB, 403 residues; MalE, 420 residues; and PotD,
363 residues).
Protein expression and purification

Cultures of the recombinant E. coli BL21(DE3)
strain carrying pETMalE were grown aerobically in
Erlenmeyer flasks containing LB or M9 medium with
50 lg/mL kanamycin until mid-log phase (OD600 0.5–
0.6) before inducer adding (0.1 mM IPTG). The cul-
tures were induced aerobically (200 rpm) either for 2
or 4 h or statically overnight at different temperatures
(23, 28, and 37 �C). Optimal expression levels as well
as higher solubility levels were defined after evaluat-
ing different induction parameters including growth
media, aeration, and temperature during the induc-
tion period. Cells were collected by centrifugation
and stored at �20 �C for approximately 16 h before
preparation of the cell extracts. Cell pellets from
1 L cultures were suspended in 10 mL Buffer 1
(10 mM Tris–Cl, pH 8.0, 100 mM NaCl, 0.5 mM
PMSF, and 3 mM imidazole) and incubated with
lysozyme (final concentration of 100 lg/mL) for 1 h
in an ice bath. Cells were maintained in ice and son-
ically disrupted after 4 pulses of 20 s. in a Branson
Digital Sonifier (Model 450), with 30% amplitude,
followed by centrifugation at 18,000 rpm for 20 min
to obtain the soluble and non-soluble cellular frac-
tions. The HT-MBP was purified from soluble protein
extracts after addition of a nickel-charged Sepharose
(ProBond, Invitrogen) slurry (1 mL of resin for
15 mg of total protein) previously washed with two
volumes of water and one volume of Buffer 1, and
incubated for 1 h under mild agitation. The charged
resin was transferred to a plastic column and washed
with 10 volumes with Buffer 1 followed by washing
with three volumes of Buffer 2 (Buffer 1 plus
20 mM imidazole). The bound HT-MBP was serially
eluted with buffers with increasing imidazole concen-
trations (Buffer 3, 50 mM; Buffer 4, 100 mM; Buffer
5, 200 mM; and Buffer 6, 500 mM). Eluted HT-
MBP-containing fractions were dialyzed with 50 mM
Tris–Cl and 100 mM NaCl. Samples were concen-
trated with Ultrafree MWCO 10,000 centrifugal filters
(Amicon Millipore) to a final concentration of 10 mg/
mL. The eluted protein fractions were analyzed by
SDS–PAGE using 12% acrylamide gels. Amylose-
binding experiments were performed with purified
HT-MBP in Buffer A (Tris 20 mM, pH 8.2, NaCl
50 mM, and 10 mM maltose) and amylose resin (Eng-
land Biolabs). The protein was mixed with the resin
at a ratio of 1 mL resin:3 mg protein and incubated
for 1 h at room temperature. After two washes with
Buffer A, the bound HT-MBP was eluted with Buffer
A, which contained 150 mM maltose. All samples
were analyzed by SDS–PAGE using 12.5% acrylamide
gels stained with Coomassie blue. Protein concentra-
tion was determined spectrophotometrically using
the Edelhoch method [15].

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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Circular dichroism

Experiments were performed with 10 lM MBP and
20 lM maltose in buffer Tris 20 mM, pH 8.2, NaCl
50 mM. Circular dichroism (CD) spectra were recorded
using a JASCO J-820 spectropolarimeter equipped with
a thermoelectric sample temperature controller (Peltier
system). The data were recorded from 260 to 200 nm
at 21 �C using a quartz cell (Helma) with a path length
of 1.0 mm. To improve the signal-to-noise ratio, a total
of 20 accumulations were taken for each spectrum with
a speed of 20 nm/min at a resolution of 0.5 nm, re-
sponses of 1 s and bandwidth of 1.0 nm. Secondary
structures were assigned using the DICROPROT pro-
gram [16].

