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The Pseudomonas fluorescens AlgG Protein, but Not Its Mannuronan
C-5-Epimerase Activity, Is Needed for Alginate Polymer Formation
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Bacterial alginates are produced as 1-4-linked �-D-mannuronan, followed by epimerization of some of the
mannuronic acid residues to �-L-guluronic acid. Here we report the isolation of four different epimerization-
defective point mutants of the periplasmic Pseudomonas fluorescens mannuronan C-5-epimerase AlgG. All
mutations affected amino acids conserved among AlgG-epimerases and were clustered in a part of the enzyme
also sharing some sequence similarity to a group of secreted epimerases previously reported in Azotobacter
vinelandii. An algG-deletion mutant was constructed and found to produce predominantly a dimer containing
a 4-deoxy-L-erythro-hex-4-enepyranosyluronate residue at the nonreducing end and a mannuronic acid residue
at the reducing end. The production of this dimer is the result of the activity of an alginate lyase, AlgL, whose
in vivo activity is much more limited in the presence of AlgG. A strain expressing both an epimerase-defective
(point mutation) and a wild-type epimerase was constructed and shown to produce two types of alginate
molecules: one class being pure mannuronan and the other having the wild-type content of guluronic acid
residues. This formation of two distinct classes of polymers in a genetically pure cell line can be explained by
assuming that AlgG is part of a periplasmic protein complex.

Although originally described in algae (45) the polymer al-
ginate is also produced by bacterial species belonging to the
genera Pseudomonas and Azotobacter. It is a linear copolymer
of 1-4-linked �-L-guluronic acid (G) and �-D-mannuronic acid
(M); the latter may be O-2 and/or O-3 acetylated in bacterial
alginates (43). The relative amounts and distribution of the two
uronic acid residues vary among species and is also dependent
on growth conditions (43). The bacteria use alginate as a part
of their vegetative capsule, and it is also implicated in the
formation of Pseudomonas biofilms (32). Most strains of Azo-
tobacter produce alginates constitutively, whereas many species
of Pseudomonas have downregulated their production to non-
detectable amounts. However, mutants overproducing alginate
can be isolated from such strains (17). Alginates from pseudo-
monads have never been found to contain stretches of contin-
uous G residues (G blocks), whereas this is quite common for
alginates produced by Azotobacter species and algae (43).
These G blocks account for the ion-binding and gel-forming
capacity of the alginates, a property that is crucial for the many
industrial applications of the polymer (44). It is also biologi-
cally interesting in that it enables Azotobacter to produce a
protective calcium-alginate gel coat surrounding a particular
cellular resting stage designated cyst (38). The biological func-
tion of the G residues in Pseudomonas alginates and in vege-
tatively growing Azotobacter cells is not well understood.

When Pseudomonas aeruginosa infects the lungs of patients
suffering from cystic fibrosis, spontaneous alginate-producing

mutants emerge. The alginate protects the bacteria against the
host’s immune system and antibiotics and increases the viscos-
ity of the fluid in the lung (27, 28). It was found that all but one
of the proteins necessary for the biosynthesis, modification,
and export of alginates are encoded by one operon (4). Later,
a similar operon has been described for Pseudomonas syringae
(34). Azotobacter vinelandii also contains a homologous gene
cluster (37), but its genes are organized in several transcription
units (48). Much knowledge on the regulation of the biosyn-
thesis of alginate has also emerged during the last decade (16).

Both in bacteria and algae alginate is first synthesized as
mannuronan, and the G residues are then introduced by man-
nuronan C-5-epimerases (47). Such enzymes were first de-
scribed by Haug and Larsen (21), who found a secreted epi-
merase in the culture medium of A. vinelandii. During the work
aimed at cloning the gene encoding this activity, it was found
that A. vinelandii encodes a family of seven homologous se-
creted epimerases (AlgE1 to AlgE7) (8, 10, 46). The genome
of P. aeruginosa is now sequenced, and this bacterium does not
encode any protein homologous to the secreted epimerases of
A. vinelandii. Chitnis and Ohman (3) isolated P. aeruginosa
mutants, which produced pure mannuronan, and a mutation
was mapped to algG in the alginate operon. Franklin et al. (12)
showed algG to encode a periplasmic mannuronan C-5-epi-
merase. Later, it was found that A. vinelandii also encodes an
active AlgG (37). Downstream of algG is algX, which is nec-
essary for alginate production (30), algL encoding an alginate
lyase (40), and algIJF, which are involved in acetylation (13,
14). The most-downstream gene of the operon, algA, encodes
the bifunctional enzyme phosphomannoisomerase–D-man-
nose-1-phosphate guanylyl transferase, and its activity is re-
quired for alginate production (41).
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In our studies of the AlgE epimerases it became important
to have access to reasonable quantities of mannuronan as a
substrate. We therefore decided to develop the production of
this polymer in a nonpathogenic Pseudomonas species in order
to avoid the problems related to handling large culture vol-
umes of a pathogenic organism (P. aeruginosa). The Pseudo-
monas fluorescens strain NCIMB10525 was selected as a host
for this purpose, and from chemically mutagenized cells we
first isolated an alginate overproducer (designated Pf201) from
this strain, by using formation of mucoid colonies on agar
medium as a criterion. The colony-based G lyase assay of
Chitnis and Ohman (3) was then used to isolate mannuronan
producers from chemically mutagenized Pf201 cells.

