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Abstract

The pecS regulatory locus negatively modulates the
expression of many virulence genes in Erwinia
chrysanthemi. This locus consists of two genes, pecS
and pecM, divergently transcribed. Previous studies
have shown that PecS down-regulates the expression
of both pecS and pecM genes and that PecM is required
for full PecS activity. Computer-aided hydropathy
analysis of PecM predicted the presence of between 8
to 10 potential transmembrane segments. We analyzed
the membrane topology of PecM using the β-lactamase
gene fusion system and obtained the following unique
characteristics. PecM contains 10 membrane spanning
segments, with both the amino and carboxyl termini
located in the cytoplasmic side of the inner membrane.
The fourth periplasmic loop, which has a relatively long
hydrophilic domain containing 17 amino acid residues,
may play an important role in PecM function. The
topological model obtained for PecM can be applied
to PecM homologues in other bacteria. Measurement
of the extrusion of the blue pigment indigoidine by the
E. chrysanthemi derivative isogenic mutants pecS,
pecM and pecS-pecM revealed that PecM is required
for complete efflux of the pigment. Its relation to other
efflux systems and its potential physiological role are
discussed.

Introduction

The enterobacterium Erwinia chrysanthemi is responsible
for the soft-rot disease of many plants. The
phytopathogenicity of this bacterium is mainly due to its
capacity to secrete enzymes that attack components of
the plant cell wall, such as proteases, cellulases and
pectinases. Among these enzymes pectinases play a major
role since, after purification, they are able to mimic the
symptoms of the infection (Collmer and Keen, 1986).
Nevertheless, plant colonisation by pectinolytic Erwinia is

a multifactorial process requiring numerous secondary
factors, such as exopolysaccharides (EPS) (Condemine
et al., 1999), iron assimilation (Enard et al., 1988) and
proteins involved in resistance against plant defence
mechanisms (Lopez-Solanilla et al., 1998; Èl Hassouni et
al., 1999).

Production of these factors, particularly the pectinases,
is controlled by various environmental conditions, such as
the presence of pectic compounds and plant extracts
(Condemine et al., 1986; Bourson et al., 1993),
temperature, nitrogen starvation, anaerobiosis, osmolarity,
catabolic repression (Hugouvieux-Cotte-Pattat et al., 1992)
or iron status (Expert and Gill, 1992). Several activators
modulating the synthesis of the pectinases have been
characterized: CRP, Pir and ExpR. The catabolite
repression is mediated by CRP (cAMP receptor protein)
which is the main activator of the pectinase gene
expression (Nasser et al., 1997; Reverchon et al., 1997).
ExpR is involved in the cell density dependent regulation
(Nasser et al., 1998) whereas Pir activates the pectinase
synthesis in the presence of a plant compound not yet
elucidated (Nomura et al., 1998). Three loci involved in a
negative transcriptional control of the pectinase genes have
also been identified: kdgR, pecT and pecS. KdgR mainly
mediates the induction by pectic compounds (Reverchon
et al., 1991; Nasser et al., 1994). PecT and PecS
downregulate the expression of the pectinase genes but
also affect other factors which seem to be involved in
virulence, such as motility, cellulase production or EPS
synthesis (Reverchon et al., 1994; Surgey et al., 1996;
Castillo and Reverchon, 1997; Condemine et al., 1999).
The signals transduced by these two repressors are under
investigation. Nevertheless, PecS shares homology with
the regulatory proteins EmrR, MarR and HpcR of
Escherichia coli, all involved in detoxification mechanisms
(Praillet et al., 1996). Therefore PecS may be involved in
the sensing of plant cell-derived compounds produced by
the host during pathogenesis.

The pecS locus includes two divergently transcribed
genes, pecS and pecM. Mutations, in either pecS or pecM,
lead to a similar phenotype: derepression of the pectinase
and cellulase synthesis and production of a blue pigment
called indigoidine (Reverchon et al., 1994). This suggests
that PecS and PecM are involved in the same regulatory
network (Reverchon et al., 1994). Subcellular fractionation
revealed that PecS is localized in the cytoplasm (Reverchon
et al., 1994) whereas PecM was thought to be anchored in
the inner membrane. Functional characterization of PecS
has shown that this protein is able to specifically interact
with the regulatory region of its controlled genes (Praillet
et al., 1996; Rouanet et al., 1999). In addition, PecS
negatively controls the expression of both pecS and pecM
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genes, by interacting with the intergenic region of these
two genes (Praillet et al., 1997a). Further analysis has
shown that the potency of the PecS repressor is dependent
on the presence of the PecM protein (Praillet et al., 1997b).
The mechanism of this potentiation is still unknown but it
does not seem to belong to the classical mechanisms of
the two-component systems.