Fluorescence measurements

All fluorescence experiments were performed in
20 mM Tris–Cl, pH 8.2, 100 mM NaCl at 21 �C. Protein
samples (1 lM) were incubated with maltose concentra-
tions ranging from 1 to 9 lM before monitoring the
emitted fluorescence on a Bowman Series 2 spectrofluo-
rometer (AMINCO) set at an excitation wavelength of
295 nm. The fluorescence emission was recorded in
wavelengths ranging from of 300 to 450 nm with spec-
tral bandwidths of 2 nm. The fluorescence integer was
calculated using the Origin software (Microcal), and
the emission fluorescence center of mass (CM) was cal-
culated with the following equation:

CM ¼
X

mix Fi=
X

Fi; ð1Þ

where mi is the wavelength and Fi is the intensity at mi
[17].
Results

Identification of the X. citri malE gene and sequence

similarity analysis with orthologs

The search of X. citri malE orthologs led to the iden-
tification of one open reading frame (GI:21108556, 1368
base pair) and another one in the closely related phyto-
pathogen X. campestris (GI:998803, 1344 base pair).
Both genes were annotated as malE and would be
responsible for the codification of MBP in these bacte-
rial species [14]. The X. citri malE gene encodes a puta-
tive protein with 456 amino acids, with a predicted
signal peptide of 19 amino acids, while the X. campestris

malE gene encodes a putative protein of 448 amino
acids. Alignment of the X. citri MBP with different
orthologs showed that the proteins expressed by two
phytopathogens, X. campestris and X. fastidiosa, dis-
played the highest amino acid identity values, corre-
sponding to 90 and 72% over the complete X. citri
MBP amino acid sequence, respectively (Fig. 1A). Other
MBP orthologs found in genomes of different bacterial
species displayed significantly reduced identity values
ranging from 20%, in E. carotovora to 9% in S. flexneri

(Fig. 1A). Further computational analysis based on the
presence of conserved structural and functional domains
[14] revealed that the X. citri MBP shares high similarity
values over most of the mature protein length with other
periplasmic substrate binding proteins such as: SBP, a
group of bacterial extracellular solute-binding proteins;
UgpB, a group of proteins represented by the binding
component of ABC-type sugar transport systems; MalE
of MBP, the maltose and maltodextrin-binding proteins;
and and PotD, formed by proteins with the ability to
bind spermidine/putrescine (Fig. 1B). Thus, in spite of
the low amino acid identity shared with previously iden-
tified orthologs, X. citri MBP preserves functional and
structural domains, which are characteristic of periplas-
mic substrate binding proteins expressed by diverse
gram-negative bacterial species.

Expression and purification of recombinant X. citri MBP

The recombinant MBP of X. citri was expressed and
purified from E. coli BL21 as a soluble cytosolic protein
(HT-MBP) genetically fused at the N-terminal end with
a His6-tag and an additional sequence (20 aa) defining
thrombin cleavage site. Attempts to express the recom-
binant protein with an intact signal peptide and a C-ter-
minal His6-tag failed to promote secretion to the
periplasmic space of the recombinant strain, suggesting
that the X. citri MBP signal peptide was not recognized
by the E. coli membrane protein secretion apparatus
(data not shown). A putative 19 amino acid long MBP
signal peptide was identified with the SignalP program.
Specific primers were thus designed to amplify a
1.3 kbp fragment containing the X. citri mature MBP se-
quence to be cloned into the pET28a expression vector.
The fragment was cloned in an intermediate vector
(pGEM-T) before subsequent forced cloning into the
NdeI and HindIII restriction sites of pET28a, which re-
sulted in the pETMalE expression vector. The recombi-
nant HT-MBP was expressed in E. coli BL21 under the
control of the T7 phage promoter resulting in protein
yields of approximately 100–150 mg/L, which corre-
sponded to levels up to 40% of the total cell protein
(Fig. 2). There is no evidence of growth impairment of
bacterial colonies transformed with pETMalE under
non-inducing conditions. However, a clear growth arrest
was detected after addition of the inducer to the growth
medium (data not shown). Different induction protocols
based on variation of incubation temperature, aeration,
culture media, and induction time were tested to opti-
mize the expression yields of both total and soluble re-
combinant protein (Table 2). Under the tested
conditions, maximal yields of the soluble protein were



Fig. 3. Purification of HT-MBP and evaluation of amylose-binding
property of the recombinant protein. (A) Purification of HT-MBP by
affinity chromatography and elution with buffers containing different
imidazole concentrations. Lane 1, flowthrough; 2, pre-stained molec-
ular weight markers (Invitrogen); lanes 3–6, fractions eluted with
buffers containing 50, 100, 200, and 500 mM imidazole, respectively.
(B) Ligation of HT-MBP to amylose resin. The purified protein was
mixed with the amylose resin at a 3:1 ratio and samples of the protein
were analyzed by SDS–PAGE. Lane 1, purified MBP (1 lg); lane 2,
amylose resin; lane 3, amylose + MBP; lane 4; flowthrough; and lane 5,
MBP eluted with 150 mM maltose.