The order of the genes in the alg operons characterized so
far is all the same, and we therefore assumed that this was the
case also for P. fluorescens. This was confirmed by cloning of
alg�EGXLIJFA from strain NCIMB10525 and by inspecting the
sequences of the genome of the P. fluorescens strain PfO-1,
made available during the studies reported here (http://www
.jgi.doe.gov/tempweb/JGI_microbial/html/index.html). In our
studies of the mannuronan-producing mutants of Pf201 we
discovered that AlgG plays a more complex role in alginate
biosynthesis than previously anticipated. One way to interpret
our results is to assume that AlgG is part of a protein complex
in which it protects the newly synthesized polymer from deg-
radation by AlgL.

MATERIALS AND METHODS

Growth of bacteria. The bacterial strains and plasmids used are described in
Table 1. Escherichia coli and P. fluorescens strains were routinely grown in L
broth (10 g of tryptone/liter, 5 g of yeast extract/liter, and 5 g of NaCl/liter) or on
L agar (L broth containing 15 g of agar/liter) at 37 and 30°C, respectively.
Matings between E. coli S17.1 and P. fluorescens strains were performed at 30°C
on L agar, and selections of transconjugants were done with Pseudomonas iso-
lation agar (PIA; Difco) with appropriate antibiotics. For transposon insertions,
strain S17.1(�pir) was used as the donor. Production of P. fluorescens alginate was
performed in liquid PIA medium (shake flasks) containing bacteriological pep-
tone (20 g/liter), NaCl (5 g/liter) MgCl2 (1.4 g/liter), K2SO4 (10 g/liter), and 20
ml of 87% glycerol/liter or in PM5 medium (fermentors) containing fructose (40
g/liter), yeast extract (12 g/liter), (NH4)2SO4 (0.6 g/liter), Na2HPO4 � 2H2O (2.0
g/liter), NaCl (11.7 g/liter), and MgSO4 � 7H2O (0.3 g/liter), and clerol FBA622
(antifoam, 0.5 g/liter). The media were supplemented with proteases—Alkalase
2.4L and Neutrase 0.5L from Novo Nordisk (0.15 ml/liter each in PIA and 0.25
ml/liter each in PM5)—in order to reduce extracellular alginate-lyase activity.
Antibiotics, when used in routine growth experiments, were present at the fol-
lowing concentrations: ampicillin, 100 to 200 �g/ml; kanamycin, 40 �g/ml; and
tetracycline, 12.5 �g/ml (E. coli) or 30 �g/ml (P. fluorescens). m-Toluate was
added to a final concentration of 1 mM unless otherwise stated and 60 �l of
X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) solution (20 mg/ml
in N,N-dimethyl formamide) were added to each agar plate for detection of LacZ
activity. For alginate production in shake flasks 1 to 2 vol-% inoculum from an
overnight culture was transferred to a shake flask (500 ml, baffled) with 100 ml
of liquid PIA medium and incubated at 25°C for 48 h in an orbital shaker (200
rpm; amplitude, 2.5 cm). For alginate production in a fermentor, 2 to 3 vol-%
inoculum from an overnight culture in shake flask was transferred to a 3-liter
fermentor (Applicon) containing 1.4 liters of PM5 medium. The fermentations
were performed at 25°C. pH was adjusted to 7.0 to 7.2 from the start and
controlled at 7.0 with NaOH (2 M). The airflow through the culture medium was
0.25 liter/liter of medium for the first 8 to 10 h; thereafter, it was increased in
steps up to 0.9 to 1.0 liter/liter of medium. The dissolved oxygen was controlled
at 20% of saturation by automatic control of the stirrer speed.

Standard techniques. Plasmid isolation, enzymatic manipulations of DNA,
and agarose gel electrophoresis was performed by the methods of Sambrook and
Russell (39). The QIAquick gel extraction kit and QIAquick PCR purification kit
(Qiagen) was used for DNA purifications from agarose gels and enzymatic
reactions, respectively. Transformations of E. coli were performed as described

by Chung et al. (5) or by use of heat shock-competent rubidium chloride-treated
cells. The E. coli strains S17.1 and SURE (Stratagene) were used for standard
cloning procedures. S17.1(�pir) was used as host for pCNB111 and its deriva-
tives. PCR for cloning and allele identification was performed by using the
Expand High-Fidelity PCR-system (Boehringer Mannheim) or the Pfx polymer-
ase-Pfx PCR system (Gibco-BRL). Site-specific mutagenesis was performed by
using QuickChange site-directed mutagenesis kit (Stratagene). DNA sequencing
was performed by using the BigDye kit (Applied Biosystems). algG from the
strains producing mannuronan was sequenced by ACGT, Inc., Northbrook, Ill.

Primers used for PCR amplifications. The primers used were as follows:
PfalgG3r (PstI), 5�-CAGGCTGCAGCACGGTTCGGC-3�; PfalgG4f (BglII),
5�-AAAAAGATCTAGTCGACTCGTACATGCACCGCG-3�; PfalgG5f (BspHI),
5�-GAGCCTGCGTCATGAACCCTCAAGC-3�; algG-SmaI-1, 5�-CACGGCA
TTCCCCGGGCGATCTTC-3�; algG-SmaI-2, 5�-GAAGATCGCCCGGGGAA
TGCCGTG-3�; PfalgG-NdeI-2, 5�-AAAAAACATATGGGAGCCTGCGCAAT
GAACC-3�; and M13/pUC reverse primer, 5�-AGCGGATAACAATTTCACACA
GGA-3�. Nucleotides indicated in boldface are not part of the P. fluorescens
wild-type sequences. Restriction endonuclease sites are underlined, and the
corresponding enzymes are indicated in parentheses or as part of the primer
designation.

