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1. Introduction
Phosphomannose isomerases (PMIs, E.C. 5.3.1.8), first described by Slein (1950) and isolated
from brewers’ yeast by Gracy and Noltmann (1968), are metal-dependent aldose–ketose
isomerases that catalyze the reversible isomerization of D-fructose-6-phosphate (F6P) into
D-mannose-6-phosphate (M6P) in prokaryotic and eukaryotic cells (Fig. 1).

Fig. 1. The reversible conversion of fructose-6-phosphate (left) into mannose-6-phosphate
(right), catalyzed by PMI enzymes.
The reaction catalyzed by PMIs is the first step of the mannose pathway leading to the
generation of guanosine diphosphate (GDP)-D-mannose (Fig. 2). In this pathway, M6P is
subsequently converted into mannose-1-phosphate (M1P) by the phosphomannomutase
(PMM, E.C.5.4.2.8) enzymatic activity, followed by the conversion of M1P into GDP-Dmannose by GDP-D-mannose pyrophosphorylase (GMP, E.C.2.7.7.22). GDP-D-mannose is
an important precursor of many mannosylated structures such as glycoproteins, nucleotide
sugars, glycolipids, cell wall components found in fungi, and bacterial polysaccharides
(Dunwell et al., 2000). As shown in Fig. 2, GDP-D-mannose is also the precursor of the
activated sugar nucleotides GDP-L-fucose, GDP-D-rhamnose, GDP-colitose, and GDPperosamine, that are required for the biosynthesis of several glycoconjugates, including
lipopolysaccharide (LPS) O-antigens, exopolysaccharides (EPS) and glycoproteins (Richau et
al., 2000b; Vinion-Dubiel and Goldberg, 2003, Fig. 2).
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Fig. 2. Enzymatic conversions leading to GDP-D-mannose, the precursor for the synthesis of
the sugar residues L-fucose, L-colitose, D-rhamnose, and D-perosamine, sugar residues
commonly found in bacterial lipopolysaccharide O-antigens and other glycoconjugates.

2. The PMI family of proteins is divided in four classes
PMIs are a family of proteins that are members of the cupin superfamily of prokaryotic and
eukaryotic proteins. Besides PMIs, the cupin superfamily includes several enzymes and
proteins that bind sugars and other compounds (Dunwell et al., 2000). The term cupin
derives from the latin word cupa (small barrel), and was given to this protein superfamily
since their members possess a six-stranded -barrel structural domain (the cupin domain)
(Khuri et al., 2001).
The PMI protein family was divided into four distinct classes that are structurally unrelated,
except for a small conserved amino acid sequence motif that belongs to the active site for the
M6P to F6P isomerization reaction (Jensen & Reeves, 1998; Hansen et al., 2004). The type I
class of PMIs is composed of monofunctional enzymes mainly found in eukaryotes and that
only catalyze the F6P to M6P isomerization reaction. For example, the type I PMI isolated
from Saccharomyces cerevisiae has been shown to be a zinc-dependent metalloenzyme with
one metal ion per monomer (Gracy & Noltmann, 1968).
The type II class of proteins is only found in prokaryotes, and are bifunctional proteins with
both PMI and GMP enzyme activities in separate catalytic domains of the protein (Jensen &
Reeves, 1998). The GMP enzyme activity catalyses the reversible conversion of mannose-1phosphate into GDP-D-mannose (Fig. 2).
The type III class of proteins comprises only a single protein from Sinorhizobium meliloti
(Jensen & Reeves, 1998).
The type IV class includes atypical proteins from several aerobic crenarchaeota such as
Aeropyrum pernix, Thermoplasma acidophilum, Archaeoglobus fulgidus, and Pyrobaculum
aerophilum. This class of proteins is also bifunctional, with both phosphoglucose isomerase
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(PGI, EC 5.3.1.9) and PMI enzyme activities (Hansen et al., 2004). PGI catalyses the
reversible isomerization of glucose-6-phosphate (G6P) to F6P.

3. PMIs are critical for microbial survival and pathogenesis
PMIs have been reported as important enzymes for the survival and / or pathogenesis of
several bacterial species (Escherichia coli, Salmonella enterica, Mycobacterium smegmatis,
Pseudomonas aeruginosa, Helicobacter pylori, Burkholderia cepacia complex), yeasts (Saccharomyces
cerevisiae, Candida albicans, Cryptococcus neoformans, and Aspergillus nidulans) and protozoan
parasites (Leishmania mexicana) (Patterson et al., 2003; Shinabarger et al., 1991; Wu et al.,
2002; Sousa et al., 2007a; Garami and Ilg, 2001; Payton et al., 1991; Smith et al., 1995; Wills et
al., 2001; Smith and Payton, 1994; Jensen and Reeves, 2001). The requirement of a functional
PMI activity for the survival and pathogenesis was recently demonstrated in the case of
Leishmania. Species of the Leishmania genus synthesize large amounts of mannose-containing
glycoconjugates, including the unusual glycoinositolphospholipids (GIPLs), the conserved
protein-linked glycosylphosphatidylinositol (GPI) membrane anchors, glycoproteins with
uncommon N-linked glycans, and phosphoglycan-modified molecules such as
lipophosphoglycan (LPG), and proteophosphoglycans (PPGs) (Garami and Ilg, 2001). These
glycoconjugates are responsible for the remarkable resistance of Leishmania parasites against
the hostile habitats they find within their host organisms (Garami and Ilg, 2001). To gain
insights on the role played by the PMI activity in the biosynthesis of these glycoconjugates,
L. mexicana deletion mutants on the lmexpmi gene (encoding the protein with PMI activity)
were generated (Garami and Ilg, 2001). As a consequence of the deletion of the lmexpmi
gene, the mutants had a lower PMI activity. However, they were still able to grow in media
deficient for mannose, but were unable to synthesize the phosphoglycan repeats
[-6-Gal 1-4Man 1-PO4--], and the mannose-containing glycoinositolphospholipids. As a
consequence, these mutants exhibited a reduced ability to express the
glycosylphosphatidylinositol-anchored dominant surface glycoprotein leishmanolysin.
When compared to the wild-type strain, the mutants were less virulent in mice and
exhibited a lower ability to colonize macrophages in vitro (Garami and Ilg, 2001).
Mannose is also a key component of several cell-wall and intracellular molecules in
mycobacteria, including mannolipids (phosphatidylinositol mannoside, lipomannan,
lipoarabinomannan), the cytoplasmic 3-O-methylmannose polysaccharide and Omannosylated glycoproteins. To understand the PMI role in the mannose metabolism in
mycobacteria, Patterson et al. (2003) generated a M. smegmatis mutant auxotrophic for
mannose by deleting the manA gene. The mutant cells were found to be shorter in lenght
than the wild-type, and presented a mild hyperseptation phenotype. These changes caused
an exponential loss of cell viability after 10 hours of growth in mannose-free medium,
revealing the essentiality of the mannose metabolism for growth and viability of M.
smegmatis (Patterson et al., 2003).
The PMI activity is also essential for the viability of the yeast C. albicans. In this pathogenic
yeast, cell lysis was reported to occur in the absence of the pmi gene (Smith et al., 1995).
In the bacterium H. pylori, the LPS O-antigen contains fucosyloligosaccharides similar to the
human Lewis X and Lewis Y antigens (Wu et al., 2002). These molecules contribute to the
mimicry of the host and to the development of an autoimmune response, leading to the
pathogen increased persistence in the host (Wu et al., 2002). The major pathway for
biosynthesis of GDP-L-fucose, the precursor for L-fucose, starts from GDP-D-mannose (Fig.
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2). Wu et al. (2002) have shown that the type II protein HP0043 was the point control for
GDP-D-mannose biosynthesis in H. pylori.
Due to the important roles played by these enzymes for the survival and pathogenesis, PMIs
have been considered as promising targets for the development of antibacterial, antifungal,
and antiparasitic agents.

