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Abstract

Mucoid strains of Pseudomonas aeruginosa that overproduce alginate are associated with chronic
pulmonary disease (e.g. cystic fibrosis). Mutants defective in one of several periplasmic proteins
(AlgKGX) for alginate secretion release alginate fragments due to the activity of an alginate lyase
(AlgL) in the periplasm, which cleaves the newly formed polymers. However, mutants defective in
Alg8 or Alg44 did not secrete polymer or alginate fragments, suggesting that both these membrane
proteins have a role in the polymerization reaction. A model for the membrane topology of Alg8, a
glycosyltransferase (GT), was constructed using PhoA fusions. This provided evidence for a large
cytoplasmic loop containing the active domains predicted for 5-GTs such as Alg8 and five
transmembrane (TM) domains, one of which resembles a cleavable signal peptide. The C-terminal
TM domain of Alg8 was critical for the polymerization reaction /n vivo. Alanine substitution
mutagenesis showed that all of the predicted active site residues in the widely spaced D, DxD, D,
LxxRW motif were required for polymerization activity /n vivo, and two of these substitutions also
affected Alg8 protein stability. A membrane topology model for Alg44 was also constructed using
PhoA fusions, and this showed a central TM domain and predicted an N-terminal TM domain that
may be a membrane anchor. An N-terminal PilZ domain in Alg44 for c-di-GMP [bis-(3",5")-
cyclic dimeric GMP] binding, which is required for alginate synthesis, was localized to the
cytoplasmic loop. The long periplasmic C terminus of Alg44 contains a region similar to
membrane fusion proteins (MFPs) of multi-drug efflux systems, which predicts the possibility of
its interaction with another protein in this compartment. A Western blot analysis of the outer-
membrane porin AlgE showed reduced AIgE levels in the alg44 mutant, whereas expression of
Alg44 in trans restored AlgE within the cell. C-terminal truncations of Alg44 as small as 24 amino
acids blocked alginate polymerization /n vivo, indicating a critical role for the MFP domain. These
studies suggest that Alg44 may act as a co-polymerase in concert with Alg8, the major GT, and
that both inner-membrane proteins are required /in vivo for the polymerization reaction leading to
alginate production.
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INTRODUCTION

Strains of Pseudomonas aeruginosa causing chronic pulmonary infections, such as in
patients with cystic fibrosis (CF), often demonstrate a mucoid colony phenotype. The
infecting P aeruginosa strains undergo mucoid conversion during the course of colonization
(Gilligan, 1991). The mucoid phenotype is due to the overproduction of the
exopolysaccharide alginate (Jain & Ohman, 2004), which promotes persistence in the lungs
and increases P, aeruginosa resistance to phagocytosis (Pier et al., 2001).

Alginate is composed of the uronic acids D-mannuronate and its C-5 epimer L-guluronate
with £-1,4 linkages. All the known genes identified for alginate production except one are
located in the algD operon: algD-8-44 K-E-G-X-L-I1-J-F-A (Jain & Ohman, 2004). Alginate
is made by many Pseudomonas species and also Azotobacter vinelandii, and the sequencing
of their genomes shows the same algD operon. In the alginate biosynthesis pathway, AlgA
catalyses two steps in the pathway to yield GDP-mannose (Shinabarger et al., 1991), which
is then converted by the dehydrogenase activity of AlgD to GDP-mannuronic acid
(Roychoudhury et al., 1989). Alg8 shares structural similarity with glycosyltransferases
(GTs) of family 2, making Alg8 the probable alginate polymerase (Saxena et al., 1995). This
was confirmed with an /n vitro assay showing that Alg8-containing envelope fractions of
mucoid £ aeruginosa could utilize GDP-mannuronate as a substrate for alginate polymerase
activity (Remminghorst & Rehm, 2006a). Another protein required for alginate biosynthesis
is Alg44 (Maharaj et al., 1993; Remminghorst & Rehm, 2006b). Alg44 has been shown to
have a PilZ domain for the binding of bis-(3",5")-cyclic dimeric GMP (c-di-GMP), a
cofactor that is essential for Alg44 function and alginate production (Merighi et al., 2007).
The polymer undergoes further modification by periplasmic AlgG, a C-5 epimerase that
converts some D-mannuronates to L-guluronates (Franklin et al,, 1994), and by AlglJF,
which O-acetylates the mannuronates at the polymer level (Franklin & Ohman, 2002). AlgL
is an alginate lyase that can degrade alginate polymers (Schiller ef al., 1993). AlgE has been
shown to be an outer-membrane porin (Rehm et al., 1994).