Construction of a suicide vector for gene replacement studies. Originally, we
intended to select for double crossovers by using the sacB marker from Bacillus
subtilis, but this system was not found to be reliable in our strain of P. fluorescens.
We found, however, that the E. coli lacZ gene could be used for a similar
purpose, based on previous reports demonstrating that this marker can be used
in P. fluorescens (20). A new suicide vector designated pMG47 was therefore
constructed by replacing the sacB of pHE55 (lacking the essential plasmid rep-
lication initiation gene trfA) by a particular trfA-lacZ fusion construct previously
shown to express �-galactosidase but not a functional replication-initiation pro-
tein (24). To simplify further cloning steps, new cloning sites were finally intro-
duced into pMG47, generating pMG48 (Table 1). P. fluorescens strains with this
vector with inserted genomic DNA integrated into their chromosome were
tetracycline resistant and formed blue colonies in the presence of X-Gal. Cells
lacking the vector formed white colonies in the presence of X-Gal. These char-
acteristics could therefore be used to easily follow the outcomes of both steps
(vector integration and loss of the integrated copy) in double-crossover experi-
ments.

Alginate quantification. Culture samples were diluted about 10-fold in 0.2 M
NaCl in order to reduce viscosity and centrifuged to remove bacterial cells. The
alginates in the cell-free supernatants were deacetylated by mild alkaline treat-
ment as described previously (11). Alginates were quantified by using the M-
specific lyase from Abalone and G-specific lyase from Klebsiella aerogenes as
described earlier (33). Isolation of deacetylated alginate from culture superna-
tants was performed by adding an equal volume of isopropanol. The precipitate
was collected by centrifugation and washed with both 70 and 96% ethanol.

Measurements of lyase activity and G-specific degradation of alginate with
lyase. For measurements of intracellular alginate lyase activity, bacterial cells
were collected by centrifugation, resuspended in buffer (Tris-HCl [50 mM], NaCl
[0.25 M]; pH 7.5) to an optical density at 660 nm of 3 to 10, and sonicated. The
lyase activities in these extracts were determined by measuring the degradation
rate of mannuronan by using a Ubbelodhe capillary viscometer (Scott-Geräte
instrument no. 53620/II). The mannuronan substrate was dissolved (1 mg/ml) in
12.5 mM Tris-HCl–62.5 mM NaCl (pH 7.5), and 4 ml of this solution was mixed
with 0.4 ml or extract (diluted if necessary) and added to the Ubbelodhe.
M-specific lyase from Abalone was used as a standard (33). One unit of lyase
activity was defined as described by Ertesvåg et al. (9). The time for the solution
to pass the capillary of the Ubbelodhe was measured every 2 min over a period
of 1 h. The analyses were performed at 25°C. The G-specific degradation of
alginate was measured in the Ubbelodhe as described above by mixing 0.1 ml of
G lyase (0.06 U/ml) with 4 ml of alginate substrate (12.5 mM Tris-HCl, 62.5 mM
NaCl [pH 7.5], 1 mg of alginate/ml).

1H-NMR spectroscopy. Alginate samples were collected as described for algi-
nate quantification, except that the deacetylated alginates were precipitated by
acid instead of isopropanol. HCl was added until the pH of the sample was 2. The
alginates were then collected by centrifugation, washed in 70 and 96% ethanol,
redissolved in distilled water, and neutralized by NaOH. To reduce the viscosity
of the polymers for NMR analyses the samples were degraded by mild acid
hydrolysis to a final average degree of polymerization of about 35, neutralized,
and freeze-dried (11). The samples were dissolved in D2O (10 mg/ml), and the
nuclear magnetic resonance (NMR) spectra were obtained by using a Bruker
300-MHz spectrometer. Integration of the spectra and further calculations and
assignment of peaks were performed as described earlier (9, 18).
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Capillary electrophoresis. An Applied Biosystems HPCE model 270A-HT
with Turbochrom Navigator (4.0) software was used. The fused silica column (72
cm, 50 cm to detector, 50-�m inner diameter) was from Supelco (St. Louis, Mo.).
All runs were performed at 30°C. Samples were loaded under vacuum at a
pressure of 16.9 kPa (1.5 s). Before sample injection, the capillary was condi-
tioned for 4 min with 50 mM tetraborate (pH 8.0), followed by a 2-min washing

with 0.1 M NaOH (vacuum pressure of 67.6 kPa). The detection wavelength was
232 nm, and the voltage was 15 kV.