4. Type II phosphomannose isomerases
In contrast with the well-studied type I PMIs, type II PMI proteins remain poorly
characterized. The bacterial type II PMIs that have been functionally characterized so far
include the E. coli and S. enterica ManC (Jensen and Reeves, 2001), the P. aeruginosa AlgA
(Shinabarger et al., 1991), the Xanthomonas campestris XanB (Köplin et al., 1992), the
Gluconacetobacter xylinum AceF (Griffin et al., 1997), the Sphingomonas chungbukensis DJ77
PMI (Tran et al., 2009), the HP0043 protein from H. pylori (Wu et al., 2002), and the BceA and
BceAJ proteins from B. cepacia IST408 and B. cenocepacia J2315, respectively (Sousa et al.,
2007a; Sousa et al., 2008). The sequence analysis of these type II PMIs revealed that they are
composed of two domains, with four conserved motifs, as shown in Fig. 3: a GMP domain at
the N-terminus and a PMI domain at the C-terminus. The GMP active site motif, that
includes the conserved sequence FVEKP, is present in the N-terminus of the amino acid
sequence and is essential for M1P binding, being the lysine (K) residue responsible for the
binding of the phosphate moiety (May et al., 1994). The N-terminal region of the proteins
also contain the highly conserved pyrophosphorylase signature sequence, GXGXR(L)-PK
(where X represents any amino acid residue), similar to the activator-binding site of the
bacterial XDP-sugar pyrophosphorylases (Jackson et al., 2004). In the C-terminal domain,
two conserved motifs are also present, the zinc-binding motif QXH, and the putative PMI
active site EN(Q/E)SX(Y/F)I (Jackson et al., 2004).
Sousa et al. (2008) have performed a prediction analysis of the secondary structure of the
type II PMI BceAJ. These authors have found that, while the GMP domain of BceAJ was
putatively composed of -helices interspaced by -strands, the PMI domain of the protein
was almost composed of -strands. This predicted secondary structure is in good agreement
with the occurrence of two distinct domains in type II PMIs (Sousa et al., 2008).
Both the PMI and GMP enzyme activities were detected in all the purified type II PMIs
mentioned before. The requirement for divalent metal ions (e.g. Mg2+, Ca2+, Co2+, Mn2+, Ni2+,
or Zn2+) for catalysis has also been demonstrated for those proteins. In fact, the type II PMIs
extracted and purified from X. campestris and B. cepacia were totally inhibited by the metal
chelator ethylenediaminetetraacetic acid (EDTA) (Sousa et al., 2007a; Papoutsopoulou &
Kyriakidis, 1997).
In the type II PMI from H. pylori, a difference in pH dependence between the forward and
reverse direction of PMI reaction was observed, the forward reaction exhibiting a pH
optimum of 7, while the reverse reaction had an optimal pH range of 7-9 (Wu et al., 2002).
Due to these results, it was suggested that this enzyme requires proper ionization of either
M1P and/or GTP for binding and catalysis.
GDP-D-mannose was found to inhibit the PMI activity of the P. aeruginosa PlsB and the H.
pylori HP0043 proteins, suggesting feedback regulation of the pathway in these bacterial
species (Lee et al., 2008; Wu et al., 2002). This observation led to the suggestion that the
mannose group in GDP-D-mannose might compete with M6P at the PMI active site to
regulate the mannose utilization in these pathogens. However, no inhibition by GDP-Dmannose was observed for the P. aeruginosa AlgA protein (Shinabarger et al., 1991). In
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Fig. 3. Amino acid sequence alignment of experimentally caracterized type II PMIs from B.
cenocepacia, B. cepacia, X. campestris, S. enterica, E. coli, A. xylinum, S. chungbukensis, P.
aeruginosa, and H. pylori. The putative GMP and PMI domains are indicated by arrows. The
conserved motifs are boxed in grey. Asterisks indicate the amino acid residues that are
identical in all proteins. One or two dots indicate semi-conserved or conserved
substitutions, respectively. Alignments were performed with ClustalW software.
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addition, some reducing agents such as DTT and -mercaptoethanol, have also been shown
to strongly inhibit the PMI activity, suggesting the involvement of disulfide bonds in the
formation of the active site and / or the substrate binding site of the enzyme (Shinabarger et
al., 1991; Papoutsopoulou & Kyriakidis, 1997). The XanB protein was also inhibited by
diethyl pyrocarbonate (DEPC), being the protection from inactivation obtained after
addition of the substrate M6P, revealing that the amino acid residue affected is located at or
near the active site (Papoutsopoulou & Kyriakidis, 1997). DEPC modifies lysyl (K), histidyl
(H), cysteinyl (C), seryl (S) and tyrosyl (Y) residues of proteins. To identify the modified
amino acid residues, different compounds were tested, such as PMSF for serine residues, Nacetylimidazole for tyrosine and lysine residues, hydrogen peroxide for cysteine and
methionine (M) residues, and p-mercurybenzoate for cysteine residues (Papoutsopoulou &
Kyriakidis, 1997). None of these compounds were able to inhibit the PMI activity. However,
the treatment of the carbethoxy-PMI with hydroxylamine, that reverses histidine and serine
modifications, restored the activity to about 82% of the initial activity, revealing that the
modified amino acid was histidine (Papoutsopoulou & Kyriakidis, 1997). The PlsB protein
was inhibited by 2,3-butanedione, suggesting the presence of a catalytic arginine (R) residue
(Lee et al., 2008). Site-directed mutagenesis revealed that the residue R408 of PlsB was
required for the PMI catalysis, but not for the GMP activity (Lee et al., 2008). Therefore, it
was concluded that this residue must participate in the interconversion of sugar moieties by
providing the binding of the sugar phosphate group or by forming the hydrogen bond of
sugar hydroxyl group, stabilizing the binding between substrate and enzyme (Lee et al.,
2008).
A summary of the kinetic parameters of the type II PMIs AlgA and PlsB from P. aeruginosa
PAO1, AceF from A. xylinum, XanB from X. campestris ATCC13951, BceA from B. cepacia
IST408, BceAJ from B. cenocepacia J2315, HP0043 from H. pylori 26695 and PMI from S.
chungbukensis, is presented in Table 1.
In most of these bacterial species, the type II PMIs are involved in the biosynthetic pathway
of sugar precursors that are required for the production of polysaccharide-containing
polymers, such as EPSs and LPSs. In bacteria, EPSs have been shown to provide protection
against dehydration, engulfment by macrophages, bacteriophages, antibiotics and other
toxic compounds like heavy metal ions (Ferreira et al., 2010). Due to their physico-chemical
properties, like high viscosity and pseudoplasticity, the EPSs from some bacterial species are
also used in many applications ranging from food processing to pharmaceutical production
(Pettitt, 1979). We will focus on the EPS xanthan as an example of an EPS with several
industrial applications, and on alginate and cepacian, both known to play a role on the
pathogenesis of the producing organisms to the human host. In Fig. 4, the chemical
structures of these three bacterial EPSs are shown, as well as photographs of Petri plates
containing colonies of the respective EPS producing bacteria.
Type II PMIs XanB, AlgA, and BceA are involved in the biosynthesis of the sugar
nucleotides necessary for polymerization of the EPS xanthan, alginate and cepacian,
respectively. In the case of xanthan synthesis, the GDP-D-mannose is the activated sugar
precursor for the mannose moiety found in the repeating unit (Fig. 5). However, in the case
of the two other EPSs, the GDP-D-mannose is either directly used to form the repeating unit
(cepacian), or further converted into GDP-D-rhamnose or to GDP-D-mannuronic acid,
before being incorporated, respectively, into the repeating unit of cepacian or added into the
growing poly-mannuronate polymer produced by P. aeruginosa.
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Table 1. Comparison of the kinetic parameters of different bacterial type II PMIs. The PMI
and GMP reactions were performed in the presence of the best metal ion activator.
Abbreviations: ND, not determined.
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Protein Metals ions for PMI Vmax PMI Km
activity PMI
GMP activity
activity
(U/mg) activity
(μM)