Recent phylogenic studies performed with different
softwares have suggested that PecM is a member of the
Drug/Metabolite Efflux (DME) family (http://www-
biology.ucsd.edu/ msaier/transport/titlepage.htlm). This
new finding led us to suppose that, in addition to its
involvement in the virulence gene expression, PecM may
have a transporter function.

The aim of our work was to clarify the localization of
PecM and to elucidate its topology by fusion protein
experiments. For this purpose, the β-lactamase fusion
system developed by Broome-Smith et al. (1990) was used.
This approach led to a two-dimensional topological model
of PecM possessing 10 transmembrane segments (TMS),
5 periplasmic domains and 6 cytoplasmic domains.
Following the elucidated organization of PecM, arguing in
favour of a transporter function, we further investigated
the involvement of PecM in the efflux of indigoidine.

Results and Discussion

Localization of the PecM Protein
Computer analysis revealed that PecM displays some
characteristics of the inner membrane proteins: PecM
contains ten highly hydrophobic domains (Figure 1) and
lacks a N-terminal typical signal sequence. To confirm the
absence of a signal sequence, we performed in vivo
labelling experiments using carbonylcyanide-m-
chlorophenyl-hydrazone (CCCP), which is able to inhibit
the translocation of proteins across the inner membrane,
as well as their maturation, by dissipating the proton-motive
force (Palva et al., 1981). The [35S] methionine-cysteine
labelled PecM protein was detected by autoradiography in
strain BL21(DE3) of E. coli grown in the presence or
absence of CCCP. As a positive control, the same
experiment was conducted with the periplasmic PelE
protein, one of the major pectate lyases in E. chrysanthemi

Figure 2. Autoradiography after SDS PAGE (12.5%) of the PelE and PecM
proteins expressed under the control of a T7 promoter and labelled with
35S, in the presence or absence of carbonylcyanide-m-chlorophenyl-
hydrazone (CCCP). Lanes 1 and 2, PelE -/+ CCCP; lanes 3 and 4,  PecM
-/+ CCCP. Arrows indicate: a, PelE with signal peptide; b, mature form of
PelE; c, PecM.

Table 1. Ampicillin resistance of pecM'-blaM translational fusions.

Plasmida Fusion Ampicillin concentration       ß-lactamase
point (µg/ml) causing cell death    locationb

pM192 Tyr18 3 C
pM348 Gln23 25 P
pM323 Lys29 150 P
pM360 Leu39 30 P
pM179 Gly42 12.5 P
pYM1 Arg59 4 C
pM10 Met74 50 P
pYM2 Arg81 75 P
pM24 Gln94 50 P
pM327 Gln108 50 P
pM367 Ala134 200 P
pYM3 Pro138 100 P
pM366 Ser144 200 P
pM48 Leu146 50 P
pM334 Gly154 200 P
pM169 Lys160 6 C
pM61 Val183 30 P
pM189 Val187 7.5 C
pM364 Glu192 500 P
pM46 Asp196 100 P
pM134 Leu197 200 P
pM259 Thr201 500 P
pM257 Ala204 500 P
pM3 Leu207 100 P
pM253 Tyr208 50 P
pM252 Ser229 6 C
pM170 Ile232 5 C
pM208 Val243 3 C
pYM4 Gly255 75 P
pYM5 Gln260 4 C
pM45 Gly263 15 P
pM201 Val264 30 P
pYM6 Ala270 15 P
pM184 Arg283 6 C
pM171 Leu289 10 C
pM51 Glu290 4 C
pM183 Ile296 5 C

a Plasmids pM were constructed by exonuclease III deletions of the plasmid
pJBS-pecM. Plasmids pYM were created by PCR site-directed mutagenesis
using pYZ4 as cloning vector.
b P, periplasmic ; C, cytoplasmic.

Figure 1. Hydropathy plot of the PecM protein. The hydropathy was
calculated using the algorithm of Kyte and Doolittle (1982) with a window
of 9 residues. The portion above the midpoint line indicates the hydrophobic
region.
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(Figure 2). In the absence of CCCP, only one band could
be detected for PelE (Figure 2, lane 1). When CCCP was
added, a second band appeared slightly higher (Figure 2,
lane 2). The two bands corresponded respectively to the
precursor and mature forms of PelE. On the other hand, in
the case of PecM, the size of the protein band detected
was the same in the absence or presence of CCCP (Figure
2, lanes 3 and 4 respectively). These results clearly
establish that PecM does not require translocation across
the inner membrane and support the hypothesis of a
membrane localization.