Electrospray ionization mass spectrometry. Samples were diluted in 5 mM
ammonium acetate (pH 9) and analyzed by direct infusion (0.6 ml/h) into an
Agilent MSDTrap SL mass spectrometer equipped with an electrospray ion
source and operated in negative-ion mode. The drying gas flow was 5 liters/min,

TABLE 1. Bacterial strains and plasmids used in this work

Strain, phage, or plasmid Descriptiona Source or reference

Strains
E. coli

S17.1 RP4 2-Tc::Mu-Km::Tn7 pro res mod� 42
S17.1 (�pir) �pir recA thi pro hsdR-M� RP4 2-Tc::Mu-Km::Tn7TpRSMR 6
SURE sbcC recB recJ�(mcrCB-hsdSMR-mrr) endA1 gyrA96 Tcr Kmr 19

P. fluorescens
NCIMB 10525 Nonmucoid P. fluorescens wild type NCIMB

Pf201 algG�, mucoid P. fluorescens mutant derived from NCIMB 10525 P. Karunakaran,
unpublished data

Pf2012 Mannuronan-producing mutant, algG D361N This work
Pf2013 Mannuronan-producing mutant, algG G430D This work
Pf20117 Mannuronan-producing mutant, algG R408C This work
Pf20118 Mannuronan-producing mutant, algG R408C This work
Pf20137 Mannuronan-producing mutant, algG S337F This work
Pf20138 Mannuronan-producing mutant, algG S337F This work
Pf201�algG algG in-frame deletion mutant This work
Pf20118::TnKB10 Derivative of Pf20118 with transposon from pKB10 This work
Pf201�algG::TnKB10 Derivative of Pf201�algG with transposon from pKB10 This work
Pf201�algG::TnCNB111 Derivative of Pf201�algG with transposon from pCNB111 This work

Phages and plasmids
� DashII � cloning vector Stratagene
Pf�1 � DashII with an �15 kb insert of Sau3AI partially digested genomic DNA from

P. fluorescens NCIMB10525 encoding alg�EGXLIJFA
M. Gimmestad,

unpublished data
pGEM5 ColE1; Apr Promega
pGEM11 ColE1; Apr Promega
pCVD442 oriR6K; Apr 7
pJB3Tc20 RK2-based vector; Apr Tcr 2
pCNB111 oriR6K mobRP4, pUT/mini-Tn5 xylS/Pm; Apr Kmr 49
pCNB111luc oriR6K mobRP4, pUT/mini-Tn5 xylS/Pm, luc; Apr Kmr 49
pJB3Tc20trfA Derivative of pJB3Tc20 from which a 1.0-kb BsaAI-NdeI DNA fragment encoding

TrfA was deleted
This work

Litmus28 ColE1; Apr New England Biolabs
pHE55 Derivative of pJB3Tc20trfA in which a 2.6-kb PstI-XbaI DNA fragment from

pCVD442 encoding SacB from B. subtilis was inserted
This work

pJB1002 RK2-based vector encoding a TrfA-LacZ-fusion protein 25
pMG23 Litmus28 in which a 1.8-kb PCR-amplified BglII-PstI DNA fragment containing

algG and 135 bp of algX was inserted; the primers PfalgG3r and PfalgG4f were
used for amplification

This work

pMG26 pGEM11 containing a 4.6-kb SalI DNA fragment from Pf�1 M. Gimmestad,
unpublished data

pMG31 Derivative of pHE55 in which an 1.8-kb BglII-XbaI DNA fragment encoding algG
from pMG23 was inserted

This work

pMG47 XbaI/PstI-restricted derivative of pHE55 in which a 4.1-kb NheI-PstI DNA
fragment from pJB1002 encoding the TrfA-LacZ fusion protein was inserted

This work

pMG48 pMG47 with a 0.36-kb SphI-SapI DNA fragment containing the polylinker of
pGEM5

This work

pMG51 Derivative of pMG26 in which a SmaI site was introduced at nucleotide position
368 in algG by using the primers algG-SmaI-1 and algG-SmaI-2

This work

pMG52 Derivative of pMG51 from which a 0.6-kb SmaI DNA fragment was deleted,
creating an in-frame deletion in algG

This work

pMG53 Derivative of NsiI-NcoI-restricted pMG48 in which a 2.1-kb PstI-BspHI DNA
fragment from pMG52 was inserted

This work

pKB4 Derivative of pMG26 from which a 3.0-kb BlpI-XhoI DNA fragment was deleted; This work
pKB10 Derivative of pCNB111luc in which luc was replaced with a 1.7-kb NdeI-NotI-

restricted PCR fragment containing algG pKB4 was used as PCR template and
PfalgG-NdeI-2 and M13/pUC reverse were used as primers

This work

a Tcr, Kmr, and Apr, tetracycline, kanamycin, and ampicillin resistance, respectively.
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the drying gas temperature was 325°C, and the nebulizer pressure was 15 lb/in2.
The capillary voltage was 3,500 V with an endplate offset of 	500 V.

Nucleotide sequence accession numbers. The DNA sequence reported here
has been submitted to GenBank under accession number AF527790. P. aerugi-
nosa and A. vinelandii algG and algE4 and Sphingomonas sp. aly are listed under
GenBank accession numbers U27829, X87973, L39096, and AB011415, respec-
tively. The sequence data of the alginate biosynthetic cluster from P. fluorescens
strain PfO-1 were obtained from The DOE Joint Genome Institute (JGI) at
http://www.jgi.doe.gov/tempweb/JGI_microbial/html/index.html. Sequence data
of algG from Pseudomonas putida KT2440 and P. syringae were obtained from
The Institute for Genomic Research (TIGR) website (http://www.tigr.org) as
TIGR 1604881/13538 and TIGR 317/5336, respectively.

