
JOURNAL OF BACTERIOLOGY, Apr. 1996, p. 2186–2195 Vol. 178, No. 8
0021-9193/96/$04.0010
Copyright q 1996, American Society for Microbiology

Identification of algI and algJ in the Pseudomonas aeruginosa
Alginate Biosynthetic Gene Cluster Which Are Required

for Alginate O Acetylation
MICHAEL J. FRANKLIN AND DENNIS E. OHMAN*

Department of Microbiology and Immunology, University of Tennessee, and Veterans Affairs
Medical Center, Memphis, Tennessee 38163

Received 19 December 1995/Accepted 30 January 1996

Mucoid strains of Pseudomonas aeruginosa overproduce alginate, a linear exopolysaccharide of D-mannur-
onate and variable amounts of L-guluronate. The mannuronate residues undergo modification by C-5 epimer-
ization to form the L-guluronates and by the addition of acetyl groups at the O-2 and O-3 positions. Through
genetic analysis, we previously identified algF, located upstream of algA in the 18-kb alginate biosynthetic
operon, as a gene required for alginate acetylation. Here, we show the sequence of a 3.7-kb fragment containing
the open reading frames termed algI, algJ, and algF. An algI::Tn501 mutant, which was defective in algIJFA
because of the polar nature of the transposon insertion, produced alginate when algA was provided in trans.
This indicated that the algIJF gene products were not required for polymer biosynthesis. To examine the
potential role of these genes in alginate modification, mutants were constructed by gene replacement in which
each gene (algI, algJ, or algF) was replaced by a polar gentamicin resistance cassette. Proton nuclear magnetic
resonance spectroscopy showed that polymers produced by strains deficient in algIJF still contained a mixture
of D-mannuronate and L-guluronate, indicating that C-5 epimerization was not affected. Alginate acetylation
was evaluated by a colorimetric assay and Fourier transform-infrared spectroscopy, and this analysis showed
that strains deficient in algIJF produced nonacetylated alginate. Plasmids that supplied the downstream gene
products affected by the polar mutations were introduced into each mutant. The strain defective only in algF
expression produced an alginate that was not acetylated, confirming previous results. Strains missing only algJ
or algI also produced nonacetylated alginates. Providing the respective missing gene (algI, algJ, or algF) in trans
restored alginate acetylation. Mutants defective in algI or algJ, obtained by chemical and transposon mutagen-
esis, were also defective in their ability to acetylate alginate. Therefore, algI and algJ represent newly identified
genes that, in addition to algF, are required for alginate acetylation.

Patients with cystic fibrosis (CF) often suffer from chronic
pulmonary infections with Pseudomonas aeruginosa. The iso-
lates from these patients usually display a highly mucoid colony
morphology that is unusual compared with that of isolates of P.
aeruginosa from other types of patients. This mucoid pheno-
type is indicative of the overproduction of a viscous exopo-
lysaccharide called alginate (9). Alginate is a capsule-like poly-
saccharide that appears to confer an enhanced resistance to
phagocytosis (2, 30, 33) and may also act as an adherence
factor (20, 27). Combined with the high tolerance of P. aerugi-
nosa to many antibiotics, alginate overproduction appears to
give this opportunistic pathogen a selective advantage that
leads to chronic pulmonary disease in CF patients (16). The
regulation of genes for alginate production is complex and
involves the deregulation of an alternative sigma factor that
may be part of a stress response system in this organism (8, 21).
Alginate is a linear polymer composed of D-mannuronate

and its C-5 epimer, L-guluronate, which are linked by b-1,4
glycosidic bonds (9, 14). Most of the genes encoding enzymes
for the biosynthesis of alginate are clustered in an 18-kb
operon at 34 min on the chromosome (5). However, one es-
sential alginate gene (algC) is located at about 10 min on the
chromosome (37). The gene products of algA, algC, and algD
are required for the formation of the main precursor of alg-

inate, GDP-mannuronate (for a review, see reference 23). Poly-
merization of D-mannuronate occurs by processes not yet elu-
cidated. At the polymer level, some D-mannuronates are
converted to L-guluronates by the action of a periplasmic C-5-
mannuronan epimerase encoded by algG (4, 12). The product
of algE may be an outer membrane protein that is involved in
polymer export (6, 28). The product of algL is an enzyme with
alginate lyase activity (3, 29). Some of the mannuronate resi-
dues of alginate are also O-acetylated at the O-2 and/or O-3
position (7, 34). O acetylation affects the properties of alginate,
including viscosity and binding of calcium ions (35), and may
be important in the virulence properties associated with pro-
duction of this exopolymer.
We recently reported a genetic analysis in the mucoid CF

strain FRD1 of P. aeruginosa in which localized mutagenesis of
the alginate biosynthetic cluster was used to obtain mutants
that produced nonacetylated alginates (13). This permitted
identification of algF, a gene involved in the acetylation of
alginate, which was localized to a region ;1 kb upstream of
algA by the location of a transposon (Tn501-3) insertion in the
chromosome. This insertion had a polar effect on the essential
gene algA and blocked polymer formation. Tn501-3 also
blocked alginate acetylation, which could be shown by express-
ing algA in trans to permit polymer formation (see Fig. 1). To
continue these studies, a sequence analysis of the Tn501-3
insertion site was performed, which showed that it actually lies
just upstream of the sequence recently reported to contain an
open reading frame (ORF) called algF (32). Since Tn501 in-
sertions in the alginate operon are polar on all downstream alg
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genes (5), then Tn501-3 would block algF expression. How-
ever, there was also the possibility that the transposon had
insertionally inactivated an undefined gene that could be in-
volved in alginate modification. To begin evaluating the role of
unidentified genes upstream of algF, the complete sequence of
the DNA downstream of algL through algF was determined.