Construction and Analysis of pecM'-blaM Fusions
Computer topological analysis of PecM predicted the
existence of between 8 to 10 transmembrane spanners in
this protein, depending on the software used: 8 (TMAP
and PSORT programs), 9 (SOSUI program) or 10
(TMHMM, TMpred and TopPred2 programs). To clarify the
membrane topological organization of PecM, pecM'-blaM
fusions were created between a nested series of
exonuclease III-truncated pecM derivatives and the blaM
gene encoding the leaderless β-lactamase (see Materials
and Methods). When expressed in E. coli, β-lactamase
can be used as a reporter gene of transmembrane topology.
It breaks down ampicillin, an antibiotic whose target is
located in the periplasm. If β-lactamase is fused to a point
in PecM that is located in the periplasm, it will confer
resistance to high concentrations of ampicillin when single
colonies are exposed to the antibiotic. In contrast, if β-
lactamase is fused to a cytoplasmic domain of PecM, the
strain harbouring the fusion is not resistant as a single
colony but can be detected by the resistance of patches
on Petri plates (Broome-Smith et al., 1990). To assess the
cytoplasmic or periplasmic location of β-lactamase, the
minimal inhibitor concentration (MIC) of ampicillin was
determined for all Kanr Apr transformants obtained (see
Materials and Methods and Table 1). Transformants for
which the Ap MIC was 3 to 10 µg/ml were supposed to
encode fusions in which the β−lactamase was located in
the cytoplasm, whereas β-lactamase was considered to
be exported in the periplasm when the Amp MIC was
superior to 10 µg/ml. The junctions of the pecM'-blaM
fusions were sequenced and a set of 31 random unique
in-frame fusions were characterized. Although these
fusions were located all along the pecM coding region, they
were not evenly distributed. In particular very few fusions
were obtained between codon 45 and 140, but the
occurrence of such “cold spots” has been previously
reported (Tate and Henderson, 1993). To overcome this
problem, 6 site-specific fusions were constructed by cloning
a PCR-amplified pecM fragment, together with blaM, in
plasmid pYZ4 (see Materials and Methods). For these
constructions, the MICs were determined, as described
above, in the presence or absence of IPTG (see Materials
and Methods and Table 1). For all the site-directed fusions
we obtained similar values in both cases, except for the
fusions localized at residues Arg81 and Pro138. The growth
of strains harbouring these hybrid proteins was totally
inhibited in the presence of the inducer. It was assumed
that the Arg81 and Pro138PecM-BlaM fusions are toxic for
the cells when their level of synthesis becomes too
elevated.

Immunodetection of PecM-BlaM Fusions
To ensure that the levels of fusion expression did not affect
the topological analysis, the amounts of the different PecM-
BlaM fusions present in membrane extracts were compared
by immunoblotting experiments, as described in Materials
and Methods. Briefly, proteins were separated by SDS-
PAGE and the hybrid proteins were detected with anti β-
lactamase antibodies. All fusions were shown to produce
hybrid proteins except the Val187PecM-BlaM fusion which
was not detectable under our conditions (Figure 3, lane
3). A western blot analysis of representative fusions is
shown in Figure 3. It was assumed that the protein with
the higher molecular mass corresponded to the fusion
protein, whereas the other bands represented degradation
products. The instability of fusion proteins has been
observed in previous studies (Tate and Henderson, 1993;
Sarsero and Pittard, 1995). As often reported for
transmembrane proteins (Pigeon and Silver, 1994), all the
fusions had a greater mobility on SDS-PAGE gels than
predicted from the calculated molecular masses, when
compared with that of standard soluble proteins (Figure
3). Nevertheless, the sizes of the hybrid proteins were
compatible with the distribution of the fusion junctions along
the pecM coding region.

Despite the wide range in levels of expression of the
PecM-BlaM fusion proteins, there seemed to be no
correlation between the amount of protein that was
expressed and the β-lactamase activity. For example,
fusions at Leu197, Ile232 and Glu290 were expressed at a

Figure 3. Western blot of PecM-BlaM fusions. Hybrid proteins were
separated on a 12.5% SDS-PAGE gel and probed with β-lactamase
antibodies. Lane C, whole cell extracts of E. coli NM522 carrying the pT7-
5 plasmid (Apr control). Arrows indicate the position of β-lactamase. Lanes
1 to 12 contain about 1.7 µg of proteins from the membranes of E. coli
NM522 harbouring plasmids, each bearing a pecM'-blaM fusion at the
following PecM amino acid residues: 1, Leu146; 2, Val183; 3, Val187; 4, Val243;
5, Arg283; 6, Leu289; 7, Gly42; 8, Lys160; 9, Leu197; 10, Ile232; 11, Glu290; 12,
Ile296. The positions of molecular mass markers are indicated.

C 1 2 3 4 5 6

C 7 8 9 10 11 12

61.5
50.8
37.6

25.4     BlaM

61.5
50.8
37.6

25.4     BlaM
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similar level (Figure 3, lanes 9, 10, 11 respectively).
However, the Leu197PecM-BlaM fusion displayed a MIC of
200 µg/ml compatible with a periplasmic location whereas
the very low MIC of Ile232 and Glu290PecM-BlaM fusions
(respectively 5 and 4 µg/ml) indicated a cytoplasmic
location. This clearly illustrates that the observed level of
resistance to ampicillin is related to the cellular location of
BlaM rather than to the amount of fusion protein present in
the cell.