Vmax
GMP
activity
(U/mg)

Km GMP In
activity
(μM)

BceAJ

Mg2+>Ca2+>Mn2+>
Co2+>Ni2+

27.03

12390

Mg2+>Ca2+

4.56

24

ND

BceA

Ca2+>Mn2+>Mg2+>
Co2+>Ni2+

a21.10

a9010

Mn2+>Ca2+>
Mg2+>Ni2+

212.8

2940

ED

AlgA

Co2+>Ni2+>Mn2+>
Mg2+>Ca2+>Zn2+

0.83

3030

Mg2+>Mn2+

5.17

14.2

DT

PlsB

Co2+>Mn2+

ND

1180

Mg2+>Co2+>
Mn2+

ND

110

GD
ma
bu

HP0043 Co2+>Mg2+>Mn2+>
Zn2+

ND

55.56

Mg2+>Mn2+

ND

101

GD
ma

XanB

Co2+>Zn2+>Mn2+>
Ni2+>Ca2+

33.5

2000

ND

ND

ND

ED
me
ol,

AceF

ND

b0.04

ND

ND

b0.01

ND

ND

PMI

Co2+>Mg2+>Ca2+>
Ni2+>Zn2+

ND

ND

Mg2+

ND

ND

GD
ma

a

The PMI reaction was performed in presence of MgCl2.
The specific activity was determined in crude cell extracts of the E. coli CD1 (pmi-) and CW

b
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Since its discovery in 1950, the xanthan EPS produced by the phytopathogen X. campestris,
generated a great scientific and industrial interest, and was first approved as a food additive
in 1969 by the Food and Drug Administration (FDA, USA) (Born et al., 2002). This high
molecular weight acidic heteropolysaccharide consists of repeating units containing Dglucose, D-mannose and D-glucuronic acid in a molar ratio of 2:2:1, respectively (Fig. 4). The
glucose residues are linked to form a -1,4-D-glucan cellulosic backbone, with alternate
glucose residues decorated with a short branch with a glucuronic acid residue sandwiched
between two mannose residues (Born et al., 2002). The type II PMI XanB is one of the key
enzymes in the pathway of xanthan biosynthesis, leading to the formation of the precursor
GDP-D-mannose (Papoutsopoulou & Kyriakidis, 1997). Work performed by
Papoutsopoulou & Kyriakidis (1997) revealed that the half life of this enzyme was 3 times
higher in the presence of zinc ions, implying a structural role for this metal ion. This study
also revealed that a histidyl residue at or near the PMI active site was essential for the
isomerization reaction.
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Fig. 4. Chemical structures of xanthan, alginate and cepacian (right) and photographs of Petri
plates with isolated colonies of the respective producing bacterial strains, evidencing their
heavy mucoid phenotype (left). Abbreviations: Glc, glucose; Man, mannose; GlcA, glucuronic
acid; ManA, mannuronic acid; GulA, guluronic acid; Gal, galactose; Rha, rhamnose.
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PMI