This revealed two new open reading frames, here called algI
and algJ. The results of mutant and complementation analyses
of these genes are described here.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains and plasmids
used in this study are shown in Table 1. Escherichia coli and P. aeruginosa were
routinely cultured in L broth (10 g of tryptone, 5 g of yeast extract, and 5 g of
NaCl per liter). E. coli used for l phage propagation was grown in TM broth (10
g of tryptone, 5 g of NaCl, and 2 g of maltose per liter). A 1:1 mixture of
Pseudomonas isolation agar (Difco) and L agar (PIALA) was used to select P.
aeruginosa following matings with E. coli. Antibiotics, when used, were present at
the following concentrations (per milliliter): ampicillin (Ap), 100 mg; carbenicil-
lin (Cb), 300 mg; HgCl2 (Hg), 18 mg; gentamicin (Gm), 15 mg for E. coli and 250
mg for P. aeruginosa; and tetracycline (Tc), 15 mg for E. coli and 100 mg for P.
aeruginosa.
DNA manipulations. General DNA manipulations, including blunting the

ends of restriction fragments with mung bean nuclease or Klenow fragment, were
performed as described before (19). Restriction endonucleases were purchased
from Boehringer Mannheim. Triparental matings were used to mobilize plasmids
from E. coli to P. aeruginosa with the conjugative helper plasmid pRK2013 (10).
The DNA sequences shown were determined on DNA fragments in M13mp18
and M13mp19 with the Taq DyeDeoxy Terminator Cycle Sequencing system and
automated sequencer (model 373A) from Applied Biosystems. Oligonucleotide

FIG. 1. Depiction of the chromosome of FRD1003, showing polar effect of
Tn501-3 on algF and algA, resulting in a nonmucoid phenotype. The shaded
arrow indicates a portion of the operon that is not expressed. Expression of algA
(on pCC75) in trans permitted alginate production, but the polymer was not
acetylated (13).

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype or phenotypea Source or reference

E. coli
HB101 proA2 leuB6 thi-1 lacY1 hsdR hsdM recA13 supE44 rpsL20 This laboratory
UCB1 thi HfrH-797 24

P. aeruginosab

FRD1 CF isolate, Alg1 26
FRD9 argF Alg1 This laboratory
FRD1003 algJ::Tn501-3 Hgr Alg2 13
FRD1114 algI::Tn501-14 Hgr Alg2 29
FRD1153 algJ3 Alg1 13
FRD1154 algJ5D::Gmr Alg2 This study
FRD1155 algI6D::Gmr Alg2 This study
FRD1156 algF1D::Gmr Alg2 This study

Plasmids
pEMR2 pBR322 cos oriT Tn5 Apr Kmr 11
pALTER-1 Tcr Aps Promega
pACYC184 Tcr New England Biolabs
pRK2013 ColE1-Tra(RK2)1 Kmr 10
pKK233-2 ptrc ColE1 replicon Apr Pharmacia
pMF36 pKK233-2 with oriVpa oriT 13
pMF54 pKK233-2 with oriVpa oriT lacI

q 12
pGMV1 pBR322 with a 1.5-kb SmaI Gmr cassette 31
pALG2 pEMR2 with 35-kb P. aeruginosa DNA containing argF and the algD-algA operon 4
pCC75 pMMB22 (IncQ) with ptac control of algA on a 2.0-kb fragment 5
pMF52 pMF36 with ptrc control of algIJF on a 3.7-kb XbaI-BamHI fragment 13
pMF120 pALTER-1 with algIJFA on a 5.7-kb XbaI-Ecl136 I fragment This study
pMF122 pMF120 with SmaI site introduced between algJ and algF This study
pMF126 pACYC184 with algIJFA on a 5.7-kb XbaI-Ecl136 I fragment from pMF122 This study
pMF135 pMF126 with algIJ-F1D(Gmr)-A This study
pMF136 pALG2 with algD to algIJ-F1D(Gmr)-A This study
pMF116 pACYC184 with algIJF on a 3.7-kb XbaI fragment This study
pMF118 pMF116 with algI-J5D(Gmr)-F This study
pMF124 pALG2 with algI-J5D(Gmr)-FA This study
pMF121 pMF116 with algI6D(Gmr)-JFA This study
pMF125 pALG2 with algI6D(Gmr)-JFA This study
pMF109 pMF36 with ptrc control of algIJFA on a 5.7-kb XbaI-Ecl136 I fragment This study
pMF127 pMF54 with ptrc control of algIJFA on a 5.7-kb XbaI-Ecl136 I fragment from pMF120 (SmaI

site between algJ and algF)
This study

pMF131 pMF127 with ptrc control of algIJ-A (SmaI deletion) This study
pMF115 pMF36 with ptrc control of algJFA on a 4.0-kb BstXI-Ecl136 I fragment This study
pMF107 pMF54 with ptrc control of algFA on a 3.0-kb NcoI-Ecl136 I fragment This study

a Abbreviations for phenotypes: Alg1, alginate overproduction; Alg2, nonmucoid; Tcr, tetracycline resistance; Apr, ampicillin resistance; Cbr, carbenicillin resistance;
Kmr, kanamycin resistance; Hgr, HgCl2 resistance; D(Gmr), deletion replaced with a gentamicin resistance cartridge; Tra1, transfer by conjugation.
b FRD1153 was previously described (13) as an algF3 mutant before the sequence of the region was determined. The genotypes of FRD1003 and FRD1114 were