Analysis of the PecM-BlaM Fusions
From the ampicillin resistance data, a topological model of
PecM was obtained which possesses 10 transmembrane
spanners (Figure 4). The MICs of strains harbouring fusions
at residues Arg283, Leu289, Glu290 and Ile296 clearly indicated
that the C-terminus of the protein is localized in the
cytoplasm. Strains harbouring the Val243 or the Gln260PecM-
BlaM fusion exhibited MIC of 3 and 4 µg/ml, respectively,
which was surprising given the localization of these amino
acids in highly hydrophobic domains. Nevertheless, the
MIC of 75 µg/ml obtained for Gly255PecM-BlaM fusion
clearly indicated the existence of 2 transmembrane
spanners between the residues Ile232 and Arg283 of the
PecM protein. In the same way, our results demonstrated
that the domain between Lys160 and Asp196 is spanning
the membrane even if the MIC of Val187PecM-BlaM fusion
is not in accordance with a membrane localization. This
very low MIC value obtained for fusion at Val187 is certainly
due to the high instability of the corresponding hybrid
protein, as revealed by western blotting analysis (Figure
3, lane 3). Also the site-directed fusions, especially that at
residue Gln260, were particularly instable and displayed a

MIC lower than that expected. This may explain the fact
that these hybrid proteins could not be obtained by the
random fusion technique. Despite several attempts, no
fusion could be generated between residues 111 and 116.
However, given the hydropathy pattern of the 81-138
domain and the MIC values obtained for fusions at residues
Arg81 and Pro138, it seems reasonable to propose that this
PecM region contains 2 transmembrane domains.

In the N-terminal region of PecM, two hydrophobic
domains (Phe6-Ala27, Pro30-Leu57) were predicted both by
the hydropathy profile (Figure 1) and the TmPred software.
The MICs of 150 and 4 µg/ml, respectively, obtained for
the Lys29 and Arg59PecM-BlaM fusions confirmed that the
domain Pro30-Leu57 corresponds to a transmembrane
spanner orientated from the periplasm to the cytoplasm.
The particularly low MIC obtained for the Tyr18PecM-BlaM
fusion could be explained by the fact that usually fusions
close to the N-terminus are unlikely to contain sufficient
truncated polypeptide to allow for a significant insertion of
protein in the membrane (Calamia and Manoil, 1990).
Moreover, the hydrophobicity of the Phe6-Ala27 domain,
long enough to span the membrane, and the presence of
positively charged residues within the first 6 amino acids
of PecM strongly suggests that the N-terminus of PecM is
located in the cytoplasm.

The PecM Topological Model
The PecM topological model, which is derived from the
hydropathy profile, spanner predictions and BlaM fusion
data, contains 10 transmembrane spanners with the N and
C-termini of the protein located in the cytoplasm. Only the
fourth periplasmic loop has a relatively long hydrophilic

Figure 4. Model for the topological organization of PecM based on the properties of the PecM-β-lactamase fusions, the hydropathy profile and the positive-
inside rule (Von Heijne, 1986). Fusions are indicated by black circles with numbers denoting the MICs of Ap (µg/ml). Fusions generated by PCR amplification
are indicated by an asterisk. Every 50th amino acid is numbered, as indicated in the square. Charged amino-acids are indicated by plus and minus signs.
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Figure 5. Multiple alignment of PecM with homologue proteins. Sequences were aligned using ClustalX and displayed using Macboxshade. Identical amino
acids are shaded black when conserved in at least 5 proteins. Residues similar in structure or size are shaded grey when present in at least 5 sequences.
Arrows indicate the conserved positions of charged amino acids. The 10 transmembrane spanners of E. chrysanthemi PecM are denoted by grey bars. Ew.
c., Erwinia chrysanthemi; S. c., Streptomyces coelicolor; V. i., Vogesella indigofera; E. c., Escherichia coli; B. s., Bacillus subtilis; A. f., Archeoglobus fulgidus.
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domain containing 17 amino acid residues (Figure 4). This
fact suggests that this loop may play an important role in
the PecM function. This experimentally established
topological model matches perfectly with the TmPred
predictions but differs from other computer analysis which
detected only 8 or 9 transmembrane spanners. This clearly
demonstrates the potential unreliability of current computer
based predictions which should be treated with caution
and always be supported with experimental data.

The model established here is in total agreement with
the positive inside rule (Von Heijne, 1986) since the
positively charged residues are more prevalent in the
cytoplasm than in the periplasm: 14 Arg and Lys in the
cytoplasm versus 2 in the periplasm; positively charged
amino acids represent 31 % of cytosolic residues but only
6 % of the periplasmic residues.