Mutants of mucoid £ aeruginosa strain FRD1 defective in the production of periplasmic
proteins AlgK, AlgG or AlgX have a non-mucoid phenotype. However, they produce small
fragments of alginate due to the action of AlgL, an alginate lyase co-expressed in the algD
operon, which degrades newly formed polymers (Jain & Ohman, 1998, 2005; Jain et al.,
2003; Robles-Price et al., 2004). AlgK, AlgG, AlgX and AlgL may form a periplasmic
scaffold to bring newly synthesized polymers to the outer-membrane porin, AlgE, and
protect the polymer from degradation by AlgL (Jain & Ohman, 2005).

Here we sought to better understand the D-mannuronate polymerization step in alginate
biosynthesis, which requires the GT Alg8. GTs catalyse the transfer of a sugar moiety from
an activated donor to an acceptor molecule (Campbell et al., 1997; Saxena et al., 1995). GTs
can be grouped as inverting or retaining according to the stereochemistry of the linkages
formed. The product of an inverting GT displays the opposite stereochemistry at the
anomeric centre to that of the activated donor. In contrast, the product of a retaining GT
retains the same anomeric configuration of the donor (Campbell ef a/., 1997). At the amino
acid sequence level, GTs have very low sequence homology due to the wide diversity of
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acceptor molecules and sugar donors (Saxena et al., 1995). However, GTs can be placed into
structural families using a computer algorithm called hydrophobic cluster analysis (HCA),
which makes structural predictions based upon the secondary structure of proteins. HCA
was used to demonstrate Alg8’s structural homology to family 2 (inverting) g-GTs
(Campbell et al., 1997), which is one of the largest families of GTs (Campbell et a/., 1997).
Family 2 GTs include those involved in bacterial capsule or exopolysaccharide synthesis
such as chitin synthesis by NodC in Sinorhizobium species, cellulose production by AcsAB
in Gluconacetobacter xylinus (formerly Acetobacter xylinum), and hyaluronate synthesis by
HasA in Streptococcus pyogenes (Campbell et al,, 1997; Saxena et al., 1990, 1995).

In this study we showed that Alg8 has a membrane topology that is similar to other multi-
spanning membrane family 2 (inverting) GTs in that it has a large hydrophilic region in the
cytoplasm, which contains the active site. Previous predictions suggested that the active site
of Alg8 has two domains (Saxena et al., 1995), and here we verified the role of the
conserved active-site residues in alginate polymerization by examining the effects of alanine
substitutions. In addition, given that an a/g44 mutant has the same phenotype as an alg8
mutant with respect to the inability to produce alginate or alginate fragments, we
investigated the membrane topology of Alg44 as well. The N-terminal PilZ domain was
localized to the cytoplasm, and the C terminus of Alg44, which has homology to efflux
pump proteins, was localized to the periplasm and shown to be required for polymer
formation /in vivo.

METHODS

Bacterial strains, plasmids and media

Bacterial strains and plasmids used in this study are listed in Table 1. 2 aeruginosa and
Escherichia coli strains were grown at 37 °C in L-broth (Sigma) plus the appropriate
antibiotics. For uronic acid assays, P, aeruginosawas grown in a defined medium that
promotes alginate production (MAP), which contained 100 mM monosodium glutamate, 7.5
mM NaH,POy, 16.8 mM K,HPOy4, and 10 mM MgSQy,. Triparental matings were used to
mobilize plasmids from E£. colito P, aeruginosa using the conjugative helper pRK2013 (Jain
& Ohman, 1998). Transconjugants were selected using a 1: 1 mixture of Pseudomonas
Isolation Agar (PIA) (Difco) and L-agar supplemented with the appropriate antibiotics.
Antibiotic concentrations (per ml) used were as follows: ampicillin at 100 pg, carbenicillin
at 150 g, and kanamycin at 30 ug.