determined in this study.
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primers were synthesized on an Applied Biosystems 380B DNA synthesizer. The
locations of Tn501 insertions were determined by using primers complementary
to the ends of Tn501, ACTGGAAGACGGGAAGTTTC and GACGACCCCT
TAGAAAGCCT. Oligonucleotide-directed mutagenesis was performed with the
Altered Sites in vitro mutagenesis kit in the vector pALTER-1 (Promega). The
translation initiation codon of algF was changed to an NcoI site by using the
oligonucleotide GGTCATCGGGTCCATGGGTATTCCT (forming pMF99),
which also changed the second codon of AlgF from AAC (Asn) to GAC (Asp).
The CACGGG sequence between algJ and algF on pMF120 was changed to a
SmaI site by using mutagenic oligonucleotide TGTTTACCCCGGGCCGAGC
(forming pMF123). For inducible expression of genes under tac or trc promoter
control in P. aeruginosa, the plasmids used were pMMB22, of the broad-host-
range IncQ group (1), and also pMF36 and pMF54, containing the 1.8-kb stable
replication fragment (SR or oriVpa) for replication in P. aeruginosa (12, 13, 36).
Specific plasmid constructions are described in Table 1.
Gene replacement by IPEX. McIver et al. (24) recently described the inter-

plasmid exchange (IPEX) technique to move marked alleles from one plasmid to
another by homologous recombination. Here, we applied this technique as an
intermediate step in the construction of strains of P. aeruginosa with chromo-
somal insertions (Gmr cassette) within the algF, algJ, and algI genes. Convenient
restriction fragments (described in the Results) containing the genes of interest
were ligated into pACYC184 (Tcr), and a 1.5-kb SmaI Gmr cassette from
pGMV1 (31) was used to interrupt each gene following blunt-end ligation. The
pACYC184-based plasmids were transformed into the recA1 strain E. coli
UCB1(pALG2). pALG2 (Apr Cbr), the target for IPEX, carried a 35-kb frag-
ment of P. aeruginosa DNA encoding the entire alginate biosynthetic operon
(including the genes of interest) in the allelic exchange vector pEMR2, which
contains the cos site of l (4). E. coli UCB1(pALG2) strains carrying pACYC-
Gmr derivatives were grown for 18 h at 378C on LB with ampicillin and genta-
micin to allow interplasmid homologous recombination to occur. lcI857 plate
lysates were prepared from 18-h cultures to package cosmids into phage parti-
cles. The lysates (filter sterilized) were used to transduce pALG2-Gmr deriva-
tives into E. coliHB101 grown in TM with selection on L agar with ampicillin and
gentamicin; colonies were screened for Tcs. The pALG2-Gmr derivatives were
mobilized, by using conjugative helper plasmid pRK2013, to mucoid P. aerugi-
nosa FRD9 (argF), with selection for recombinants on PIALA containing gen-
tamicin. Strains were screened for Cbs to determine if gene replacement had
occurred.
Verification of Gmr cassette insertions by PCR. PCR amplification of the Gmr

cassette was used to ensure the position of the cassette in the genomic DNA of
mutants generated by gene replacement. Oligonucleotide primers that (i)
matched the 59 and 39 regions near the insertion to amplify the 1.5-kb Gmr

cassette and (ii) matched the 59 region internal to the deletion and the 39 region
external to the deletion, which do not amplify DNA except in the wild-type
controls, were used. Amplification of algF1D::Gmr from FRD1156 was done with
the 59 external primer GCCGCAACGATTGAACGAAC and the 39 external
primer GGCGGGATATCTCGTTACCG, which produced a 1.6-kb fragment
with mutant DNA and a 0.9-kb fragment with FRD1; with the 59 internal primer
GCAACGGAGGAATACCCATG and the 39 external primer, a 0.8-kb fragment
was produced only with wild-type DNA. Amplification of algJ5D::Gmr from
FRD1154 was done with the 59 external primer GCAATACGCCTATATCGC
CG and the 39 external primer CGTTCAATCGTTGCGGCTGG, which pro-
duced a 1.6-kb fragment with mutant DNA and a 1.1-kb fragment with FRD1;
with the 59 internal primer CGGCCGATACGCCACTGCTC and the 39 external
primer, a 1.0-kb fragment was produced only with wild-type DNA. Amplification
of algI6D::Gmr from FRD1155 was done with the 59 external primer GCGATCT
TCCCGCACCTGAT and the 39 external primer CTGGTTGTAGAACTGGCG
CA, which produced a 1.6-kb fragment with mutant DNA and a 0.8-kb fragment
with FRD1; with the 59 internal primer AGTTCAACCACCGCACCCAC, a
0.7-kb fragment was produced only with wild-type DNA.
Assays for alginate. Alginates were collected from culture supernatants of

mucoid P. aeruginosa strains grown for 48 h at 378C in L broth supplemented with
1 mM IPTG (isopropylthiogalactopyranoside) and carbenicillin. Alginate was
purified from culture supernatants by precipitation once with 2% cetyl pyri-
dinium chloride and twice with isopropanol as described previously (13). The
concentration of alginate in solution was determined by the carbazole method of
Knutson and Jeanes (18). Briefly, a solution of purified alginate (30 ml) was
mixed with 1.0 ml of borate-sulfuric acid reagent (10 mMH3BO3 in concentrated
H2SO4), and 30 ml of carbazole reagent (0.1% in ethanol) was added. The
mixture was heated to 558C for 30 min, and the alginate concentration was
determined spectrophotometrically at 500 nm with Macrocystis pyrifera alginate
(Sigma) as a standard.
Assay for mannuronan C-5 epimerization of alginate. 1H nuclear magnetic

resonance (1H-NMR) spectroscopy was used to evaluate alginate structure as
previously described (4). Briefly, alginate samples were partially depolymerized
by mild acid hydrolysis, lyophilized, and dissolved in D2O (Sigma). NMR spectra
were recorded at 300 MHz in the Fourier transform mode at 908C.
Assays for O acetylation of alginate. A chemical method described by Hestrin

(17) was used to measure alginate acetylation. Briefly, 500 ml of an alginate
solution was incubated with 500 ml of alkaline hydroxylamine (0.35 M NH2OH,
0.75 M NaOH) for 10 min at 258C. The reaction mixture was acidified with 500
ml of 1.0 M perchloric acid, followed by the addition of 500 ml of 70 mM ferric

perchlorate in 0.5 M perchloric acid. The concentration of acetyl groups was
determined spectrophotometrically at 500 nm from a standard curve, with ethyl
acetate as the substrate. Alginate acetylation was also examined by Fourier
transform-infrared spectroscopy (FT/IR) as described previously (13). Purified
alginates (250 ml) were spotted onto IR cards (3M Co.), air dried in a laminar
flow hood, and stored in desiccators. Spectra were collected with a Mattson
Galaxy series 2020 spectrometer, with an IR card containing no alginate as the
background.
Nucleotide sequence accession number. The nucleotide sequence data re-

ported here for algIJF have been deposited in the GenBank database under
accession number U50202.