RESULTS

The mannuronan production is caused by point mutations
in algG. Six mutants forming mucoid colonies in the presence
of G lyase were isolated from strain Pf201, and NMR spec-
troscopy analyses of the corresponding alginates showed that
they all produced mannuronan (not shown). To verify that this
phenotype was caused by mutations in algG, the algG alleles in
the mutants were replaced by the wild-type allele. For this
purpose a gene replacement vector, pMG31, encoding wild-
type algG and the first 135 bp of the downstream algX was
constructed (Table 1). The plasmid was conjugated into each
of the mannuronan-producing mutants, and the transconju-
gants were selected on PIA medium containing tetracycline. As
expected, nonmucoid colonies appeared due to the disruption
of the alginate biosynthetic operon as pMG31 recombined into
algG. These transconjugants were grown in two to six sequen-
tial liquid overnight cultures in the absence of tetracycline to
allow loss of the integrated plasmid. Diluted cultures were
plated on PIA and screened for mucoid revertants, which were
then restreaked on L-agar containing G lyase. All six mutants
could be reverted by this procedure.

Based on the nucleotide sequences of the cloned alg genes,
the predicted mutant algG genes could be PCR amplified from
the six mannuronan-producing strains and then subjected to
DNA sequencing. By comparison to the wild-type sequence,
four different mutations were identified: (i) S337F, TCC to

TTC (strains Pf20137 and Pf20138); (ii) D361N, GAC to AAC
(strain Pf2012); (iii) R408C, CGT to TGT (strains Pf20117 and
Pf20118); and (iv) G430D, GGC to GAC (strain Pf2013). The
mannuronan production in the mutants was therefore caused
by single amino acid substitutions in algG in each mutant. By
comparing these results with the known sequences of AlgG
homologues from different species it was found that the four
substituted amino acids were conserved in all of the deduced
AlgG proteins reported thus far (Fig. 1).

Construction of an algG deletion mutant. NMR spectros-
copy has limitations in detecting very low G contents and, since
the mannuronan production was caused by point mutations in
algG, we decided to construct a deletion in this gene to make
sure that we could produce a totally pure homopolymer. For
this purpose, ca. 40% of algG in pMG26 (Table 1) were de-
leted in frame, and the flanking sequences were transferred to
pMG48, generating pMG53. This internal deletion in algG
corresponds to a deletion of amino acid residues 125 to 337 in
the protein. pMG53 was transferred to P. fluorescens Pf201 by
conjugation, and transconjugants were selected on PIA me-
dium containing X-Gal and tetracycline. Most of the resistant
colonies were blue (lacZ�) and nonmucoid (no alginate poly-
mer production), indicating that pMG53 had been incorpo-
rated into the alginate biosynthetic genes, as expected. One of
these transconjugants was grown in a series of overnight liquid
cultures in the absence of tetracycline to allow the vector to
recombine out of the chromosome. Such recombinants were
expected to form white mucoid colonies (�algG or wild-type
algG, tetracycline-sensitive �lacZ mutants) and should there-
fore be easily identified. Of 4,200 colonies inspected, only 0.2%
were white and mucoid but, interestingly, 13% were white and
nonmucoid. The remaining colonies were still blue and non-
mucoid. The majority of the nonmucoid white colonies were
found to still be tetracycline resistant, and PCR analyses with
primers PfalgG3r and PfalgG5f showed that they still con-
tained both alleles and had lost only parts of the integrated
plasmid. However, a similar analysis of one white and tetracy-

FIG. 1. Alignment of the central part of mannuronan C-5-epimerases. The AlgG epimerases are from the following sources: Pa, P. aeruginosa;
Pp, P. putida; Ps, P. syringae; Av, A. vinelandii; and Pf, P. fluorescens. E4 is the secreted epimerase AlgE4 from A. vinelandii. “Sp” is the alginate
lyase ALYIII from a Sphingomonas sp. The numbers relate to the start of the deduced proteins. Amino acids identical to those in the P. fluorescens
AlgG-sequence are shown as dots, and gaps are indicated as horizontal lines. AlgE4 amino acids identical to the corresponding residues in one
or more of the AlgG proteins apart from P. fluorescens AlgG are shaded gray. The conserved motifs (see the text) are boxed. The four amino acids
shown to be essential for epimerase activity in P. fluorescens are highlighted in black, whereas the corresponding amino acids in the epimerization-
defective mutants are indicated above the alignment. Asterisks mark the amino acids S356 and D342. These two residues are found in the same
positions relative to the motifs as the corresponding pair S337 and D361, which both have been found to be critical for epimerization.
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cline-sensitive strain, designated Pf201�algG, showed that it
carried the desired algG deletion.

Surprisingly, strain Pf201�algG formed nonmucoid colonies
on agar medium, even though the algG deletion was designed
to be in frame. A similar experiment was carried out in parallel
on another P. fluorescens strain, and this mutant was recently
also reported to form nonmucoid colonies on agar medium
(31). Here we are aiming at understanding the reasons for this
phenotype, which correlated with the observation that no al-
ginate could be recovered by standard isopropanol precipita-
tion from the liquid culture medium of Pf201�algG-grown
cells.