The PecM Family
A blast search was performed to identify the PecM
homologues. This analysis revealed that two proteins, a
putative integral membrane protein of Streptomyces
coelicolor (EMBL accession number CAB71821.1) and
PecM of Vogesella indigofera (GenBank accession number

AF088857), displayed high sequence similarities with the
PecM of E. chrysanthemi (44 and 42 % of sequence
identity, 62 and 64 % of sequence similarity, respectively).
Five other proteins also showed relevant similarities with
PecM. The proteins YdeD (Daβler et al., 2000) and YedA
(SWISSPROT accession number P09185) of E. coli, YvbV
and YwfM (SWISSPROT accession numbers O32256 and
P39649, respectively) of Bacillus subtilis, Y266 of
Archeoglobus fulgidus (SWISSPROT accession number
O29973), share between 22 to 28 % of sequence identity
and 40 to 49 % of sequence similarity with PecM. A multiple
alignment of PecM and these seven proteins show that
the conserved regions mostly correspond to the
transmembrane spanners of PecM. Concerning the
hydrophilic domains, only the last periplasmic loop of PecM
shares homology with the amino acid sequence of the other
proteins (Figure 5). Analysis of the hydropathy profiles
shows that all the compared proteins display ten
hydrophobic domains, as observed for PecM. This data,
together with the high sequence homology observed at
the level of the PecM transmembrane spanners, strongly
suggest a similar topological organization for these eight
proteins. Therefore, the topological model established for

Figure 6. Indigoidine secretion in various genetic backgrounds. All the strains were derived from the parental A350 strain of E. chrysanthemi. The complete
genotype corresponding to the different strains are listed in Table 2. Cultures were performed in M63 minimal medium supplemented with glycerol (2 g/l).
Secreted indigoidine was assayed by measuring the absorption at 615 nm, as indicated in Materials and Methods. Bars and values presented in the table
correspond to the quantity of secreted indigoidine as a function of bacterial growth (OD615/OD600).
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E. chrysanthemi PecM could be used to predict the
membrane structural organization of the proteins presented
therein. Among these proteins, only YdeD is functionally
well-characterized. YdeD has been shown to be involved
in the efflux of metabolites of the cysteine pathway in E.
coli (Daβler et al., 2000). Recent phylogenic studies (Saier,
personal communication) suggest that PecM, as well as
YedA and YwfM, may belong to the Drug/Metabolite Efflux
(DME) family, a new transporter group composed of integral
membrane proteins containing between 287 to 310 amino
acyl residues (classification available at http://
www.biology.ucsd.edu/ msaier/transport/2_A_7.htlm). The
homologies existing between the different proteins reinforce
the hypothesis of a common function and strongly suggests
that PecM could have a transporter role. Moreover, since
the spanners VI, VIII and IX are particularly conserved, as
well as the hydrophilic loop localized between spanners
IX and X (Figure 5), our results suggest that these domains
could play an important role in the topological organization
and in the structure-function relationship of each protein.
The highly conserved position of charged amino acids in
the PecM family members could also have an important
role in the topology of these proteins or in their putative
participation in the binding and transport of substrates, as
suggested by Daβler et al. (2000). On the other hand, the
C-terminal cytoplasmic domain of PecM, which is not
conserved among the different homologues, could be
involved in a function specific for each of these different
proteins.

Involvement of PecM in the Extrusion of Indigoidine
Indigoidine is a blue pigment produced by different Gram-
negative bacteria including Vogesella indigofera,
Corynebacterium insidiosum and E. chrysanthemi (Starr
et al., 1966). It is supposed to be involved in the
neutralization of the free radicals liberated during plant
defence reactions (Reverchon et al., 1994; Praillet et al.,
1996). Production of indigoidine and synthesis of PecM
are both regulated by the PecS repressor (Reverchon et
al., 1994; Praillet et al., 1997a). Moreover two
transcriptional units indA-indB and indC, responsible for
the production of indigoidine, were recently localized on
the E. chrysanthemi chromosome adjacent to the pecS
locus (S. Reverchon, personal communication). Examples
of close linkage between genes encoding an efflux system
and its specific regulator have already been reported
(Daβler et al., 2000; Cohen et al., 1993). Based on the
function of the PecM homologue YdeD, the implication of
PecM in the extrusion of indigoidine was explored. The
level of indigoidine exported in the growth medium was
quantified for the single pecS and pecM mutants, as well
as for the double pecS-pecM mutant (Figure 6). The wild-
type strain A350, which does not produce any detectable
level of blue pigment, was used as a blank. After
centrifugation of the culture, the pellet containing the water
insoluble indigoidine and bacterial cells was resuspended
in dimethylsulfoxyde (DMSO). Cells were further eliminated
by an additional centrifugation and the concentration of
indigoidine in the resulting supernatant was estimated
spectrophotometrically at 615 nm (see Materials and