RESULTS

Sequence analysis of the algF region reveals algJ and algI.
To begin evaluating the role of any genes that may be located
upstream of algF, we determined the nucleotide sequence of a
3.7-kb XbaI-BamHI fragment from the alginate biosynthetic
gene cluster of strain FRD1 whose expression (on pMF52)
complemented the acetylation defect in FRD1153 (13). This
revealed three ORFs: algI, algJ, and algF (Fig. 2). This over-
lapped the end of recently reported sequences (29) that in-
cluded this XbaI site and showed that algL is immediately
upstream of algI.
The algFORF (bp 2843 to 3493 in Fig. 2) predicted a protein

with a mass of 22.8 kDa, charge of 8.1, and isoelectric point of
9.4. A potential ribosome-binding site was observed 8 bp up-
stream of algF. The sequence of algF in strain FRD1 showed
six differences from the sequence reported for algF in P. aerugi-
nosa 8830 (32). The difference at bp 2874 would result in a
threonine instead of an asparagine. All of the other differences
in algF (at bp 3055, 3124, 3226, 3394, and 3490) were in wobble
positions of each codon, and none resulted in amino acid
changes between the two strains. Three other base pair differ-
ences were observed (at bp 3507, 3639, and 3641), but they
were in the noncoding region between algF and algA. A recent
homology search for similarity to AlgF sequences did not re-
veal any proteins with striking homology.
The algJ ORF (bp 1596 to 2771 in Fig. 2), located immedi-

ately upstream of algF, predicted a protein with a mass of 43.1
kDa, charge of 29.7, and isoelectric point of 5.3. A potential
ribosome-binding site was observed 8 bp upstream of algJ. A
homology search of AlgJ showed homology (30% identity and
69% similarity) to AlgX (accession number U27829) (25), ex-
pressed by a gene that is also located in the P. aeruginosa
alginate biosynthetic operon located between algG and algL
(Fig. 3A). However, AlgX does not yet have a known function.
The homology search did not reveal any other proteins with
striking homology to AlgJ. The sequence analysis of a clone
containing the Tn501-3 insertion (shown in Fig. 1 and 2) indi-
cated that its insertion would truncate the last 70 amino acids
of AlgJ. Thus, strain FRD1003 should be described as an
algJ::Tn501-3 mutant rather than an algF mutant, as previously
reported (13). However, because of the polar nature of
Tn501-3, FRD1003 is defective in algJFA.
The algI ORF (bp 19 to 1581 in Fig. 2), located immediately

upstream of algJ, predicted a protein with a mass of 58.7 kDa
that was mostly hydrophobic, with a charge of 6.3 and an
isoelectric point of 8.8. A potential ribosome-binding site was
found 8 bp upstream of the algI ORF. A homology search of
AlgI sequences showed the greatest overall similarity (21%
identity and 42% similarity) to Bacillus subtilis DltB (or ipa-4r)
protein (accession number X73124) (Fig. 3B). The DltB pro-
tein appears to be a membrane protein and may function in the
transport of activated D-alanine through the membrane for the
biosynthesis of D-alanyl-lipoteichoic acid (15).
Strategy for construction of algI, algJ, and algF deletion

mutants. To examine the potential roles of the algIJF genes in
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polymer formation or its modification (i.e., acetylation or
epimerization), defined mutants of mucoid strain FRD were
constructed. For this, we used an IPEX technique described by
McIver et al. (24) to move marked alleles from small plasmid
clones to a larger clone (pALG2) in a gene replacement vector.
pALG2 (see Fig. 4A) carries a 35-kb fragment of P. aeruginosa
DNA encoding the entire alginate biosynthetic operon (algD
through algA, including the genes of interest) in the allelic

exchange vector pEMR2 (conferring Apr and Kmr). pALG2
has been used previously for efficient gene replacement of the
chromosomal alginate operon by homologous recombination
(4, 11, 13). Our strategy here was to develop derivatives of
pALG2 with mutant deletion alleles of algI, algJ, and algF that
could be exchanged with the chromosome. Convenient restric-
tion fragments containing the algIJF genes were each ligated
into pACYC184 (conferring Tcr and Cmr), and a Gmr cassette

FIG. 2. Sequence of a 3.7-kb XbaI-BamHI fragment from the alginate biosynthetic operon of strain FRD1 containing the algIJF ORFs and their inferred protein
sequences. Indicated in the sequence are the ribosome-binding sites (RBS), pertinent restriction sites, and the insertion sites of Tn501-3 (FRD1003) and Tn501-14
(FRD114). SmaI* indicates the location of this restriction site introduced by oligonucleotide mutagenesis (FRD1156).
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(31) was used to replace each gene. The pACYC-based plas-
mids were then transformed into recA1 E. coli carrying pALG2
so that the wild-type alleles could be exchanged for the mutant
alleles (algD-Gmr) on pALG2 by IPEX. This method takes
advantage of the cos site on pALG2 for in vivo packaging into
phage l particles, followed by transduction to another E. coli
host, with selection for plasmids that inherited the Gmr