To make sure that the nonmucoid phenotype was caused by
lack of AlgG only, we first measured the intracellular activity of
algL, located downstream of algG, and found it to be similar in
Pf201�algG and in Pf201 (results not shown). Thus, polar effects
did not appear to be relevant to explain the phenotype. Further
confirmation was obtained by complementing Pf201�algG with
wild-type algG. In our strain of P. fluorescens this could not be
done with a plasmid encoding AlgG because of problems with a
high frequency of plasmid integration by homologous recombi-
nation into the corresponding site in the alg operon. However, we
were instead able to use a previously constructed transposon
system for complementation. This system is based on the induc-
ible broad-host range Pm promoter previously used to express the
luc reporter gene in E. coli (49). Preliminary studies of this system
in P. fluorescens showed that expression was very efficient, since it
was observed that even in the absence of inducer the luc ex-
pression level was similar to that of the corresponding induced
E. coli cells (data not shown). The wild-type algG gene was
therefore inserted into this transposon present in the suicide
plasmid pCNB111, generating plasmid pKB10, which was con-
jugated into Pf201�algG. Transconjugants with chromosomal
insertions of the transposon (TnKB10) displayed a strongly
mucoid phenotype on agar medium containing the Pm inducer

m-toluate, and the mucoid phenotype was much less promi-
nent on the same medium lacking the inducer (not shown).
Analyses of the alginates produced in liquid media by one such
transconjugant, Pf201�algG::TnKB10, also showed that a sig-
nificant amount (2.5 g/liter) of high-molecular-weight polymer
was produced even in the absence of inducer (Table 2). This is
probably due to the relatively high background level of expres-
sion from the Pm promoter in P. fluorescens, which also was
observed for the luciferase control experiments. Still, in the
presence of inducer more alginate (4.7 g/liter) was produced,
and the product contained ca. 30% G. As a negative control in
these experiments we used a Pf201�algG strain in which the
corresponding transposon lacking algG was inserted into the
chromosome. As expected, this strain, designated Pf201�
algG::TnCNB111, did not produce alginate polymer neither in
the absence nor in the presence of m-toluate (Table 2). It could
therefore be concluded that AlgG wild-type alone is sufficient
to complement the phenotype of strain Pf201�algG.

The absence of the AlgG protein leads predominantly to
production of an unsaturated disaccharide originating from
alginate lyase activity. In our studies aiming at understanding
the reasons for the Pf201�algG phenotype it was discovered
that the growth medium of cultures of this strain absorbed light
at 230 nm to an extent that significantly exceeded that of the
corresponding algG wild-type and strains Pf201 and Pf20118
(Table 3). The absorption was also much stronger than the
medium background from the nonmucoid parent wild-type
strain. Absorption at 230 nm is known to be the result of
AlgL-mediated degradation of alginate due to the double bond
formed in this reaction (9). Interestingly, complete degrada-
tion by externally added lyase of the alginate produced by
strain Pf201 and Pf20118 gave rise to A230 signals of the same
magnitude as that from strain Pf201�algG without added lyase
(16.1, 16.6, and 14.9, respectively). It therefore seemed possi-
ble that the nonmucoid phenotype of Pf201�algG was caused
by extensive degradation of the alginate produced, thereby also
explaining the lack of precipitation in the presence of isopro-
panol. To investigate this, the medium supernatant from
Pf201�algG grown for 2 days in PM5 medium was freeze-dried
and analyzed by 1H-NMR (Fig. 2). The spectrum clearly
showed that extensive AlgL-mediated degradation had taken
place, as seen by the strong signals from the double bonds
(�4-M and �1-M) and from the reducing ends (Mred� plus
Mred�). The M-1 signals from internal mannuronic acid resi-
dues were much weaker than the signals from end-residues,

TABLE 2. Alginate production and composition by different
mutant strains grown in liquid PIA

Strain

m-
Toluate
concn
(mM)

Mean alginate
concn (g/liter)a


 SD
FG

b

Pf201 0 4.7 
 0.4 0.33
Pf20118 0 4.5 
 0.2 0.0
Pf201�algG 0 0.0c

Pf201�algG::TnCNB111 0 0.0c

Pf201�algG::TnCNB111 0.1 0.0c

Pf201�algG::TnKB10 0 2.5 
 0.2 NDd

Pf201�algG::TnKB10 0.025 4.7 
 0.4 0.30
Pf20118::TnKB10 0 4.6 
 0.3 0.06
Pf20118::TnKB10 0.01 4.9 
 0.1 0.12
Pf20118::TnKB10 0.025 4.9 
 0.5 0.18
Pf20118::TnKB10 0.1 4.9 
 0.2 0.23
Pf20118::TnKB10 0.5 4.7 
 0.3 0.25
Pf20118::TnKB10 3.0 4.4 
 0.3 0.28

a Alginate production was measured from three independent cultures for each
strain. The alginate concentrations are given as mean values of eight analyses of
one typical sample; the other two samples were within the limits of variation
shown. Standard deviations were calculated using the following formula: {[n�x2

	 (�x)2]/n(n 	 1)}0.5.
b FG, fraction of G-residues.
c No alginate isolated by isopropanol precipitation.
d ND, not determined.

TABLE 3. Unsaturated ends in culture medium (liquid PIA)
measured at A230 before and after treatment with M lyasea

Strain

Mean A230 
 SD on:

Untreated growth
medium

Medium plus M lyase
and G lyase

NCIMB10525 10.4 
 0.4 10.1 
 0.4
Pf201 10.3 
 0.1 16.1 
 0.2
Pf20118 10.6 
 0.2 16.6 
 0.3
Pf201�algG 14.9 
 0.3 14.4 
 0.4

a Each value is the mean of six analyses of the same sample, and standard
deviations were calculated as described in Table 2. The high values observed for
the wild type are the result of a high background absorption in the growth
medium. This value was not subtracted from the measured values.
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indicating that the degradation product might be primarily
a dimer. Similar results were found in a parallel study on
P. aeruginosa (22). This was surprising since it has been
shown previously that when AlgL from A. vinelandii was used
to completely degrade mannuronan in vitro (9), the average
degree of polymerization of the endproducts was about three.
Similarly, Rehm (35) found that AlgL from P. aeruginosa pro-
duced far more trimers than dimers from a polymeric alginate
containing only 5% G residues. It appears that the P. fluores-
cens lyase either acts in another way on its substrate compared
to that of the P. aeruginosa and A. vinelandii lyases or that its
mode of action is different in vivo from what it is in vitro.