GMP

Fig. 5. Biosynthetic pathways leading to the activated sugar precursors necessary for
assembly of the repeating units of cepacian, xanthan and alginate. The enzyme activity
catalyzing each step is shown close to the arrow. Abbreviations: PMI, phosphomannose
isomerase; GMP, GDP-D-mannose pyrophosphorylase; PGI, phosphoglucose isomerase;
PGM, phosphoglucomutase; UGP, UDP-glucose pyrophosphorilase; UGE, UDP-galactose
epimerase; UGD, UDP-glucose dehydrogenase; PMM, phosphomannomutase; GRS, GDPrhamnose synthase; GMD, GDP-mannose dehydrogenase. The PMI and GMP activities of
bifunctional type II PMIs are evidenced in bold.
In P. aeruginosa PAO1, three genes (algA, wbpW, pslB) encoding proteins homologous to type
II PMIs have been described (Sá-Correia et al., 1987; Rocchetta et al., 1998; Jackson et al.,
2004). These genes are located within three distinct polysaccharide biosynthesis gene
clusters. WbpW participates in the production of the A-band LPS, while PslB is required for
EPS production and biofilm formation (Rocchetta et al., 1998; Jackson et al., 2004). The
occurrence in P. aeruginosa of multiple type II PMIs dedicated to the synthesis of distinct
polysaccharide molecules is thought to enable the independent regulation of each specific
pathway and thus to promote the adaptation of the bacterium to different environments.
Nevertheless, AlgA is the best known characterized type II PMI from P. aeruginosa. This 56kDa bifunctional enzyme catalyzes the first and third steps in the biosynthesis of alginate
and was originally described by Sá-Correia et al. (1987). The P. aeruginosa alginate is a highly
acetylated polymer, mostly composed of 1,4-linked -D-mannuronic acid residues with few
interspaced guluronic acid residues (Shinabarger et al., 1991; Fig. 4). This contrasts with the
structure of the alginates produced by brown algae, which contain blocks of L-guluronic
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acid, responsible for the ability of alginate to originate gels in the presence of Ca2+ (Sabra et
al., 2001). P. aeruginosa alginate has medical significance due to its production during the
conversion of P. aeruginosa strains to a mucoid phenotype, in association with chronic
infections in the lungs of cystic fibrosis patients (Shankar et al., 1995). This conversion is
induced by several conditions, including nutrient starvation, use of energetically poor
substrates, and presence of metabolic inhibitors (Leitão and Sá-Correia, 1997). The
production of alginate by P. aeruginosa protects the bacterium from the host immune
responses and against the action of antibiotics (Govan and Deretic, 1996). Leitão and SáCorreia (1993) have shown that the alginate pathway from P. aeruginosa can be manipulated
by increasing the amounts of the type II PMI AlgA. This result revealed that the
modification and control of critical steps in complex microbial EPS pathways at the genetic
level can allow the increase of the EPS production yield and the alteration of the rheological
properties of aqueous solutions prepared with the biopolymer.
In another CF pathogen, the Bcc bacteria, multiple type II PMI encoding genes were also
found (2 to 5). In particular, three type II PMI encoding genes were associated with
polysaccharide biosynthetic clusters, the bceA, of the cepacian biosynthetic cluster, the pmi of
the capsular polysaccharide genomic island, and a third pmi involved in LPS biosynthesis
(Sousa et al., 2007a). Cepacian is the major exopolysaccharide produced by a large
percentage of clinical isolates of Bcc (Cunha et al., 2004; Herasimenka et al., 2007; Richau et
al., 2000a; Zlosnik et al., 2008; Ferreira et al., 2010). The production of cepacian has been
correlated with higher persistence and virulence of the producing bacterium in animal
models, inhibition of neutrophil chemotaxis and scavenging of reactive oxygen species in
vitro, suggesting a role for cepacian in the protection of bacteria against the host immune
response (Sousa et al., 2007b; Bylund et al., 2006). This EPS is composed of a branched
heptasaccharide repeating-unit, with D-glucose, D-rhamnose, D-mannose, D-galactose and
D-glucuronic acid, in the ratio 1:1:1:3:1, respectively (Cescutti et al., 2000; Fig. 4). The GDPD-mannose formed by the type II PMI BceA is the activated sugar precursor for the
incorporation of D-mannose in cepacian and is also the precursor for the synthesis of GDPD-rhamnose, the activated sugar precursor of the D-rhamnose moiety of cepacian (Richau et
al., 2000b). The 55.3-kDa BceA protein was also shown to be required for thick biofilm
formation and for the production of EPSs that lead to aqueous solutions with higher
viscosity (Sousa et al., 2007a). However, the lack of a functional bceA gene did not affect the
EPS production yield, suggesting that other bceA functional homologues may compensate
the bceA mutation (Sousa et al., 2007a). The BceA protein from B. cepacia IST408 and the
BceAJ from B. cenocepacia J2315 exhibited no PMI and GMP activities in the presence of zinc,
in spite of the existence, in their primary sequences, of a zinc-binding motif (Sousa et al.,
2007a; Sousa et al., 2008; Fig. 3). Similarly, the PMI and GMP activities of PlsB could not be
activated in presence of ZnCl2 (Lee et al., 2008). Zn2+ was also reported to be the less
effective activator of the type II PMI HP0043 from H. pylori, suggesting that the combination
between the zinc metal ion and the PMI domain is loose and less specific than in the type I
PMI proteins (Wu et al., 2002).

5. Biotechnological potential of PMIs
L-ribose has been proposed as a potential starting material for the synthesis of many Lnucleoside-based pharmaceutical compounds (e.g. the antiviral drug for the treatment of
hepatitis B, Clevudine) (Okano, 2009). However, L-ribose is not an abundant sugar in

www.intechopen.com

Bacterial Type II PMIs: Exploitable Bifunctional Enzymes for
Biotechnological Applications and the Rational Design of Antimicrobials