marked allele by homologous recombination (Fig. 4A and B).
These pALG2 algD-Gmr plasmids were mobilized to mucoid P.
aeruginosa FRD9 (Fig. 4C), in which they do not replicate
autonomously. Gmr was used to select for homologous recom-
bination of the plasmids with the chromosome. Single cross-
overs produced merodiploid colonies (Gmr Cbr) that still con-
tained one complete alginate biosynthetic operon, and so these
colonies were mucoid. Colonies were screened for loss of the
vector’s marker (Cbs), which indicated a double cross-over
recombinant (Fig. 4D). In that the Gmr cassette in the alginate
operon produces polar effects on downstream genes (shown in
gray), the colonies which had undergone gene replacement
(Gmr Cbs) were nonmucoid. Physical evidence for each allele
in the chromosome was obtained by PCR methods (see Ma-
terials and Methods). The construction of the mutant alleles
called algF1D, algJ5D, and algI6D is described below.
Construction of mutants with defined algF, algJ, or algI

deletions. Figure 5 shows the location of the alginate biosyn-
thetic gene cluster (algD to algA) on the 35-kb fragment from
P. aeruginosa FRD1 contained in pALG2. To begin construct-

ing an algF mutant derivative of pALG2, the algF1D deletion
allele was constructed through the manipulation of a DNA
fragment containing algIJFA on a 5.7-kb XbaI-EclI fragment
(pMF120). A new SmaI site was introduced between algJ and
algF (from CACGGG, starting at bp 2798 in Fig. 2) by oligo-
nucleotide-directed mutagenesis. The modified 5.7-kb frag-
ment was cloned into the XbaI site of pACYC184 (forming
pMF126), and the 0.9-kb SmaI fragment containing algF was
then replaced with a Gmr cassette to form the algF1D allele
(forming pMF135). The algF1D allele (Gmr) on pMF135 was
exchanged by homologous recombination for the wild-type al-
lele on pALG2 by IPEX (see Fig. 4) to form pMF136 (Fig. 5).
Following mobilization to mucoid P. aeruginosa FRD9, colo-
nies with gene replacements (Gmr Cbs) containing the algF1D
mutant allele were nonmucoid, and one was designated FRD1156
(Fig. 5).
Mutants with the algJ5D mutant allele were constructed

through the manipulation of a DNA fragment containing algIJF
(i.e., a 3.7-kb XbaI-BamHI fragment in pACYC184 called
pMF116). The algJ5D deletion allele was constructed by re-
moving a 1.0-kb SapI-NotI fragment, forming blunt ends with
Klenow, and ligating a Gmr cassette into the site (forming
plasmid pMF118). The IPEX technique was used to replace
algJ on pALG2 with the algJ5D (Gmr) deletion allele, forming
pMF124, which was then used to construct algJ5D mutants of
mucoid P. aeruginosa FRD9 as described above (see Fig. 4).
Colonies undergoing gene replacements (Gmr Cbs) that con-

FIG. 3. (A) Sequence comparison of AlgJ and AlgX (accession number U27829) (25), which is also expressed by a gene in the P. aeruginosa alginate biosynthetic
operon and located between algG and algL. (B) Sequence comparison of AlgI and B. subtilis DltB (Ipa-4r) (accession number X73124), which may function in the
transport of activated D-alanine through the membrane for the biosynthesis of D-alanyl-lipoteichoic acid (15).
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tained the algJ5D mutant allele were nonmucoid, and one was
designated FRD1154 (Fig. 5).
Mutants with the algI6D mutant allele were also constructed

through the manipulation of algIJF-containing DNA (i.e.,
pMF116). The algI6D mutant allele was constructed by delet-
ing a 0.7-kb SexAI fragment internal to algI, blunting the ends
with mung bean nuclease, and ligating a Gmr cassette into the
site (forming pMF121). The wild-type algI on pALG2 was
replaced with the algI6D (Gmr) allele by the IPEX technique
(forming pMF125). Mutants of P. aeruginosa FRD9 with the
algI6D allele were constructed by gene replacement with
pMF125. Colonies undergoing gene replacements (Gmr Cbs)
that contained the algI6D mutant allele were nonmucoid, and
one was designated FRD1155 (Fig. 5).
The algI, algJ, and algF genes are not essential for polymer

formation or C-5 epimerization. The algI6D, algJ5D, and
algF1D mutants constructed above were nonmucoid. This non-
alginate-producing phenotype was due, at least in part, to the
polar effect of the Gmr cassette on the downstream algA gene.
The algA gene encodes a bifunctional product (22) with phos-
phomannose-isomerase activity (i.e., fructose 6-phosphate 3
mannose 6-phosphate) and GDP-mannose pyrophosphorylase
activity (i.e., mannose 1-phosphate 3 GDP-mannose), which
are essential early steps in the alginate biosynthetic pathway
(23). To determine if the mutations in algI, algJ, or algF were
themselves directly affecting the formation of the alginate poly-
mer, a source of algA was supplied in trans. A broad-host-range
plasmid (pCC75) with algA expressed under the tac promoter
was introduced into FRD1156, FRD1154, and FRD1155. All
transconjugants demonstrated the mucoid phenotype, indicat-
ing that none of the algIJF genes were required for the forma-
tion of extracellular polymer. All appeared to form highly
mucoid colonies on L agar, suggesting that these mutations did
not affect the level of alginate production.
To determine if the algIJF genes were involved in the struc-

tural composition of alginate, the extracellular polymers from

the algI6D, algJ5D, and algF1D mutants [FRD1155(pCC75),
FRD1154(pCC75), and FRD1156(pCC75), respectively] were
isolated. We recently identified the algG product as a C-5-
mannuronan epimerase that is responsible for polymer-level
epimerization of D-mannuronates to L-guluronates (4, 12). To
determine if the algIJF genes were involved in this epimeriza-