Since the NMR spectrum described above contained some
unidentified signals from other components in the growth me-
dium, we considered it necessary to examine the alginate deg-
radation products produced by Pf201�algG more closely. This
was done by first size fractionating them by capillary electro-
phoresis. Interestingly, a single peak dominated in this analysis,
one which separated the oligomers of alginate very well (Fig.
3A). The culture supernatant was further analyzed by mass

spectroscopy (Fig. 3B), and the dominant peaks have masses
corresponding to �M-1H� (i.e., 351.2) and �M�Na�-2H�

(i.e., 373.2), confirming that Pf201�algG predominantly pro-
duces dimeric oligomannuronic acids that are unsaturated at
their nonreducing ends. These experiments therefore clearly
demonstrated that AlgG, in addition to its epimerization ac-
tivity, plays a role in protecting the alginate polymer from
AlgL-mediated degradation and that the in vivo mode of ac-
tion of the lyase in the absence of AlgG is such that it pre-
dominantly forms unsaturated dimers.

Culture supernatants from strain Pf201, Pf20118, and unin-
duced Pf201�algG::TnKB10 (from the experiments shown in
Table 2) were then analyzed by mass spectroscopy. The anal-
yses showed that strain Pf201�algG::TnKB10 produced nearly
as much dimers as polymer. Pf201 and Pf20118 also produced
dimers, but in much smaller quantities.

FIG. 2. 1H-NMR of the oligouronides produced by Pf201�algG
(B) compared to the spectrum of mannuronan produced by Pf20118
(A). Cells were grown in PM5 medium. The monomers from which the
signals originate are underlined. Note that the M-1 peak is split in
panel B. The origin of the signal at ca. 4.85 ppm (�) is unknown, but
the signal is too intense to originate from the oligouronides.

FIG. 3. Electrophoretic mobility and mass spectroscopy analysis of
oligouronides produced by Pf201�algG. Cells were grown in PM5
medium. (A) Separation by capillary electrophoresis; (B) analyses by
mass spectroscopy. 351.2 is the expected mass for �M-1H�, and 373.2
is the expected mass for �M�Na�-2H�.
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AlgG is probably part of a periplasmic protein complex
necessary for alginate production. The data described above
suggested that AlgG and AlgL may be parts of a protein scaf-
fold, and this hypothesis led to another interesting prediction
that could be tested experimentally. In the epimerization-de-
fective algG mutants the complexes are presumably formed,
and if wild-type AlgG is expressed under such conditions one
would predict that some scaffolds (containing mutant AlgG)
would produce mannuronan, whereas those containing wild-
type AlgG would produce epimerized alginates. The relative
amounts of each alginate type would depend on the expression
levels of each of the two versions of AlgG. The Pm promoter
used in the complementation experiment has the additional
advantage that it can be activated at different levels dependent
of the concentration of inducer added (49), and we could
therefore test our hypothesis by inserting transposon TnKB10
into the chromosome of the mannuronan-producing strain
Pf20118. When the resulting transposon insertion strain,
Pf20118::TnKB10, was grown in the presence of increasing
amounts of inducer, the relative fraction of G residues in the
alginate also increased (Table 2). Since AlgG does not epimer-
ize M residues next to G residues, the substrate rapidly accu-
mulates M residues inaccessible to epimerization as the reac-
tion proceeds. In strain Pf20118::TnKB10 wild-type AlgG
must, in addition, compete with the corresponding mutant
version, and this also leads to a nonlinear relationship between
the amount of wild-type AlgG and the G content. High-mo-
lecular-weight alginates form viscous solutions, and this viscos-
ity is extremely sensitive to cuts in the polymer chain. There-
fore, even at very low fractions of randomly distributed G
residues, the intrinsic viscosity should drop dramatically if the
solution is treated with a G-specific lyase. In contrast, if the G
residues were confined to only a subfraction of the molecules,
the intrinsic viscosity would not drop below the limit deter-
mined by the amount and molecular weight of the mannuronan
fraction. As can be seen from Fig. 4, alginate produced by
strain Pf201 (wild-type algG) was rapidly degraded by the G
lyase, whereas the mannuronan produced by the mutant strain
Pf20118 was hardly affected at all. When equal amounts of
these two alginates were mixed, the viscosity was rapidly re-
duced, but not below the value determined by the amount of
mannuronan present. Lastly, alginate containing 18% G from
Pf20118::TnKB10 induced by 0.025 mM m-toluate was ana-
lyzed. As predicted, this alginate behaved just like the mixture
of mannuronan and wild-type alginate. In contrast, addition of
M lyase eliminated the viscosity in all of the samples (not
shown). This clearly demonstrated that the two versions of
AlgG are acting on distinctly different polymer strands, and
this observation is consistent with the scaffold hypothesis.