DNA and sequence manipulations

Pfu Turbo (Stratagene) was used to amplify DNA and the QIAEX 1l Gel Extraction kit was
used to purify inserts for plasmid constructs. The Qiagen QIAprep spin Miniprep kit was
used to purify plasmid DNA. All primers used were custom synthesized by Operon
Technology. The sequences of Alg8 and Alg44 proteins were available at the 2 aeruginosa
PAO1 genome project website (http://www.pseudomonas.com). A Kyte-Doolittle plot of
hydrophilicity was performed using Lasergene analysis software by DNASTAR. Predictions
for transmembrane domains were performed using TMpred at the ExPASy Molecular
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Biology Server (http://www.expasy.org). Homology searches were performed using the
BLAST network.

Construction of alg8 and alg44 non-polar mutants

To construct an a/lg8 mutant of mucoid strain FRD1, a 3.8 kb X#ol-Kpnl fragment
containing alg8-alg44 was cloned into pBluescript 11 KS(-); the SpAl-Bg| fragment within
alg8was replaced with a non-polar gentamicin-resistance (GmR) cartridge from pSJ12, and
then it was cloned into the Smal site of the suicide gene replacement vector pEX100T to
form pSJ184. To construct an alg44 mutant, a 3.8 kb £coR| fragment containing alg44-algK
was cloned into pBluescript 11 KS(-); the GmR cartridge was inserted into the unique BcA
site within a/g44, and the £coRI1 fragment was then cloned into pEX100T to form pSJ220.
Suicide plasmids pSJ184 and pSJ220 were introduced into mucoid FRD1 by triparental
mating with selection for b/a (CbR) to obtain merodiploids. Colonies were grown without
selection to promote spontaneous recombination, and then selected for GmR and sucrose
resistance (i.e. loss of vector-encoded sacB) and screened for CbS (i.e. loss of vector-
encoded b/a). One of the non-mucoid Aa/g8:: Gm mutants obtained, FRD1108, was verified
by PCR for the Aalg8:: Gm allele and shown to be complemented in trans to mucoid by
pSJ199 expressing a/g8. One of the non-mucoid alg44.: Gm mutants obtained, FRD1144,
was verified by PCR for the alg44.:; Gm insertion and shown to be complemented /n transto
mucoid by pSJ44 expressing alg44.

Construction of alg8’-phoA and alg44’-phoA translational fusions

For Alg8-PhoA constructions, PCR reactions were performed using a 5 primer designed to
include 9 bp upstream of the predicted ATG start codon of a/g8and to form a unique
restriction site BspHI; the 3" primers were designed to match various regions within the
predicted hydrophilic domains of Alg8 and to form the unique restriction site Xbal. For
Alg44-PhoA constructions, PCRs used a 5" primer designed to include the predicted ATG
start codon of alg44 and to form a unique restriction site NVcol; the 3" primers were designed
to match various regions within the predicted hydrophilic domains of Alg44 and to form the
unique restriction site Xbal. The BspHI-Xbal fragments of alg8and Ncol-Xbal fragments
of alg44 were cloned into the compatible Acol and Xbal sites of the broad-host-range
expression vector pMF54 (Franklin et al., 1994), to place the genes in the correct orientation
relative to a #rc promoter. An Xbal-Xhol gene cassette from pPHO7 (Gutierrez &
Devedjian, 1989), containing a phoA allele encoding alkaline phosphatase without its signal
sequence or ribosome-binding site, was then fused in-frame downstream of each individual
alg8 or alg44’ construct in the Xbal-Xhol sites. To confirm that alg& -phoA and alg44’ -
PhoA constructs were in-frame, the plasmids were sequenced at ATGC, Inc. or the VCU
Nucleic Acids Core Laboratory (Richmond, VA). Genes for the fusion proteins were under
Lacl? control and were induced with 1 mM IPTG.

Enzyme assays

Alkaline phosphatase (PhoA) activities of each Alg8’-PhoA fusion in £. coliwere visually
screened for blue colonies on L-agar containing ampicillin and the chromogenic substrate
XP (5-bromo-4-chloro-3-indolyl phosphate). To measure PhoA activity in P aeruginosa,
overnight cultures were diluted in L-broth with carbenicillin and grown to an ODgqg of 0.4—
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0.6. A 1 ml sample of culture was removed and the remaining culture was induced for 2 h by
adding 1 mM IPTG. An aliquot (100-200 ul) was removed from uninduced and induced
cultures and added to 1 M Tris/HCI (pH 8.0) and permeabilized by adding 20 pl 0.1 % SDS
and 40 pl chloroform (Haardt & Bremer, 1996). The cells were incubated for 5 min at 37 °C,
vortexing periodically. Then 200 ul of the PhoA substrate p-nitrophenyl phosphate (Sigma)
was added and incubated at 37 °C until a yellow colour developed. The reaction was stopped
by adding 200 pl 1 M K,HPO, (Brickman & Beckwith, 1975). The hydrolysis of the
substrate was measured spectrophotometrically in Miller units. Protein concentrations were
determined using a Bradford assay.