Fig. 2. Expression of recombinant HT-MBP in E. coli BL21(DE3).
Whole-cell extracts or soluble fractions were loaded on polyacrylamide
gels after IPTG induction in LB medium at 23 �C (lanes 2–4) or 37 �C
(lanes 5–7). Lane 1, prestained molecular weight markers (Invitrogen);
lanes 2 and 5, whole-cell extracts of non-induced cultures after
overnight growth; lanes 3 and 6, whole-cell extracts of cultures kept
overnight at the inducing conditions; and lanes 4 and 7, soluble
fractions of cultures kept overnight at the inducing conditions. Similar
protein amounts were loaded in each well (30 ng/well) and sorted in
12.5% polyacrylamide gels stained with Coomassie brilliant blue. The
arrow indicates the position of the 50 kDa marker.
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achieved in cultures prepared with LB medium kept
overnight at 23 �C with low aeration levels, which re-
sulted in an almost exclusively soluble protein at a con-
centration of 150 mg/ml (Table 2). Other tested
conditions resulted in soluble recombinant protein at
yields ranging from 91.5 to 26.6% of the total protein ex-
pressed (Table 2). For all conditions, the lack of aera-
tion was an important factor for the observed increase
in the solubility of the recombinant protein, particularly
when the HT-MBP was induced at 28 �C. Similar high
HT-MBP yields were obtained in cultures induced at
37 �C for 2 or 4 h when compared to samples incubated
at lower temperatures for 16 h, but the solubility levels
of the recombinant protein were clearly enhanced in
Table 2
Experimental conditions affecting recovery yields of both total and soluble r

Induction
temperaturea (�C)

Aerationb Culture
mediac

Induction
period d (

37 + LB 2
37 � LB 4
37 + M9 2
28 + LB 2
28 � LB 4
28 + M9 2
28 � M9 16
23 � LB 16
23 � M9 16

a Incubation temperature following addition of inducer to the bacterial cu
b Cultures kept in flasks within an orbital shaker set at 200 rpm (+) or ke
c LB, Luria broth, M9, M9 minimal salt medium.
d Cultures were kept under inducing conditions for 2 h, 4 h or overnight (
e Total protein yields as obtained with 1 L cultures kept in 3.6 L Fernbach
f Amount of soluble HT-protein recovered after affinity purification with
g Ratio of recovered soluble protein (g/L)/ total protein (g/L) expressed in
cultures kept at 23 �C. Taken together, these data indi-
cated that both aeration and induction temperature af-
fect the expression of the recombinant protein, whereas
conditions favoring reduced growth rates tended to
enhance the solubility of the recombinant protein.

The protein was purified in a single step after elution
of bound protein from loaded resin with imidazole-con-
taining buffer at concentrations ranging from 50 to
150 mM (see Fig. 3A). Based on the elution carried
out with 50 mM imidazole and cultures induced at
23 �C for 16 h in LB medium, the total recombinant pro-
tein yield ranged from 0.120 to 0.150 g/L. The purified
protein remained completely soluble at high concentra-
tions (15–30 mg/mL) even after prolonged storage at 4
or �20 �C. To evaluate the integrity and biological
activity of the purified protein, the sugar-binding prop-
erty of the recombinant HT-MBP was evaluated in
binding assays carried out with an amylose-containing
ecombinant HT-MBP

h)
Total
proteine (g/L)

Soluble
proteinf(g/L)

% Soluble
proteing

0.120 0.052 43.4
0.110 0.064 58.2
0.097 0.042 43.2
0.126 0.073 58.0
0.129 0.090 69.8
0.120 0.032 26.6
0.102 0.064 62.7
0.150 0.150 100.0
0.142 0.130 91.5

lture, as described in the text.
pt statically (�) during the induction period.

16 h).
flasks.

nickel-charged resin and elution with imidazole-containing buffer.
percentages.
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resin. As shown in Fig. 3B, the purified MBP remained
fully capable of binding the amylose resin, from which
the protein was eluted with buffer containing 150 mM
maltose. Such experimental evidence indicated that the
purified HT-MBP remained biologically active, an indi-
cation of preserved conformation as compared with the
native protein expressed by X. citri.