FIG. 4. Illustration of method used for gene replacement in P. aeruginosa of alginate genes in the biosynthetic operon with specific deletion mutations marked by
a Gmr cassette. (A) Depiction of the IPEX technique (24) used to move the marked allele from one plasmid to another. A fragment of the alginate operon containing
an algD::Gmr allele in pACYC184 replicated in the same recA1 E. coli cell with compatible pALG2, a gene replacement cosmid containing the entire alginate operon
(algD-algA). Rare recombinants exchanged the alg1 allele on pALG2 for the algD::Gmr allele on pACYC184. Replication of l phage on this host packaged the resident
pALG2 cosmids. (B) l lysate was used to transduce pALG2 cosmids into E. coli, and selection for Gmr yields pALG2 derivatives with the algD::Gmr allele. (C)
Mobilization of pALG2 algD::Gmr plasmids to Alg1 P. aeruginosa with selection for Gmr resulted in recombination with the chromosome. Long flanking regions
surrounding the algD::Gmr marker promote frequent second recombination events, excising the relatively unstable pALG2. (D) Colonies which retain the Gmr marker
were screened for Cbs and the Alg2 phenotypes. The shaded arrow indicates a portion of the operon that is not expressed. The presence of the algD::Gmr allele in the
chromosome was confirmed by PCR analysis.

FIG. 5. Restriction maps of P. aeruginosa FRD1 DNA, showing the alginate
biosynthetic gene cluster in pALG2 and fragments containing algIJFA used in
this study. Plasmids designated on the lower left show the fragments cloned in
pACYC184 which contained the algF1D, algJ5D, and algI6D mutant alleles which
were introduced in pALG2, a gene replacement vector containing the entire
alginate operon. Strain designations on the right indicate the mutants with the
same changes in the P. aeruginosa chromosome resulting from gene replacement
with the pALG2 algD::Gmr derivatives. The shaded arrows indicate genes not
expressed. Restriction sites: H, HindIII; R, EcoRI; X, XhoI; Xb, XbaI; B,
BamHI; Sm, SmaI; Sx, SexAI; Bs, BstXI; Sp, SapI; Nt, NotI; Ec, Ecl136 I. Sm*
indicates a SmaI introduced by a mutagenic oligonucleotide.
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tion step, the polymers from these mutants were isolated and
examined by 1H-NMR spectroscopy. Wild-type alginate from
FRD1 (Fig. 6A) showed the characteristic peaks that have
been previously associated with mannuronate (M-1) and gulu-
ronate (G-1 and GM-5) residues (4), whereas alginate from
FRD462 algG4 showed only the M-1 peak (Fig. 6B). Polymers
from all of the algI6D, algJ5D, and algF1D mutants carrying
pCC75 also showed the same pattern as polymer from FRD1
(Fig. 6C to E). Thus, none of the gene products of algIJF was
essential for epimerization or AlgG activity.
The algF, algJ, and algI mutants are defective in O acetyla-

tion of alginate. The algF1D, algJ5D, and algI6D mutants
(FRD1156, FRD1154, and FRD1155, respectively) produced
an acetylated polymer when the complete algIJFA gene cluster
(on pMF109 and pMF127) was expressed in trans under the
inducible trc promoter (Fig. 7). In most cases, the molar ratios
of acetyl groups to uronic acid residues were similar to that
seen in alginate from the wild-type strain, FRD1 (0.50 6 0.1
acetyl/uronic acid). However, the algID mutant was comple-
mented (with pMF109 and pMF127) to about 30 to 50% of the
wild-type level, perhaps because algI is not sufficiently ex-
pressed in trans under the trc promoter. Polymers isolated from
the mutants with only algA expressed in trans (pCC75) were
found to contain little or no detectable acetyl groups when

tested in a chemical assay. In that the chromosomal algJ5D
(Gmr) and algI6D (Gmr) mutations were polar on algF, this
failure to acetylate alginate was not unexpected. To examine
the individual roles of algI, algJ, and algF in acetylation of alginate,
a series of broad-host-range plasmids that expressed various
combinations of algI, algJ, and algF (as well as the required
algA for polymer formation) under the control of an inducible
trc promoter were constructed (Fig. 7): algFA (pMF107), al-
gJFA (pMF115), algIJA (pMF131), and algIJFA (pMF109 and
pMF127). Each of these plasmids was mobilized to the algF1D,
algJ5D, and algI6D mutants for examination of acetylation.
The algF1D mutant (FRD1156) was deficient in only AlgF

when it contained pCC75 (algA) or pMF131 (algIJ-A), and
complementation of the acetylation defect was not observed
because of the requirement for algF for acetylation (Fig. 7).
This gene product was previously associated with alginate acet-
ylation (12, 32), and the construction of a defined mutant here
confirmed these previous results. Providing algF in trans on
pMF107 (algFA) restored alginate acetylation. The algJ5D mu-
tant (FRD1154) was deficient in only AlgJ when it contained
pMF107 (algFA), and alginate acetylation was not observed.
However, acetylation was restored in FRD1154(pMF115), in
which algJFA was expressed in trans. This indicated that algJ
was also required for acetylation (Fig. 7). The algI6D mutant
(FRD1155) was deficient in only AlgI when it contained
pMF115 (algJFA), and acetylation was also not observed. How-
ever, alginate was acetylated in FRD1155(pMF109) and
FRD1155(pMF127) with algIJFA expressed in trans. These
data indicate that algI and algJ (as well as algF) were required
for the O acetylation of alginate (Fig. 7).
The results of the chemical assay for acetylation of alginate