295

nature, and therefore L-ribose has been produced mainly by chemical synthesis from Larabinose, L-xylose, D-glucose, D-galactose, D-ribose, or D-mannono-1,4-lactone (Okano,
2009). Recently, the isomerization activity of the PMI enzyme from B. subtilis was reported
to be specific for aldose substrates possessing hydroxyl groups oriented in the same
direction at the C-2 and C-3 positions, such as the D and L forms of ribose, lyxose, talose,
mannose, and allose (Yeom et al., 2009). This enzyme also exhibited the highest activity with
L-ribulose, among all pentoses and hexoses tested (Yeom et al., 2009). Recently,
experimental conditions have been reported as leading to the production of L-ribose at a
final concentration of 213 g liter-1 from 300 g liter-1 of L-ribulose, using mannose-6phosphate isomerase at 40°C for 3 h, with a conversion yield of 71% and a volumetric
productivity of 71 g liter-1 h-1 (Yeom et al., 2009). This was the highest volumetric
productivity and product concentration reported until now for the biological manufacture
of L-ribose. In addition, the downstream purification methodology was simpler than the
previously used for the preparation of L-ribose, either by chemical methods or fermentation.
The production of the expensive sugar L-ribose from the rare sugar L-ribulose by PMI may
prove to be a valuable industrial process, because the L-ribulose sugar can be produced
from the low-cost sugar L-arabinose, using the L-arabinose isomerase from Geobacillus
thermodenitrificans (Yeom et al., 2008).
Antibiotic and herbicide resistance genes have been used for the selection of transgenic
plants (Min et al., 2007). However, the use of these genetic markers has generated a
widespread public concern. For this reason, alternative methods of selection have been
developed, in particular the use of mannose as the carbon source in selective media, since
plants have an inefficient ability to metabolize this sugar (Lee and Matheson, 1984). The pmi
gene isolated from E. coli has been used as a selectable marker for the transformation of
several plant species, including sugar beet, cassava, maize, wheat, Arabidopsis, pepper, sweet
orange, pearl millet, tomato, papaya, onion, almond, Chinese cabbage, and cucumber (Miles
and Guest, 1984; Min et al., 2007). The transgenic plants expressing the E. coli pmi gene and
growing in mannose medium, are able to convert the M6P to F6P, thus providing a carbon
and energy source to survive to the high selective pressure.
The study of the biological function of oligosaccharides from human milk such as lactose, Dgalactose, N-acetylglucosamine, sialic acid, and L-fucose, has received an increasing interest
in the last years. This interest derives from the properties of fucosylated oligosaccharides
(e.g. the Lewis blood group antigen) in protecting infants against enteric pathogens (Boehm
and Stahl, 2007). The availability of large amounts of fucosylated oligosaccharides will be
useful for the development of therapeutic and protective strategies to prevent infections by
pathogens, to improve the immune system response, and to reduce the inflammatory
process (Newburg et al., 2004). Enzymatic fucosylation of oligosaccharides requires GDP-Lfucose as the donor of L-fucose. However, the high cost of GDP-L-fucose limits its
application for large-scale production of these oligosaccharides. The conversion F6P to GDPL-fucose requires the activity of five enzyme activities (mannose-6-phosphate isomerase
ManA, phosphomannomutase ManB, mannose-1-phosphate guanyltransferase ManC, GDPD-mannose-4,6-dehydratase Gmd, and GDP-L-fucose synthase WcaG), with GDP-Dmannose as the intermediate. Recently, a recombinant E. coli BL21star(DE3) strain
overexpressing gmd, wcaG, manB and manC genes was developed to maximize the
production of GDP-L-fucose (Lee et al., 2009). This advance might lead to the future
availability of affordable fucosylated oligosaccharides.
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6. PMIs are promising targets for the development of new antimicrobials
PMIs have been considered as suitable targets for the development of antibacterial,
antiparasitic, and antifungal agents (Bhandari et al., 1998; Roux et al., 2004; Roux et al.,
2007). Roux et al. (2004) reported the inhibition of a yeast type I PMI and a P. aeruginosa type
II PMI by 5-phospho-D-arabinohydroxamate (5PAH). However, phosphorylated
compounds have a limited therapeutical interest, not only because of their ionic character
which do not allow them to freely cross the barrier that is the hydrophobic cell membrane,
but also because of their high susceptibility to hydrolysis by endogenous phosphatase
enzyme activity (Foret et al., 2009). Recently, the 6-deoxy-6-(dicarboxymethyl)-Dmannopyranose, a non-hydrolysable M6P analogue in which the phosphate group was
replaced by a dicarboxymethyl group, was reported to be a strong inhibitor of the enzymatic
activity of PMIs from E. coli and S. cerevisiae (Foret et al., 2009).
Sequence alignment studies have revealed that the type I PMIs from pathogenic
microorganisms such as fungi and protozoa, exhibit a high level of amino acid sequence
identity (>40%) with the humans type I PMIs, especially in the binding site region (Jensen
and Reeves, 1998). This high degree of identity hampers the development of species-specific
inhibitors against fungal or bacterial type I PMIs that do not inhibit the human type I PMIs.
In most human tissues, the inhibition of the PMI activity will most probably do not impair
the global metabolism, because the majority of the M6P that is utilized for glycoprotein
synthesis is most likely not derived from F6P, but originates from efficient uptake of Dmannose through a specific exogenous mannose transporter, followed by its
phosphorylation by hexokinases (Panneerselvam et al., 1997). However, in organs such as
the liver and the intestine, where this pathway is less efficient, a deficiency in human PMI
activity leads to the carbohydrate deficient glycoprotein syndrome type 1b (CDGS 1b), a
severe metabolic disorder with hepatic and intestinal manifestations (Niehues et al., 1998).
Nevertheless, this disease has been successfully treated by oral administration of Dmannose (Niehues et al., 1998). Therefore, a therapeutical strategy combining the enzyme
inhibitor and D-mannose supplementation should alleviate the side-effects of PMI inhibition
on humans.
In the pathogenic yeast C. neoformans, the pathway for exogenous mannose uptake was
reported to be much less efficient than in humans, and the type I PMI from this pathogen
was considered as an excellent therapeutic target (Wills et al., 2001). However, the efficiency
of the pathway for M6P formation in other microorganisms remains poorly studied. The
PMI inhibition therapy will also be possible for local treatments, such as against yeast
infections (e.g. candidiasis) and cutaneous leishmaniasis, without affecting human
metabolism.
No significant sequence identity has been found between Type I and Type II PMI enzymes,
except for a very small conserved amino acid sequence motif in the active site of the protein
(Jensen and Reeves, 1998). For this reason, specific inhibition of the type II PMI activity,
while leaving the human type I protein unaffected, should be achieved more easily than for
the type I PMI proteins from pathogens. This opens the door for the rational design of
potent and highly species-specific inhibitors against the targeted PMIs from pathogens.
However, for this purpose, structural information on type I and type II PMIs is necessary.
High-resolution X-ray crystal structures have been reported for the type I PMIs of Candida
albicans (Cleasby et al., 1996; PDB code 1pmi), Salmonella typhimurium (Gowda et al., 2008;
PDB codes 2wfp, 3h1y, 3h1w, and 3h1m), Helicobacter pylori (PDB code 2qh5), Bacillus subtilis
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(PDB code 1qwr) and the type IV PMIs from A. fulgidus (PDB code 1zx5) and P. aerophilum
(Swan et al., 2004; PDB codes 1x9i, 1x9h, 1tzb and 1tzc). The analysis of the crystal structure
of the type I PMI from C. albicans allowed the identification of the active site and the zinc
metal cofactor binding site of the enzyme (Cleasby et al., 1996). Although the roles of the
individual amino acid residues of the active site and the catalytic mechanisms are still
poorly known, Gracy and Noltman (1968) proposed that the zinc ion coordinates with the
carbonyl and hydroxyl oxygens on Cl and C2, activating the -hydrogen to the carbonyl,
which is abstracted by the nonprotonated nitrogen of an imidazole group to form the
transient enediol intermediate. In contrast, the type II PMIs don´t bind Zn2+ specifically. This
observation reveals that there are some differences between the different classes of PMIs.
Contrasting with the wealth of structural information on types I and IV PMIs, no
structural information on type II and III PMIs is available, difficulting the determination
of the roles of individual amino acid residues of the active site and the catalytic
mechanisms of these proteins. Therefore, knowledge on the three-dimension structure of
these enzymes is necessary to allow the understanding of the mechanisms of the
isomerization reaction and the role played by the metal ions in catalysis. In turn, this
information will certainly give crucial information for the exploitation of these important
enzymes as targets for the rational design of inhibitors, thus enabling us with new
antimicrobials to fight infections caused by microorganisms resistant to the clinically
relevant antibiotics available nowadays.