Maltose-binding studies of the purified recombinant

X. citri MBP

Further evidence that the recombinant HT-MBP pre-
served the structure and biological function of the native
X. citriMBP was obtained by determination of CD (Fig.
4A) and intrinsic emission fluorescence (Fig. 4B) spectra
of the recombinant protein at unbound and maltose-
bound states. The CD spectrum of HT-MBP (Fig. 4A)
is characteristic of an a-helical protein with minima at
208 and 222 nm. The predicted secondary structure of
the recombinant protein, carried out with the DICRO-
PROT program, indicated an overall structure of the
maltose-bound form of 36% a-helices and 17% b-
strands, while turns and random coils represented 40%
of the predicted secondary structure. These percentages
are similar to that described for E. coli maltose-bound
MBP (40% a-helices and 16% b-strand) [18]. The far-
UV CD recorded spectra indicated that in the presence
of maltose HT-MBP has a higher a-helical content than
Fig. 4. CD and intrinsic fluorescence emission spectra of unbound and malto
shows the spectrum acquired without adding ligand; the interrupted line rep
spectrum of HT-MBP is characteristic of an a-helical protein. (B) Intrinsic
absence of maltose. The solid line represents the emitted fluorescence of
fluorescence of the protein in the presence of 9 lM maltose.

Table 3
HT-MBP spectroscopic parameters

Protein CD at 222 nm (deg cm2 dmol�1) Fluorescence kma

MBP �4700 341
MBP + maltose �8300 341

Errors are less than 4%.
in the absence of maltose (Fig. 4A and Table 3). HT-
MBP has 14 Trp residues and emission fluorescence
spectroscopy was used to observe the environment of
these residues (Fig. 4B). Since the observed fluorescence
spectrum is a sum of each Trp fluorescence spectrum,
only an average evaluation of the Trps environment is
possible. The maximum intensity wavelength (kmax) of
fluorescence was 341 nm and the emission fluorescence
center of mass was 354 nm (Table 3) indicating that,
on average, the Trps were partially exposed to the sol-
vent. There was also a detectable change in the HT-
MBP emission fluorescence spectrum, which decreased
in the presence of maltose as detected by the integer of
the spectra (Table 3). However, this change was almost
negligible inside the error.
Discussion

Plant bacterial pathogens, such as the Xanthomonas

species, rely on the ability to promote the active trans-
port of essential nutrients from infected tissues to thrive
and proliferate, leading to disease symptoms in suscepti-
ble hosts. Maltose and maltodextrins (oligosaccharides
up to 7 or 8 a-1,4-linked glucose units) are major poly-
saccharides available for bacteria in plant tissues, and
represent important sources of carbon and energy. The
uptake of maltose/maltodextrin in E. coli requires a
se-bound HT-MBP. (A) CD spectra of HT-MBP. The continuous line
resents the spectrum acquired in the presence of 20lM maltose. The
emission fluorescence of the recombinant protein in the presence or

unbound HT-MBP while the interrupted line represents the emitted

x(nm) Fluorescence center of mass (nm) Fluorescence integer

354 43
354 41
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membrane-bound ABC-type transporter comprising
two hydrophobic permeases (MalF and MalG), two
copies of the ATPase subunit (MalK), and one binding
protein (MBP or MalE), that confer specificity and affin-
ity toward the transported solutes [1,19]. In spite of the
obvious relevance of polysaccharide uptake systems in
regard to understanding the nutritional strategies of
plant pathogens, there has been no previous attempt
to identify and characterize such proteins among Xan-

thomonas species. In this work, we describe the identifi-
cation of the X. citri MBP-encoding gene and some of
the properties of a recombinant protein while showing
that both functional and conformational features of
the protein are preserved.