were verified by FT-IR spectroscopy. As shown previously
(13), the acetyl ester bonds in alginate can be detected as
absorbance bands at 1,730 and 1,250 cm21 in wild-type FRD1
(Fig. 8A). However, no absorbance at 1,730 or 1,250 cm21 was
observed in alginates purified from the algF1D mutant
FRD1156(pCC75), deficient only in AlgF (Fig. 8B), in the
algJ5D mutant FRD1156(pMF107), deficient only AlgJ (Fig.
8C), or in the algI6D mutant FRD1155(pMF115), deficient
only in AlgI (Fig. 8D). This confirmed that all three genes
(algIJF) appear to be required for acetylation. However, these
absorption bands were restored when the missing gene was
provided in trans in FRD1156(pMF107) (Fig. 8E), FRD1154
(pMF115) (Fig. 8F), and FRD1155(pMF109) (Fig. 8G). Con-
sistent with the results discussed above, the algID mutant was
not fully complemented with pMF109, possibly because of
insufficient expression of algI in trans relative to normal chro-
mosomal expression.
Complementation of transposon and point mutations affect-

ing O acetylation. Transposon mutations in the chromosome
were also analyzed for their effects on acetylation. The trans-
poson insertion in FRD1003 was shown by sequence analysis to
be algJ::Tn501-3. FRD1003 was mucoid with algA expressed in
trans (i.e., by pCC75), but the polymer produced was not acety-
lated (Table 2). pMF107 (see Fig. 7), which expresses only
algFA, did not complement its acetylation defect, but pMF115,
expressing algJFA, was effective for complementation. The po-
sition of transposon Tn501-14 was also determined by se-
quence analysis and found to be in algI (position shown in Fig.
2). FRD1114, which has the chromosomal algI::Tn501-14 al-
lele, was mucoid when algA was provided in trans (by pCC75),
but the polymer produced was not acetylated. pMF107 (algFA)
and pMF115 (algJFA) did not complement its acetylation de-
fect, but pMF109 (algIJFA) was effective (Table 2).
In addition to the transposon mutants, we recently reported

a mutant (FRD1153), isolated by chemical mutagenesis, that

FIG. 6. NMR spectra of alginates from P. aeruginosa. Alginates were pre-
pared for 1H-NMR analysis (4), and NMR spectra were recorded at 300 MHz at
908C. The bacterial alginate spectrum has three characteristic peaks arising from
the anomeric protons on residues of L-guluronate (G-1) and D-mannuronate
(M-1) and from the protons on C-5 of guluronate residues with mannuronate
neighbors (GM-5) (4). Spectra are shown for alginate from (A) wild-type strain
FRD1, (B) FRD462, (C) FRD1156(pCC75), (D) FRD1154(pCC75), and (E)
FRD1155(pCC75).
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was mucoid (without providing algA in trans) and showed an
acetylation defect (molar ratio of 0.03). Providing algFA in
trans (pMF107) was not sufficient for complementation, but
algJFA in trans (pMF115) did complement the FRD1153 acet-
ylation defect (molar ratio of 0.68). Thus, FRD1153 appears to
be an algJ mutant, and the mutant allele was designated algJ1
(Table 2). All these studies with transposon insertions and
point mutants were consistent with the conclusion that the
gene products of algI and algJ (as well as the previously iden-
tified algF) are required for the acetylation of alginate.

DISCUSSION

Poly-D-mannuronate appears to be a precursor in the bio-
synthesis of alginate, and some of the D-mannuronate residues
are epimerized to L-guluronate by a polymer-level mannuro-
nan C-5-epimerase encoded by algG (12). The D-mannuronate
residues can be acetylated at the O-2 and/or O-3 position. In
vitro studies show that the algG-encoded epimerase (12) and
the algL-encoded lyase (29) have enzymatic activities that are
inhibited if their substrate (poly-D-mannuronate) is acetylated.
This suggests that acetylation could be involved in the regula-
tion of alginate structure. To better understand O acetylation
of alginate, we recently performed a localized chemical mu-
tagenesis on the alginate biosynthetic operon in mucoid strain
FRD, and a mutant, FRD1153, that produced an alginate
deficient in acetyl groups was identified (13). Here, we per-
formed a sequence analysis of a 3.7-kb DNA fragment that
could complement its acetylation defects, and three ORFs with
appropriately positioned ribosome-binding sites were observed

and designated algIJF. The algF gene has already been associ-
ated with alginate acetylation (13, 32), but algI and algJ have
not been previously described. Since these ORFs were within
the alginate biosynthetic operon, it was likely that they en-
coded proteins involved in some aspect of alginate biosynthe-
sis, export, structure, or modification.
To examine the mutant phenotypes of algI, algJ, and algF, we

deleted each gene from the chromosome by replacement with
a selectable Gmr marker. This was performed by employing an
IPEX technique. McIver et al. (24) recently showed that gene
replacements in P. aeruginosa are rare when the selective
marker is flanked by a small region (e.g., ;300 bp) of homol-
ogous P. aeruginosa DNA. The IPEX technique was developed
to obtain larger flanking segments of P. aeruginosa DNA ad-
jacent to the marked gene and thus improve gene replacement
efficiency (24). Here, we inserted the Gmr cassette into small
fragments of DNA from the alginate biosynthetic operon that
were easily manipulated, and these were then used to replace
(by homologous recombination) the same gene on a large
cosmid clone (i.e., 35 kb in pALG2) containing the entire
alginate operon. Following selection for the nonreplicating
pALG2::Gmr derivatives in P. aeruginosa, merodiploids (in
which plasmids integrate by a single crossover) were still mu-
coid since they contained one complete biosynthetic operon as
well as one operon interrupted by the Gmr cassette (see Fig.
4C). However, the double recombinants were easily distin-
guished by their nonmucoid phenotype, which resulted from
the polar effect of the Gmr cassette on the downstream algA
gene. The frequency of gene replacement was usually .50%,