7. Acknowledgments
This work was partially funded by FEDER and Fundação para a Ciência e Tecnologia (FCT),
Portugal, through contract PTDC/EBB-BIO/098352/2008, and a post-doctoral grant to Sílvia
A. Sousa. Christian G. Ramos acknowledges a doctoral grant from Fundação Calouste
Gulbenkian (FCG).

8. References
Bhandari A, Jones DG, Schullek JR, Vo K, Schunk CA, Tamanaha LL, Chen D, Yuan Z,
Needels MC, Gallop MA (1998) Exploring structure-activity relationships around
the phosphomannose isomerase inhibitor AF14049 via combinatorial synthesis.
Bioorg Med Chem Lett 8:2303-2308.
Boehm G, Stahl B (2007) Oligosaccharides from milk. J Nutr 137:847S–849S.
Born K, Langendorff V, Boulenguer P (2002) Xanthan. In: Biopolymers, Steinbüchel A,
Vandamme EJ, De Baets S (eds.), Weinheim: Weley-VCH, 5:259-291.
Bylund J, Burgess LA, Cescutti P, Ernst RK, Speert DP (2006) Exopolysaccharides from
Burkholderia cenocepacia inhibit neutrophil chemotaxis and scavenge reactive oxygen
species. J Biol Chem 281:2526–2532.
Cescutti P, Bosco M, Picotti F, Impallomeni G, Leitão JH, Richau JA, Sá-Correia I (2000)
Structural study of the exopolysaccharide produced by a clinical isolate of
Burkholderia cepacia. Biochem Biophys Res Commun 273:1088-1094.
Cleasby A, Wonacott A, Skarzynski T, Hubbard RE, Davies GJ, Proudfoot AE, Bernard
AR, Payton MA, Wells TN (1996) The x-ray crystal structure of phosphomannose

www.intechopen.com

298

Biopolymers

isomerase from Candida albicans at 1.7 angstrom resolution. Nat Struct Biol 3:
470-479.
Cunha MV, Sousa SA, Leitão JH, Moreira LM, Videira PA, Sá-Correia I (2004) Studies on the
involvement of the exopolysaccharide produced by cystic fibrosis-associated
isolates of the Burkholderia cepacia complex in biofilm formation and in persistence
of respiratory infections. J Clin Microbiol 42:3052-3058.
Dunwell JM, Khuri S, Gane PJ (2000) Microbial relatives of the seed storage proteins
of higher plants: conservation of structure and diversification of function
during evolution of the cupin superfamily. Microbiol Mol Biol Rev 64:
153-179.
Ferreira AS, Leitão JH, Silva IN, Pinheiro PF, Sousa SA, Ramos CG, Moreira LM (2010)
Distribution of cepacian biosynthesis genes among environmental and clinical
Burkholderia strains and role of cepacian exopolysaccharide in resistance to stress
conditions. Appl Environ Microbiol 76:441-50.
Foret J, de Courcy B, Gresh N, Piquemal JP, Salmon L (2009) Synthesis and evaluation of
non-hydrolyzable D-mannose 6-phosphate surrogates reveal 6-deoxy-6dicarboxymethyl-D-mannose as a new strong inhibitor of phosphomannose
isomerases. Bioorg Med Chem 17:7100-7107.
Garami A, Ilg T (2001) The role of phosphomannose isomerase in Leishmania mexicana
glycoconjugate synthesis and virulence. J Biol Chem 276:6566-6575.
Govan JR, Deretic V (1996) Microbial pathogenesis in cystic fibrosis: mucoid Pseudomonas
aeruginosa and Burkholderia cepacia. Microbiol Rev 60:539-574.
Gowda G, Sagurthi SR, Savithrib HS, Murthya MRN (2008) Cloning, expression,
purification, crystallization and preliminary X-ray crystallographic analysis of the
mannose 6-phosphate isomerase from Salmonella typhimurium. Acta Crystallogr Sect
F Struct Biol Cryst Commun 64:81-84.
Gracy RW, Noltmann EA (1968) Studies on phosphomannose isomerase. II. Characterization
as a zinc metalloenzyme. J Biol Chem 243:4109-4116.
Griffin AM, Poelwijk ES, Morris VJ, Gasson MJ (1997) Cloning of the aceF gene encoding the
phosphomannose isomerase and GDP-mannose pyrophosphorylase activities
involved in acetan biosynthesis in Acetobacter xylinum. FEMS Microbiol Lett 154:389396.
Hansen T, Wendorff D, Schönheit P (2004) Bifunctional phosphoglucose/phosphomannose
isomerases from the archaea Aeropyrum pernix and Thermoplasma acidophilum
constitute a novel enzyme family within the phosphoglucose isomerase
superfamily. J Biol Chem 279:2262–2272.
Herasimenka Y, Cescutti P, Impallomeni G, Campana S, Taccetti G, Ravenni N, Zanetti F,
Rizzo R (2007) Exopolysaccharides produced by clinical strains belonging to the
Burkholderia cepacia complex. J Cyst Fibros 6:145-152.
Jackson KD, Starkey M, Kremer S, Parsek MR, Wozniak DJ (2004) Identification
of psl, a locus encoding a potential exopolysaccharide that is essential
for Pseudomonas aeruginosa PAO1 biofilm formation. J Bacteriol 186:4466
-4475.