Site-directed mutagenesis

Site-directed mutagenesis of alg8was performed using the method based on the
QuikChange mutagenesis Kit (Stratagene). First, primers upstream and downstream of a/g8
corresponding to the putative start and last codon were designed to incorporate the unique
restriction sites BspHI and Xbal, respectively. DNA from FRD1 was PCR amplified with
Pfu Turbo and gel extracted using the QIAEX Il Gel Extraction kit. After gel extraction, the
PCR fragment was blunt ligated into pUC19 that was digested with Smal to create pLO26.
This plasmid was used as template for all mutagenic experiments. Primers used for site-
directed mutagenesis were designed to be directly complementary to each other, with the
mutation to be made in the middle of the primer. After PCR with the mutagenic primers, the
product was digested with Dpnl for 2 h and transformed into £. co/i DH5a. The plasmid
was reisolated using the Qiagen QIAprep spin Miniprep kit and digested with BspHI and
Xbal. The band was excised from a gel, restriction enzyme digested and then ligated into the
Ncol and Xbal sites of pMF54. Each clone was sequenced to confirm the presence of the
mutation. The phoA-containing Xbal-Xhol gene cassette from pPHO7 was then cloned
downstream of the inserts to provide a tag for immunodetection.

Western blot analysis

To visualize the Alg8’-PhoA and Alg44’-PhoA fusion proteins, or AlgE, overnight cultures
were diluted into L-broth, and plasmids were maintained by the addition of ampicillin for £.
coli or carbencillin for 2 aeruginosa. The cultures were incubated for 2 h at 37 °C under
aerobic conditions. Plasmids expressing genes from the frc promoter were induced by
adding 1 mM IPTG and allowed to continue growing for 2 h at 37 °C. Aliquots of 1 ml were
removed and centrifuged. The pellets were resuspended in 2x Laemmli sample buffer and
heated at 100 °C for 5 min. Aliquots from each sample (20 pl for £. coliand 100 pl for 2
aeruginosa) were loaded and electrophoretically separated by SDS-PAGE analysis with a 12
% separating gel. The proteins were transferred to a nitrocellulose membrane (Bio-Rad)
overnight. The membrane was blocked for 2 h in TBS [100 mM Tris/HCI (Boucher et al.,
1996), 0.9 % NaCl] containing 0.1 % Tween and 1 % BSA. The membrane was probed with
rabbit antiserum, against alkaline phosphatase (Rockland) or recombinant AIgE, at a
concentration of 1: 10 000. The antibody—antigen complexes were detected using
horseradish peroxidase-conjugated goat anti-rabbit antibodies (Sigma). The bands were
visualized using Super Signal West Pico chemiluminescent substrate and exposed to X-ray
film (Pierce).
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Detection of alginate fragments

RESULTS

Alginate is composed of two uronic acid residues, and thus the amount of alginate or
alginate fragments in culture supernatants was determined by measuring the concentration of
uronic acids. Briefly, overnight cultures were diluted into 20 ml MAP broth, and then
cultures were incubated with maximum aeration for 24 h. Cultures were centrifuged (1 h at
6000 r.p.m.), and samples of the supernatant were directly assayed for uronic acids using a
carbazole-spectrophotometric method (Knutson & Jeanes, 1968). MAP growth medium was
used instead of L-broth to lower non-specific background reactions. Alginic acid from
Macrocystis pyrifera (Sigma) was used as the standard. To detect alginate fragments,
produced by some non-mucoid mutants of FRD1, culture supernatants were assayed for
uronic acids before and after exhaustive dialysis against saline for 24 h. In cultures
producing alginate fragments, the uronic acids were lost by dialysis treatment. To detect
intracellular uronic acids, cell pellets were resuspended in 10 mM Tris/HCI (pH 7.4), lysed
by sonication, centrifuged and assayed for uronic acids as described above. Culture
supernatants and sonicates of strain FRD2, which produces no alginate due to a mutation in
the regulator encoded by alg7, was used to determine non-specific background levels in the
uronic acid assay.