Table 2. Bacterial strains and plasmids used in this study

Strain or plasmid Genotype or characteristic Reference or source

Strains

E. coli
NM522 supE thi ∆(lac-proAB) ∆(mcrB-hsdSM)5(rk-mk-) (F’ proAB lacIq ∆lacZM15) Stratagene
BL21(DE3) F-, hshS gal, T7 polymerase gene under lacUV-5 control, pLysS Studier and Moffatt (1986)

E. chrysanthemi
A350 lacZ2 Laboratory collection
A2011 lacZ2 pecS::uidA Kanr insertion in the EcoNI site Reverchon et al. (1994)
A2097 lacZ2 pecM::Cmr insertion in the MunI site Reverchon et al. (1994)
A3861 lacZ2 pecS::uidA Kanr pecM::Cmr Laboratory collection

Plasmids

pBcKS+ Cmr Stratagene
pT7-5 Apr, φ10 promoter Tabor and Richardson (1985)
pT7-pecM pT7-5 with 1.6 kb SnaBI-SalI fragment pecM Reverchon et al. (1994)
pT7-pelE pT7-5 with 1.75 kb DraI fragment pelE Tardy et al. (1997)
pSR2645 pBcKS+ carrying pecS and pecM genes cloned between PstI and SalI sites Reverchon et al. (1994)
pJBSkpn Kanr, carrying the mature β-lactamase coding region J.C. Lazzaroni, Claude Bernard

University, Villeurbanne, France
pJBS-pecM pJBSkpn carrying pecM under control of its own promoter, This work

cloned between HindIII and KpnI sites
pM series pJBS-pecM derivatives with pecM'-blaM random fusions This work
pYZ4 Kanr, lacUV5p Zhang and Broome-Smith (1990)
pYZ5 Tcr, carrying the mature β-lactamase coding region Zhang and Broome-Smith (1990)
pYM1 pYZ4 derivative encoding PecM(1-59)-β-lactamase fusion This work
pYM2 pYZ4 derivative encoding PecM(1-81)-β-lactamase fusion This work
pYM3 pYZ4 derivative encoding PecM(1-138)-β-lactamase fusion This work
pYM4 pYZ4 derivative encoding PecM(1-255)-β-lactamase fusion This work
pYM5 pYZ4 derivative encoding PecM(1-260)-β-lactamase fusion This work
pYM6 pYZ4 derivative encoding PecM(1-270)-β-lactamase fusion This work
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 Table 3. Synthetic oligonucleotides used for the construction of site-directed pecM'-blaM fusions.

Primer                                         sequencea bp position  Introduced restriction site

YM59Rev 5'-CAGCACGATATCGCGCCACAGCCAGCCGACC-3' 1407-1437 EcoRV
YM81Rev 5'-GCCACCGATATCGCGATAGGCGGCAAAAAACAGC-3' 1470-1503 EcoRV
YM138Rev 5'-CACCAGGATATCGGGGTTCAGCGGCGCTTTCG-3' 1643-1674 EcoRV
YM255Rev 5'-GCGGTACCAGCCCTTGCTGCAAAAATAAAAATC-3' 1991-2023 KpnI
YM260Rev 5'-CGGGTACCAATTGCGCGCCGGAAAGCC-3' 2012-2038 KpnI
YM270Rev 5'-CGGGTACCAGTGCCGAGAAAATGAATACCAC-3' 2038-2068 KpnI

a Restriction sites for EcoRV (GATATC) and KpnI (GGTACC) that were introduced in oligonucleotide sequences are indicated in bold.

Methods). Being aware that DMSO can destabilize the cell
membrane, a second technique was used to ensure that
only the pigment naturally extruded was measured. In this
method, the pigment liberated in the culture medium was
carefully separated from the cells by a washing procedure
(see Materials and Methods). After a complete elimination
of the bacteria, the recovered pigment was further dissolved
in DMSO. This second technique gave us results identical
to those obtained by the first method (data not shown). In
accordance with former observations (Kuhn et al., 1965)
stating that indigoidine becomes colored through oxidation,
the similarity of the data obtained by these two methods
suggests that intracellular indigoidine is uncolored and thus
not detectable at 615 nm, even if there are leaks resulting
from the use of DMSO.