DISCUSSION

Unlike most other heteropolymers, alginates are synthesized
by first producing a homopolymer, mannuronan, and some of
the mannuronic acid residues are then epimerized to guluronic
acid (21). The introduction of single G residues affects the
flexibility of the polymer (44). It probably also affects the de-
gree of acetylation, since only M residues are acetylated (43).
It has been shown previously in P. aeruginosa that point mu-
tations in algG blocking epimerization lead to the production

of mannuronan but did not seem to otherwise affect polymer
production (3). That finding is in agreement with the results
presented here and, by comparing the four algG mutations
with the sequences of AlgG homologues from different species,
it was found that all of the four substituted amino acids were
conserved in all of the deduced AlgG proteins reported so far
(Fig. 1).

It has earlier been proposed that the reaction mechanism of
mannuronan C-5-epimerases and alginate lyases share the first
step (extraction of the proton at C-5) (15). In a recent study
describing the three-dimensional structure of one of the Sphin-
gomonas lyases complexed to alginate a particular motif
(NNHSY) was reported to be implicated in the binding of the
M residue at the catalytic site (50, 51). This motif has been
shown to be shared by the periplasmic and the secreted epim-
erases and by some of the M-specific alginate lyases (9). Inter-
estingly, AlgG of P. fluorescens has two expanded copies
(NNRSYDN and NNFVADN) sharing some similarity to this
motif (Fig. 1). Two of the point mutations of the epimerase-
negative mutants reported here are found immediately N ter-
minal to each of these motifs (S337F and D361N). Both the
serine and the aspartic acid seem to be conserved at the same
relative position to both copies of the conserved motif. These
observations support the conclusion that the motifs and resi-
dues discussed above might have an important function in
binding or catalysis in AlgG.

It is well known that many of the genes in the alg operon are
required for alginate polymer formation, but their exact bio-
chemical functions are in many cases only partly understood.
Alg8 and Alg44 have been found to be membrane proteins
necessary for alginate production (26, 29) and, based on se-
quence alignment studies, Alg8 is proposed to be the polymer-
ase (29). AlgX has also been shown to be necessary for alginate

FIG. 4. Degradation of alginates by G-specific lyase measured as
decrease in viscosity. The bacteria were grown in liquid PIA medium
and collected by isopropanol precipitation. The relative viscosity �sp is
defined as �sp  (ts 	 to)/to, where ts is the time (s) for a given volume
of sample to pass the Ubbelodhe capillary and to is the time (s) for the
same amount of the solvent. The alginates used were from Pf201 (33%
G) (�), Pf20118 (100% M) (}), Pf20118::TnKB10 (18% G) (Œ), and
Pf201 and Pf20118 (17% G total) (F).
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biosynthesis (30), although both its function and location are
unknown. AlgK has been proposed to facilitate periplasmic
transport of alginate (1), and deletion mutants of algK have
been shown to make small oligouronides with unsaturated
nonreducing ends similar to those found for algG deletion
reported here (22, 23). Finally, AlgE has been reported to be
an outer membrane pore necessary for alginate export (36).
Even without considering the results of the experiments re-
ported here it appeared possible that some or all of these
proteins form some kind of scaffold that leads the newly
formed alginate polymer from the cytoplasmic membrane,
through the periplasmic space and outer membrane, ending up
in the extracellular environment. By the experiments reported
here we feel that such a hypothesis has been significantly
strengthened, and a possible model that is consistent with
available experimental data is shown in Fig. 5. In this model
AlgX is not included since its location is unknown.

In the wild type (Fig. 5A) one might envision that the pro-
teins described above form a scaffold extending from the cy-
toplasmic membrane (polymerization), through the periplasm
(modification and transport) and an outer membrane pore.
Under these conditions AlgG is located such that it protects
the newly formed strand from most, but not all, of the potential
activity of AlgL. The alginate strands consequently become
very long. When wild-type AlgG is exchanged with an epimer-
ization-deficient AlgG point mutant, the protein structure is
almost unaffected, such that protection against AlgL still
works. The product obviously lacks G residues (Fig. 5B). When
AlgG is removed from the complex, on the other hand (Fig.
5C), the polymer is no longer protected from the activity of
AlgL, which is present in excess relative to the amount of
polymer produced. The reason a dimer is formed could be that
the organization of the complex enables AlgL to act on the
polymer end as it protrudes from the cytoplasmic mem-
brane. This also explains why a different product pattern
would be obtained if alginate and lyase simply were mixed in
a test tube.

Based on the results described above it appeared probable
that construction of a lyase-deficient mutant of strain
Pf201�algG would lead to a strain in which alginate polymer

formation was restored. This hypothesis has been tested, but it
turned out that inactivation of algL (in-frame deletion or point
mutation) is lethal to the cells. One can get mutants with these
genotypes, but they have acquired additional mutations that
turn off alginate synthesis. Such mutants could therefore not be
complemented by algL wild type.

The protein scaffold hypothesis is also consistent with the
ability of Pf20118::TnKB10 to simultaneously make two dis-
tinct populations of alginates, by predicting that these cells
contain two different types of protein complexes (Fig. 5A and
B). Since the production of AlgG from the Pm promoter is
added to the production of epimerization-defective AlgG from
the alg operon, the induced cells presumably contain AlgG in
surplus. If AlgG were not part of a protein complex it is
difficult to see how about half of the polymer produced can be
pure mannuronan, whereas the remaining half contains wild-
type levels of G residues. The hypothesis is also consistent with
the observed simultaneous production of polymer and dimer
by strain Pf201�algG::TnKB10.

The scaffold model presented above must for the time being
be considered as a working hypothesis, but it has the advantage
that it is consistent with the experimental data. We also find it
difficult to envision an alternative model that appears equally
likely and does not involve any form of protein complex for-
mation.
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