Alg8 and Alg44 play roles in polymer formation

The Alg8~ and Alg44™ mutants constructed here in the mucoid strain FRD1 (i.e. FRD1108
and FRD1144, respectively) were non-mucoid as expected. However, unlike an AalgG
mutant, neither released degraded alginate, which would be detected as small (dialysable)
uronic acids (Table 2). As Alg8 is the GT for alginate, utilizing GDP-mannuronate as
substrate to synthesize the polymer (Remminghorst & Rehm, 2006a), an a/g& mutant would
not be expected to produce alginate or alginate fragments. Interestingly, the same phenotype
was observed with the Alg44~ mutant, suggesting that it also plays a role in polymerization.
Others have also observed this phenotype (Remminghorst & Rehm, 2006b). Thus, Alg44
may be acting as a co-polymerase by mechanisms not yet understood. To better understand
the roles of Alg8 and Alg44 in alginate polymer formation, their membrane topology and
other characteristics were examined.

Construction of a topological model for Alg8 by PhoA fusion analysis

The predicted Alg8 (PA3541) coding sequence in £, aeruginosa was available through the
annotated genome project (http://www.pseudomonas.com), and it encodes 494 amino acids.
A hydrophilicity plot of the sequence showed several hydrophobic regions suggesting the
presence of transmembrane (TM) domains (Fig. 1A). An entry for Alg8 in the SWISS-
PROT database (http://www.expa-sy.org) predicted that Alg8 had four TM domains at
residues 12—-34, 49-71, 381-403 and 423-445. Analysis of Alg8 using TMpred predicted an
additional TM domain at the C terminus: 472-494. The first TM has the characteristics of a
typical signal peptide (Pugsley, 1989), ending at residue 29 with Ala-x-Ala, which is the
recognition sequence for signal peptidase. A model for the membrane topology of Alg8,
with a large cytoplasmic region containing the predicted enzymic domains (see below), is
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shown in Fig. 1B. Others have predicted a similar membrane topology for Alg8 from £~
aeruginosa (Remminghorst & Rehm, 2006a) and A. vinelandii (Mejia-Ruiz et al., 1997).

We tested the above model of Alg8 membrane topology using a PhoA protein fusion
analysis. The in-frame fusion of PhoA to a protein only produces PhoA activity if it is
delivered to the periplasmic compartment (Manoil et al., 1988). Plasmids expressing a/g& -
phoA fusions were constructed with the fusion joints in the hydrophilic regions immediately
following amino acids 34, 45, 136, 244, 346, 393, 417, 474 and at the terminal residue, 494
(shown as triangles in Fig. 1B). These were transformed into £. coli and the transformants
screened for PhoA activity on L-agar containing the chromogenic substrate XP. When PhoA
was fused to the last encoded amino acid of Alg8, dark blue colonies were observed on the
indicator plates (L-agar+XP), indicating that the plasmid indeed expressed the Alg8’-PhoA
protein and that the C terminus was exposed to the periplasm as predicted (Fig. 1B).
Likewise, the PhoA fusions in the predicted periplasmic loops P1 and P2 produced blue
colonies, thus verifying their periplasmic locations. Also, PhoA fusions located in the
predicted cytoplasmic loops C1 and C2 were inactive, giving rise to a white colony
phenotype as expected. Although the cytoplasmic loops were not confirmed with positive
LacZ protein fusions, the results with in-frame, inactive PhoA fusions were completely
consistent with the computational model, which placed the GT active sites of loop C1 in the
cytoplasm as predicted. Each alg8’ -phoA fusion plasmid was also conjugated into 2
aeruginosa FRD1 and PAOL, but the secretion of alginate or pigments by these strains
interfered with the blue/white screening test. Thus, the activity of each Alg8’-PhoA in A
aeruginosa FRD1 was determined by testing cell lysates for the hydrolysis of the PhoA
substrate p-nitrophenyl phosphate. The results confirmed what was seen in £. coli using the
XP plate test, where periplasmic Alg8-PhoA fusions showed high activity and cytoplasmic
fusions were at approximately background levels (data not shown). Overall, these
experimental data were consistent with the model (Fig. 1B) for the membrane topology of
Algs.