During the early exponential growth phase, significant
levels of indigoidine were detected only in the culture
medium of the pecS mutant (Figure 6). When cells entered
the late exponential growth phase, indigoidine efflux
occurred in both the pecS mutant and the double pecS-
pecM mutant. However, the level of extrusion was about
10-fold higher in the pecS mutant than in the double mutant.
In the pecS mutant, the synthesis of both indigoidine and
PecM is derepressed, allowing for the efficient extrusion
of increased quantities of indigoidine. In the double mutant,
the production of the pigment is still derepressed but PecM
is not synthesized anymore. It is expected that most of the
large amounts of indigoidine produced are blocked within
the cell in the form of an uncolored pigment. The blue color
detected in the culture supernatant of the double mutant
could result from extrusion of the pigment via aspecific
transport besides PecM. In the case of the pecM mutant,
a weak extrusion of indigoidine was observed from the late
exponential growth phase (Figure  6). This basal level could
be due to the partial inactivation of the PecS repressor in a
pecM mutant (Praillet et al., 1997 a and b), leading to an
increased expression of the indigoidine biosynthesis genes.
As described for the double pecS-pecM mutant, the
presence of low level of pigment in the extracellular medium
could result from aspecific transport.
All these data are in agreement with a direct involvement
of PecM in indigoidine efflux. The simultaneous and strong
control of the synthesis of the PecM efflux pump (Praillet
et al., 1997a) and indigoidine (Reverchon et al., 1994) by
the PecS regulator could lead to a rapid and efficient
extrusion of the newly synthesized pigment.

Conclusion

This is the first experimental verification of the
transmembrane topology of a member of the DME family.
Evidence of the involvement of PecM in the extrusion of
indigoidine was also demonstrated. Further studies are
needed to elucidate the mechanism of indigoidine efflux
by PecM, particularly the possible role of highly-conserved
charged residues of the TMS in the substrate extrusion. It
is also open to question whether the unique relatively long
and low-conserved periplasmic loop located between TMS
VII and VIII confers any specificity to this system. The
determination of the precise membrane organization of
PecM will also give a new orientation to the study of a
possible interaction between PecM and the PecS regulator.
Elucidation of the structure of the plant compound which
induces indigoidine synthesis will also be of great interest
in our efforts to understand the E. chrysanthemi
phytopathogenicity.

Experimental Procedures

Bacterial Strains, Plasmids and Media
The bacterial strains and plasmids used in this study are listed in Table 2.
Cells were routinely grown at 30°C in complete Luria-Bertani (LB) medium
for E. coli or in synthetic M63 medium (Miller, 1972) supplemented with
glycerol (2 g/l) for E. chrysanthemi. When required, media were
supplemented with appropriate antibiotics at the following concentrations:
ampicillin, 100 µg/ml; kanamycin, 50 µg/ml; and tetracycline, 10 µg/ml.

Recombinant DNA Techniques
Preparation of plasmid DNA, agarose gel electrophoresis, transformation,
restriction endonuclease digestion, ligation and PCR were performed
according to standard procedures (Sambrook et al., 1989). DNA fragments
were isolated from agarose gel using a DNA Purification Kit (Prolabo).

Construction of Random pecM'-blaM Fusion Plasmids
A 1.6 kb DNA fragment encoding the pecM gene and its regulatory region
was amplified by PCR from the plasmid pSR2645. The oligonucleotides 5'-
CGCGATCAAGCTTACTGTAATATTCC-3' and 5'-
AGCTGGGTACCGGGCCCC-3', used as primers, introduced respectively
HindIII and KpnI sites at the 5' and 3' extremities of the fragment. The PCR
product was digested both with HindIII and KpnI, purified and inserted
between the same sites of the plasmid pJBSkpn (Table 2). This plasmid is
a derivative of pJBS633 (Broome-Smith et al., 1990) which contains an
additional KpnI site upstream of the blaM gene. The resulting construct,
named pJBS-pecM, was digested sequentially with SalI and KpnI and then
treated with exonuclease III (Nested Deletion Kit, Amersham-Pharmacia-
Biotech) in order to create unidirectional deletions in the pecM gene. After
the deletion reactions were complete, the DNA was blunt-ended with S1
nuclease and recircularized with T4 DNA ligase. The ligation mixtures were
introduced into competent NM522 cells by electroporation and plated on
LB agar plates containing kanamycin. In frame pecM'-blaM fusions were
isolated, as described by Broome-Smith et al. (1990), by patching colonies
onto LB agar plates containing 50 µg of ampicillin per ml.



PecM in E. chrysanthemi  317

Construction of Precise pecM'-blaM Fusions
Various truncated forms of the pecM gene (at the 3' end) were amplified by
PCR from plasmid pSR2645 using, as primers for the 3' extremity,
oligonucleotides generating a KpnI or EcoRV site (Table 3). The primer
used for the 5' end of the gene was the same for all constructions and
introduced a NcoI site at the level of the initiation codon (5'-
GAAGGTTCACCCATGGAATTAAAAGATTTCG-3'). The generated DNA
fragments were digested with NcoI plus KpnI or EcoRV, purified and then
inserted between the same sites of plasmid pYZ4 (Table 2), under the control
of the lacUV5 promoter. To create in frame pecM'-blaM fusions, the 0.8 kb
leaderless blaM gene fragment was excized from pYZ5 (Table 2) by a PvuII/
EcoRI digestion and ligated into previous constructions digested with EcoRV/
EcoRI or SmaI/EcoRI. The resulting plasmids were named pYM (Table 2).
It has to be noted that, in the case of plasmids pYM 4 to 6, the truncated
form of PecM was fused to the mature form of β-lactamase via an
intermediate peptide linker VPHAISSSPLR. For plasmids pYM 1 to 3, this
intermediate peptide linker was shorter (DLR).