www.intechopen.com

Bacterial Type II PMIs: Exploitable Bifunctional Enzymes for
Biotechnological Applications and the Rational Design of Antimicrobials

299

Jensen SO, Reeves PR (2001) Molecular evolution of the GDP-mannose pathway genes
(manB and manC) in Salmonella enterica. Microbiology 147:599-610.
Jensen SO, Reeves PR (1998) Domain organisation in phosphomannose isomerases (type I
and II). Biochim Biophys Acta 1382: 5-7.
Khuri S, Bakker FT, Dunwell JM (2001) Phylogeny, function, and evolution of the cupins, a
structurally conserved, functionally diverse superfamily of proteins. Mol Biol Evol
18:593-605.
Köplin R, Arnold W, Hötte B, Simon R, Wang G, Pühler A (1992) Genetics
of xanthan production in Xanthomonas campestris: the xanA and xanB
genes are involved in UDP-glucose and GDP-mannose biosynthesis. J Bacteriol
174:191-199.
Lee BT, Matheson NK (1984) Phosphomanno isomerase and phophogluco isomerase in
seeds of Cassia coluteoides and some other legumes that synthesize galactomannan.
Phytochemistry 23:983–987.
Lee HJ, Chang HY, Venkatesan N, Peng HL (2008) Identification of amino acid residues
important for the phosphomannose isomerase activity of PslB in Pseudomonas
aeruginosa PAO1. FEBS Lett 582:3479-3483.
Lee WH, Han NS, Park YC, Seo JH (2009) Modulation of guanosine 5'-diphosphate-Dmannose metabolism in recombinant Escherichia coli for production of guanosine 5'diphosphate-L-fucose. Bioresour Technol 100:6143-6148.
Leitão JH, Sá-Correia I (1993) Manipulation of Pseudomonas aeruginosa alginate pathway by
varying the level of biosynthetic enzymes and growth temperature. J Appl Bacteriol
74:452-459.
Leitão JH, Sá-Correia I (1997) Oxygen-dependent upregulation of transcription of
alginate genes algA, algC and algD in Pseudomonas aeruginosa. Res Microbiol 148:
37–43.
May TB, Shinabarger D, Boyd A, Chakrabarty AM (1994) Identification of amino
acid residues involved in the activity of phosphomannose isomerase-guanosine
5'-diphospho-D-mannose
pyrophosphorylase.
A
bifunctional
enzyme
in the alginate biosynthetic pathway of Pseudomonas aeruginosa. J Biol Chem
269:4872-4877.
Miles JS, Guest JR (1984) Nucleotide sequence and transcriptional start point
of the phosphomannose isomerase gene (manA) of Escherichia coli. Gene 32:
41–48.
Min BW, Cho YN, Song MJ, Noh TK, Kim BK, Chae WK, Park YS, Choi YD, Harn CH (2007)
Successful genetic transformation of Chinese cabbage using phosphomannose
isomerase as a selection marker. Plant Cell Rep 26:337–344.
Newburg DS, Ruiz-Palacios GM, Altaye M, Chaturvedi P, Meinzen-Derr J, Guerrero
MD, Morrow AL (2004) Innate protection conferred by fucosylated
oligosaccharides of human milk against diarrhea in breastfed infants. Glycobiology
14:253–263.
Niehues R, Hasilik M, Alton G, Körner C, Schiebe-Sukumar M, Koch HG, Zimmer KP, Wu
R, Harms E, Reiter K, von Figura K, Freeze HH, Harms HK, Marquardt T (1998)

www.intechopen.com

300

Biopolymers

Carbohydrate-deficient glycoprotein syndrome type Ib. Phosphomannose
isomerase deficiency and mannose therapy. J Clin Invest 101:1414-1420.
Okano K (2009) Synthesis and pharmaceutical application of L-ribose. Tetrahedron 65:1937–
1949.
Panneerselvam K, Etchison JR, Freeze HH (1997) Human fibroblasts prefer mannose
over glucose as a source of mannose for N-glycosylation. Evidence for
the functional importance of transported mannose. J Biol Chem 272:23123
-23129.
Papoutsopoulou SV, Kyriakidis DA (1997) Phosphomannose isomerase of Xanthomonas
campestris: a zinc activated enzyme. Mol Cell Biochem 177:183-191.
Patterson JH, Waller RF, Jeevarajah D, Billman-Jacobe H, McConville MJ (2003)
Mannose metabolism is required for mycobacterial growth. Biochem J 372:
77-86.
Payton MA, Rheinnecker M, Klig LS, DeTiani M, Bowden E (1991) A novel Saccharomyces
cerevisiae secretory mutant possesses a thermolabile phosphomannose isomerase. J
Bacteriol 173:2006-2010.
Pettitt DJ (1979) In: Polysaccharides in food, Blanshard JMV, Mitchell JR (Eds.), pp. 263-280.
Richau JA, Leitão JH, Correia M, Lito L, Salgado MJ, Barreto C, Cescutti P, Sá-Correia
I (2000a) Molecular typing and exopolysaccharide biosynthesis of Burkholderia
cepacia isolates from a Portuguese cystic fibrosis center. J Clin Microbiol 38:16511655.
Richau JA, Leitão JH, Sá-Correia I (2000b) Enzymes leading to the nucleotide sugar
precursors for exopolysaccharide synthesis in Burkholderia cepacia. Biochem Biophys
Res Commun 276:71-76.
Rocchetta HL, Pacan JC, Lam JS (1998) Synthesis of the A-band polysaccharide sugar
D-rhamnose requires Rmd and WbpW: identification of multiple AlgA
homologues, WbpW and ORF488, in Pseudomonas aeruginosa. Mol Microbiol 29:14191434.
Roux C, Lee JH, Jeffrey CJ, Salmon L (2004) Inhibition of type I and type II phosphomannose
isomerases
by
the
reaction
intermediate
analogue
5-phospho-Darabinonohydroxamic acid supports a catalytic role for the metal cofactor. Biochem
43: 2926-2934.
Roux C, Gresh N, Pereira LE, Piquemal J-P, Salmon L (2007) Binding of
5-phosphoarabinohydroxamate
and
5-phospho-D-arabinonate
to
zinc
phosphomannose isomerase from Candida albicans studied by polarizable
molecular mechanisms and quantum mechanics. J Comput Chem 28:938
-957.
Sá-Correia I, Darzins A, Wang SK, Berry A, Chakrabarty AM (1987) Alginate biosynthetic
enzymes in mucoid and nonmucoid Pseudomonas aeruginosa: overproduction of
phosphomannose isomerase, phosphomannomutase, and GDP-mannose
pyrophosphorylase by overexpression of the phosphomannose isomerase (pmi)
gene. J Bacteriol 169:3224-3231.
Sabra W, Zeng AP, Deckwer WD (2001) Bacterial alginate: physiology, product quality and
process aspects. Appl Microbiol Biotechnol 56:315-325.