Tests of Alg8’-PhoA constructs for restoration of alginate production

The Alg8’-PhoA fusions tested above were then used to determine the effects of C-terminal
truncations of Alg8 on alginate biosynthesis in £ aeruginosa. First, we confirmed that
expression of the fusion proteins resulted in stable proteins. An attempt to derive an antibody
to Alg8 was unsuccessful, and so the Alg8-PhoA proteins were detected by Western blot
analysis using an anti-PhoA antibody. All the strains described above carrying the Alg8’-
PhoA constructs were expressed in £. coli, and the expected sizes of fusion proteins were
observed (Fig. 2A). However, one Alg8-PhoA fusion at amino acid 377, not included in the
analysis above, produced a protein that was difficult to detect (Fig. 2A, lane 3); the fusion
joint would be in close proximity to the membrane, which may have caused its instability.

The cytoplasmic loop C1 contained the putative active site of Alg8, and so we asked whether
this alone might be sufficient for alginate production. To test this, plasmids expressing
Alg8’-PhoA with the cytoplasmic loop C1 still intact were conjugated into the Aa/g8 mutant
FRD1108 and induced with 1 mM IPTG. A Western blot analysis of the fusion proteins in
FRD1108 using anti-PhoA confirmed that the proteins were being expressed in 2
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aeruginosa, although variable amounts of degradation were observed resulting in a stable
PhoA (48 kDa) band (Fig. 2B). Interestingly, only the plasmid expressing full-length
Alg8(494 residues)-PhoA (by pLO28) was able to complement the Aa/g8 mutation and
restore alginate production (Fig. 2C). Even the Alg8’-PhoA fusion at residue 474, which
encoded the entire protein except for the last 20 amino acids, was unable to restore the
mucoid phenotype to FRD1108. We then investigated the possibility that alginate polymers
were being synthesized by Alg8’-PhoA fusions, but were subject to AlgL lyase degradation.
We tested for the presence of alginate fragments in 24 h culture supernatants of
FRD1108(alg& -phoA) strains; however, none was detected (Fig. 2C). Sonicates of the cell
pellets were also examined for intracellular accumulation of alginate oligomers, but uronic
acids were not detected above background. Although it is possible that Alg8”-PhoA fusions
misfolded, these results suggest that the C-terminal TM domain of Alg8 is necessary in vivo
for polymer production, even though it is well separated from the predicted catalytic
domain.

Identification of critical residues for Alg8 activity in vivo

A powerful sequence comparison method called hydrophobic cluster analysis (HCA) has
been used to discover putative GTs. An HCA analysis of the database of available protein
sequences led to the identification of Alg8 as a probable g-GT, which included the
prediction of several critical active-site residues (Saxena et al., 1995). A region in Alg8
called GT domain A contains the two conserved aspartic acids D133 and D190, with D188-
D190 in the often-seen DxD motif. Alg8 also contains the GT domain B with a conserved
D296 and an LxxRW motif (residues 336-340), although the latter is typically seen as a
QxxRW motif. An /n vitro analysis of other GTs has shown the requirement of these
conserved amino acids for GT activity (Garinot-Schneider et al., 2000; Keenleyside et al.,
2001; Saxena & Brown, 1997). A comparison of the Alg8 sequence to its most distant Alg8
homologue, found in A. vinelandii, showed not only the presence of these conserved
residues, but also that the overall sequences of GT domains A and B were well conserved
(data not shown).