Nucleotide Sequencing of pecM'-blaM Fusion Junctions
The junction between pecM and blaM was sequenced with a T7 sequencing
kit (USB) by using oligonucleotide BLA1 (5'-CTCGTGCACCCAACTGA-3')
which is complementary to the non-coding strand of the β-lactamase gene
40 bp from the fusion point.

Ampicillin Resistance of Cells Expressing PecM-β-Lactamase Fusion
Proteins
Bacteria were grown overnight in LB medium containing kanamycin and 4
µl of a 10-5 dilution were spotted on LB agar plates containing increasing
concentrations of ampicillin. When needed, isopropyl-β-D-
thiogalactopyranoside (IPTG) was added to the culture in the stationary
phase at a final concentration of 0.4 mM, and induction was performed
over a period of 4 hours. On plate, IPTG was used at a final concentration
of 0.2 mM. The Minimal Inhibitor Concentration (MIC) of ampicillin required
to prevent colony formation by a single cell was determined in this way.

Preparation of Membrane Extracts
Bacteria were grown in 100 ml of LB medium containing kanamycin at
30°C. When the optical density of the culture (OD600) reached 0.8, cells
were harvested and resuspended in 6 ml of Tris-HCl 10 mM pH 7.4, EDTA
1 mM, sucrose 0.4 mM. Bacteria were lysed by application of a pressure of
138 000 kPa using a French Press. The resulting suspension was
centrifuged at 4°C for 15 min at 3000 g. The supernatant was then
ultracentrifuged at 8°C for 90 min at 100 000 g. The pellet consisting of
membrane proteins, was resuspended in 250 µl of Tris-HCl 10 mM pH 7.4,
sucrose 25%, EDTA 5 mM and stored at -80°C. When required, IPTG was
added at OD600 = 0.4 at a final concentration of 0.4 mM. After 2 hours of
induction at 30°C, cells were harvested and membrane extracts were
prepared as described previously.

Labelling Experiments Using Carbonylcyanide-m-
Chlorophenylhydrazone
Strain BL21(DE3) of Escherichia coli harbouring either pT7-pecM or pT7-
pelE plasmid, carrying respectively the pecM and pelE genes, was grown
in 5 ml of LB medium containing ampicillin, at 30°C. The PecM or PelE
protein was specifically expressed and labelled for 5 min with L-
[35S]methionine-cysteine mix (Promix, 10 µCi/µl, Amersham), as described
by Tabor and Richardson (1985). Then the culture was divided into two
aliquots and carbonylcyanide-m-chlorophenylhydrazone (CCCP) was added
to one of the two parts at a final concentration of 1.5 µM, in order to inhibit
the translocation of proteins across the inner membrane. After 3 min at
30°C, unlabelled methionine-cysteine mix (final concentration of 0.6 g/l)
was added to the two aliquots and both cultures were incubated for 7 min
at 30°C. The cells were then harvested by centrifugation and resuspended
in Laemmli SDS loading buffer. The proteins were separated by SDS-PAGE
and visualized by autoradiography.

Immunodetection of Proteins
Samples were prepared by boiling for 5 min in Laemmli SDS loading buffer.
Proteins were separated by SDS 12.5% polyacrylamide gel electrophoresis
(SDS-PAGE) and electrotransferred onto a nitrocellulose membrane
(Schleicher and Schuell) using a 1017 Macrophor system (Pharmacia).
Immunoblotting of the PecM-β-lactamase fusions was carried out with rabbit
anti bacterial β-lactamase antibodies (5 Prime→3 Prime, Inc.) used at a
1:5000 dilution. The marked protein bands were detected with an ECL kit
(Amersham) according to the manufacturer’s instructions.

Indigoidine Assay
E. chrysanthemi strains were grown in M63 minimal medium supplemented
with glycerol (2 g/l). The culture was centrifuged at 6000 rev/min in order to
harvest the cells and also the water insoluble indigoidine, excreted by the

bacteria in the growth medium. To dissolve indigoidine, the pellet was
resuspended in dimethylsulfoxide (DMSO) and the cells were eliminated
by a centrifugation at 6000 rev/min. The supernatant containing the pigment
was removed and the concentration of indigoidine was estimated
spectrophotometrically at 615 nm. Alternatively, a second technique was
used to harvest the secreted indigoidine. After centrifugation of the culture,
the remaining pellet was resuspended in M63 medium and a new
centrifugation at 6000 rev/min was performed. Both the supernatant and
the cells were removed and this washing procedure was repeated about
10 times, until there was no longer an upper layer of white bacterial cells
above the layer of blue pigment. The pigment was then dissolved in DMSO
and quantified by measuring absorption at 615 nm.
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