FIG. 7. P. aeruginosa DNA in plasmid constructions used to examine the trans complementation of the algF1D::Gmr mutation in FRD1156, the algJ5D::Gmr

mutation in FRD1154, and the algI6D::Gmr mutation in FRD1155. Complementation is shown as1 or2 and as the number of acetyls per uronate residue. Ptrc indicates
expression under the trc (trp/lac) promoter. Restriction sites: Xb, XbaI; B, BamHI; Sm, SmaI; Ec, Ecl136 I. Sm* and Nc* indicate SmaI and NcoI, respectively,
introduced by mutagenic oligonucleotides.
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based on the nonmucoid colony morphology among the Gmr

colonies. In strains selected for further analyses, gene replace-
ment with the Gmr cassette was verified by PCR.
All of the mutants generated in this study could be comple-

mented to mucoidy (Alg1) by expressing just algA in trans.
Thus, algI, algJ, and algF were not required for alginate poly-
mer formation or its export. A complementation analysis was
performed, providing algIJFA in trans under control of the

strong inducible trc promoter (Ptrc.algIJFA [. indicates pro-
moter direction]), and we were able to investigate the nature of
these genes’ involvement in alginate structure. NMR analyses
showed that polymers produced by strains deficient in algI,
algJ, or algF still contained a mixture of D-mannuronate and
L-guluronate, so C-5 epimerization (i.e., D-mannuronate 3
L-guluronate) was not affected. However, these polymers were
not acetylated, indicating that algI and algJ (as well as algF)
were both involved in the process of alginate acetylation. A
strain missing algF (algFD with Ptac.algA in trans) produced
an alginate which was not acetylated, whereas algFA provided
in trans restored alginate acetylation. These data confirm sim-
ilar studies in another mucoid strain in which an algF insertion
mutation (with algA in trans) blocked alginate acetylation (32).
A strain missing only algJ (algJD with Ptrc.algFA in trans)
produced alginate which was not acetylated, but expressing
algJFA in trans allowed the production of acetylated alginate,
demonstrating that algJ was required for acetylation of alg-
inate. These results were verified by complementation of
FRD1153 (an algJ1 point mutant) when Ptrc.algJ was pro-
vided in trans. Finally, a strain missing only algI (algID with
Ptrc.algJFA in trans) produced nonacetylated alginate, but
expressing algIJFA in trans allowed production of an acetylated
alginate. These results were verified in FRD1114 (an
algI::Tn501-14 mutant), which produced nonacetylated and
acetylated alginates when algJFA and algIJFA were expressed
in trans, respectively. Therefore, algI and algJ represent newly
identified genes required for alginate acetylation.
The site of alginate acetylation is unknown, but it could

occur in the periplasm, where AlgG acts as a polymer-level
C-5-mannuronan epimerase. Although the likely acetyl donor
for alginate is acetyl-coenzyme A, we would not expect acetyl-
coenzyme A to also localize to the periplasm. If this hypothesis
is correct, then alginate probably does not accept the acetyls
directly from acetyl-coenzyme A in the cytoplasm. The other
components identified in this study may be involved in trans-
port of acetyl groups to the periplasm. The AlgI sequence
showed the highest sequence homology (21%) to a protein in
B. subtilis called Ipa-4r (DltB), which may be a membrane
protein and may function in the transport of activated D-ala-
nine through the membrane for the biosynthesis of D-alanyl-
lipoteichoic acid (15). AlgI is a rather hydrophobic protein,
suggesting a membrane localization, where it may be involved
in the transfer of the acetyl groups from the cytoplasmic acetyl-
coenzyme A to the periplasm. Interestingly, AlgJ showed strik-
ing homology (30% identity and 69% similarity) to the nearby

FIG. 8. FT/IR spectra of purified alginates from P. aeruginosa FRD strains.
Absorbance peaks at 1,730 and 1,250 cm21 indicate the presence of the acetyl ester
bond in alginates from strains (A) FRD1 (wild-type), (B) FRD1156(pCC75),
which is algF1D::Gmr with algA in trans, (C) FRD1154(pMF107), which is
algJ5D::Gmr with algFA in trans, (D) FRD1155(pMF115), which is algI6D::Gmr

with algJFA in trans, (E) FRD1156(pMF107), which is algF1D::Gmr with algFA
in trans, (F) FRD1154(pMF115), which is algJ5D::Gmr with algJFA in trans, and
(G) FRD1155(pMF109), which is algI6D::Gmr with algIJFA in trans.

TABLE 2. Complementation analysis of mutants with chemically or
transposon-induced mutations affecting alginate acetylation

Strain (chromosomal
mutation)

Plasmid [gene(s)
expressed in trans]

Acetylation of
polymer formeda

FRD1003 (algJ::Tn501-3) pCC75 (algA) 2
pMF107 (algFA) 2
pMF115 (algJFA) 1

FRD1114 (algI::Tn501-14) pCC75 (algA) 2
pMF107 (algFA) 2
pMF115 (algJFA) 2
pMF109 (algIJFA) 1

FRD1153 (algJ1) None 2
pMF107 (algFA) 2
pMF115 (algJFA) 1

a Acetylation was determined by the chemical assay and verified by FT-IR.
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gene AlgX (25), suggesting that the two genes evolved by gene
duplication. Unfortunately, AlgX does not yet have a known
function except for its apparent involvement in the late stages
of alginate biosynthesis, and so it is not possible to speculate on
their commonality in form or function. AlgF did not show any
apparent homology with proteins similar to those involved in
acetylation. However, the sequence of AlgF predicts a signal
sequence, suggesting that it may be processed and exported to
the periplasm. In evidence of this, Shinabarger et al. (32)
showed that the amino terminus of AlgF produced in E. coli is
processed at the sequence AQA ? DEG, and we have con-
firmed their observations (unpublished data). Direct evidence
for the cellular localization of each of these proteins is pres-
ently being investigated, and these results may provide insight
as to the mechanism for the transfer of acetyl groups to alg-
inate and the biological significance of this modification of the
polymer.
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