www.intechopen.com

Bacterial Type II PMIs: Exploitable Bifunctional Enzymes for
Biotechnological Applications and the Rational Design of Antimicrobials

301

Shankar S, Ye RW, Schlictman D, Chakrabarty AM (1995) Exopolysaccharide alginate
synthesis in Pseudomonas aeruginosa: enzymology and regulation of gene
expression. Adv Enzymol Relat Areas Mol Biol 70:221–255.
Shinabarger D, Berry A, May TB, Rothmel R, Fialho A, Chakrabarty AM (1991)
Purification
and
characterization
of
phosphomannose
isomerase
guanosine diphospho-D-mannose pyrophosphorylase. A bifunctional enzyme
in the alginate biosynthetic pathway of Pseudomonas aeruginosa. J Biol Chem
266:2080-2088.
Slein MW (1950) Phosphomannose isomerase. J Biol Chem 186: 753-761.
Smith DJ, Payton MA (1994) Hyphal tip extension in Aspergillus nidulans requires
the manA gene, which encodes phosphomannose isomerase. Mol Cell Biol 14:60306038.
Smith DJ, Proudfoot AE, Detiani M, Wells TN, Payton MA (1995) Cloning and heterologous
expression of the Candida albicans gene PMI 1 encoding phosphomannose
isomerase. Yeast 11:301-310.
Sousa SA, Moreira LM, Wopperer J, Eberl L, Sá-Correia I, Leitão JH (2007a) The Burkholderia
cepacia bceA gene encodes a protein with phosphomannose isomerase and
GDP-D-mannose pyrophosphorylase activities. Biochem Biophys Res Commun
353:200-206.
Sousa SA, Ulrich M, Bragonzi A, Burke M, Worlitzsch D, Leitão JH, Meisner C, Eberl L, SáCorreia I, Döring G (2007b) Virulence of Burkholderia cepacia complex strains in
gp91phox−/− mice. Cell Microbiol 9:2817–2825.
Sousa SA, Moreira LM, Leitão JH (2008) Functional analysis of the Burkholderia
cenocepacia J2315 BceAJ protein with phosphomannose isomerase and
GDP-D-mannose pyrophosphorylase activities. Appl Microbiol Biotechnol 80:10151022.
Swan MK, Hansen T, Schönheit P, Davies C (2004) A novel phosphoglucose isomerase
(PGI)/phosphomannose isomerase from the crenarchaeon Pyrobaculum aerophilum
is a member of the PGI superfamily: structural evidence at 1.16-A resolution. J Biol
Chem 279:39838-39845.
Tran ST, Le DT, Kim YC, Shin M, Choi JD (2009) Cloning and characterization of
phosphomannose isomerase from Sphingomonas chungbukensis DJ77. BMB Rep
42:523-528.
Vinion-Dubiel AD, Goldberg JB (2003) Lipopolysaccharide of Burkholderia cepacia complex. J
Endotoxin Res 9:201-213.
Wills EA, Roberts IS, Del Poeta M, Rivera J, Casadevall A, Cox GM, Perfect JR (2001)
Identification and characterization of the Cryptococcus neoformans phosphomannose
isomerase-encoding gene, MAN1, and its impact on pathogenicity. Mol Microbiol
40:610-620.
Wu B, Zhang Y, Zheng R, Guo C, Wang PG (2002) Bifunctional phosphomannose
isomerase/GDP-D-mannose pyrophosphorylase is the point of control for GDP-Dmannose biosynthesis in Helicobacter pylori. FEBS Lett 519:87-92.

www.intechopen.com

302

Biopolymers

Yeom SJ, Ji JH, Yoon RY, Oh DK (2008) L-Ribulose production from L-arabinose by an Larabinose isomerase mutant from Geobacillus thermodenitrificans. Biotechnol. Lett
30:1789–1793.
Yeom SJ, Ji JH, Kim NH, Park CS, Oh DK (2009) Substrate specificity of a mannose-6phosphate isomerase from Bacillus subtilis and its application in the production of
L-ribose. Appl Environ Microbiol 75:4705-4710.
Zlosnik JE, Hird TJ, Fraenkel MC, Moreira LM, Henry DA, Speert DP (2008) Differential
mucoid exopolysaccharide production by members of the Burkholderia cepacia
complex. J Clin Microbiol 46:1470-1473.

www.intechopen.com

Biopolymers

Edited by Magdy Elnashar

ISBN 978-953-307-109-1
Hard cover, 612 pages
Publisher Sciyo

Published online 28, September, 2010

Published in print edition September, 2010
Biopolymers are polymers produced by living organisms. Cellulose, starch, chitin, proteins, peptides, DNA and
RNA are all examples of biopolymers. This book comprehensively reviews and compiles information on
biopolymers in 30 chapters. The book covers occurrence, synthesis, isolation and production, properties and
applications, modification, and the relevant analysis methods to reveal the structures and properties of some
biopolymers. This book will hopefully be of help to many scientists, physicians, pharmacists, engineers and
other experts in a variety of disciplines, both academic and industrial. It may not only support research and
development, but be suitable for teaching as well.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:
Sílvia Sousa, Christian Ramos, Joana Feliciano and Jorge Leitão (2010). Bacterial Type II PMIs: Exploitable
Bifunctional Enzymes for Biotechnological Applications and the Rational Design of Antimicrobials, Biopolymers,
Magdy Elnashar (Ed.), ISBN: 978-953-307-109-1, InTech, Available from:
http://www.intechopen.com/books/biopolymers/bacterial-type-ii-pmis-exploitable-bifunctional-enzymes-forbiotechnological-applications-and-the-ra

InTech Europe

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166
www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

© 2010 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercialShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and
derivative works building on this content are distributed under the same
license.