Genes involved in maltose uptake have been identi-
fied in the annotated genomes of the plant pathogens
X. citri and X. campestris [13]. In contrast to E. coli

and other bacterial species, the genes encoding the bind-
ing component and the ATPase subunit of X. citri are
not physically linked to those encoding the hydrophobic
components, suggesting alternative regulatory pathways
controlling the balanced expression of the transport sys-
tem components. Moreover, comparison of the amino
acid sequence of the X. citri maltose-binding component
indicated that the protein, as well as those proteins de-
rived from other plant pathogens (X. campestris and
X. fastidiosa), has been engaged in a different phyloge-
netic branch. Despite the low similarity shared with
orthologs expressed by other bacterial species, X. citri
MBP possesses typical structural and functional do-
mains of bacterial binding proteins involved in the active
uptake of sugar and other nutrients, as demonstrated by
the CD-Search program. The CD-Search multiple align-
ment tool supplies information on the presence of con-
served conformational domains shared by groups of
proteins displaying similar conformation and biological
functions [14]. Taken together, these evidences suggest
that X. citri MBP evolved distinctly from other ortho-
logs yet preserving structural and functional features
characteristic of ABC transporter ligand-binding
components.

Attempts to express the X. citri MBP in recombinant
E. coli strains have failed to promote secretion of the
protein into the periplasmic space. Moreover, most of
the expressed recombinant protein accumulated intra-
cellularly as inclusion bodies. The X. citri MBP encom-
passes a mature polypeptide of 437 residues, including
47% non-polar, 28.8% uncharged polar, 12% acidic,
and 12.2% basic amino acids, and a putative 19 amino
acid long signal peptide. The failure to secrete the re-
combinant protein suggests that the secretion apparatus
of E. coli does not efficiently recognize the signal se-
quence of X. citri MBP, an observation that could dic-
tate further attempts to express X. citri secreted
proteins. Nonetheless, successful expression of soluble
MBP was achieved after removing the signal peptide
and fusion of the His6-tag to the N-terminal region.
Using such approach, we could routinely attain high
recovery yields of completely soluble X. citri MBP,
which allowed purification of the recombinant protein
at a nearly homogeneous state. The same strategy has
been used to express other ABC transporter ligand-
binding components and represents an experimental
alternative to the expression of X. citri proteins to be
purified by metal-affinity chromatography (unpublished
observations).

The high solubility of HT-MBP and preserved ability
to bind amylose suggest that X. citri MBP also repre-
sents a proper vehicle for the expression of target heter-
ologous proteins in bacteria and eukaryotic systems.
Previous comparison of different bacterial MBPs as fu-
sion partners has indicated that proteins distantly re-
lated to the E. coli ortholog, such as those of P.

furiosus and T. litoralis, can improve the solubility of re-
combinant heterologous proteins [20]. The successful
expression of completely soluble MBP and the ability
to purify protein through dual affinity chromatography
point that further testing of X. citri MBP as a vehicle for
expression of fused protein is worth pursuing.

The X-ray structures of E. coli maltose-free and malt-
ose-bound MBP revealed that each monomer has two
distinct globular domains separated by a groove wherein
lies the ligand [4,21]. Upon maltose binding, a hinge
bends repeatedly between the two globular domains,
affecting the aromatic residues lining the binding cleft
without significantly affecting the structure of the indi-
vidual globular domains [4,21,22]. The aromatic resi-
dues involved in the hydrophobic interactions with the
bound maltose are compressed against the sides of the
binding cleft of the protein, restricting tryptophan, and
tyrosine side chain mobilities, thus, reducing the static
fluorescence emission of the protein [22]. Measurements
of CD in the presence and absence of maltose confirmed
that binding of maltose resulted in a large conforma-
tional change of the protein, most probably reflecting
the movement of the two lateral domains toward the
substrate buried inside the cleft. These data also con-
firmed that the purified recombinant protein preserved
structural and functional features of the native protein
expressed by X. citri.

Fluorescence enhancement appeared is usually
dependent on conformational changes of proteins but
static fluorescence measurements are limited in their
ability to provide information on the specific amino
acids and spatial movements involved. Sharff et al.
[21], and Telmer and Shilton [7] showed that in E. coli

the residues trp62, trp230, and trp340 are involved in
hydrophobic stacking interactions with the bound malt-
ose. The W230A mutation caused an increase in malt-
ose-induced quenching to 30%, whereas the W158A
mutation resulted in a complete loss of maltose-induced
quenching [7]. In X. citri MBP, the trp230 and trp340
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residues are conserved but the specific roles of such res-
idues on the emitted fluorescence of the protein and li-
gand binding properties are still unknown. Further
elucidation of MBP tri-dimensional structure will help
in the general understanding of protein–ligand interac-
tions and in the specific understanding of the putative
roles of MBP on the physiology and pathogenicity of
X. citri.
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