To test the prediction of Saxena et a/. (1995) that the critical conserved residues in Alg8
were important for GT function, each codon was changed to encode alanine by site-directed
mutagenesis in the full-length alg8(1-494)-phoA construct. Because each Alg8 protein was
tagged with PhoA, it was possible to test for their expression and stability in bacterial cells.
A Western blot analysis showed that the mutant Alg8-PhoA proteins were all being
expressed in E. coli (Fig. 3A). However, compared to wild-type Alg8-PhoA (Fig. 3A, lane
1), the bands of Alg8-PhoA with D296A or L336A substitutions were much less intense,
suggesting increased protein degradation. A Western blot analysis of mutant proteins
D133A, V155A, D188A, L336A, R339A and W340A in £ aeruginosa produced similar
results, and also showed that the L336A substitution resulted in an unstable Alg8-PhoA
protein (Fig. 3B). We were unable to maintain the plasmid encoding Alg8-PhoA with the
D296A change in FRD1108, suggesting that the unstable protein produced had deleterious
effects on growth. Alg8-PhoA constructs with the D133A substitution also showed a more
prominent PhoA band (48 kDa) compared to wild-type, suggesting some protein instability
was caused by this alteration, too.
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When the Alg8-PhoA constructs with the D133A, D188A, L336A, R339A and W340A
substitutions were tested for the ability to complement the Aa/g8 mutation in FRD1108,
none but the wild-type Alg8-PhoA (pLO28) restored the mucoid phenotype, suggesting that
these conserved amino acids were necessary for the GT activity of Alg8 (Fig. 3C). Asa
positive control, an Alg8-PhoA with an irrelevant substitution (V155A in pLO81) was
tested, and it also showed complementation to the mucoid phenotype (Fig. 3C). To check the
possibility that polymer was being synthesized by mutant Alg8-PhoAs but degraded by the
AlgL lyase, we tested culture supernatants for fragments of degraded alginate, but none was
detected (Fig. 3C). Overall, this characterization verified the residues predicted to be critical
for Alg8 function, and suggested that L336 and D296 also play a structural role in
maintaining the stability of the protein.

Construction of a topological model for Alg44 by PhoA fusion analysis

The predicted Alg44 (PA3542) coding sequence was obtained from the £ aeruginosa
annotated genome project (http://www.pseudomonas.com). A hydrophilicity plot of the 389
amino acid Alg44 protein shows it to be mostly hydrophilic, with one strong hydrophobic
area in the middle of the protein (Fig. 4A). The transmembrane prediction program TMpred
predicted that this hydrophobic area (residues 159-177) was a TM domain. TMpred also
predicted the potential for a TM domain between residues 42 and 62, but this is unlikely
considering its weak hydrophobicity and the presence of a c-di-GMP-binding PilZ domain
(residues 7-104), which would have a cytoplasmic localization (Merighi et al., 2007).
SignalP predicts that Alg44 does not contain a cleavable signal sequence.

To experimentally determine the membrane topology of Alg44, alg44-phoA fusions were
constructed. £. coli expressing an Alg44’-PhoA with the fusion joint at amino acid 35 was
positive for PhoA activity when screened on indicator plates (L-agar+XP). Thus, amino
acids 1-35 of Alg44 allowed for membrane translocation of PhoA even though its sequence
is predictably weak as a signal peptide and does not contain the Ala-x-Ala recognition site
for signal peptidase. If uncleaved, the signal is likely to serve as an N-terminal membrane
anchor (Pugsley, 1989). £. coliexpressing an Alg44’-PhoA, fused to the last amino acid at
389, was positive for PhoA activity on XP agar as indicated by blue colonies. A positive
result was also observed for bacterial colonies expressing PhoA fused to N250 (Fig. 4B). As
predicted by the model, Alg44’-PhoA fused at T139 was negative for PhoA activity when
screened on XP agar (Fig. 4B). A Western blot analysis using anti-PhoA showed that these
Alg44’-PhoA constructs were expressed (data not shown). Thus, these data suggest that
Alg44 contains a putative N-terminal membrane anchor, a central TM region, and a long C
terminus located in the periplasm (Fig. 4B).

Alg44 shares homology with efflux proteins

A computer search for homologies and predicted domains showed that the cytoplasmic
region of Alg44 contains a PilZ domain at the N terminus (labelled PilZ in Fig. 4). PilZ
domains function as receptors for c-di-GMP, which can act as a cofactor to regulate the
activity of the protein (Romling et al., 2005). Alg44’s PilZ domain has recently been shown
to bind c-di-GMP, and that this is critical for alginate biosynthesis (Merighi et a/., 2007). In
addition to PilZ in the N terminus, the C terminus of Alg44 (residues 220-364) shares
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homology with proteins in multi-drug efflux pumps, and in particular those known as
membrane fusion proteins (labelled MFP in Fig. 4). MFPs have been suggested to function
as adaptor proteins, connecting the efflux pump located in the cytoplasmic membrane to the
outer-membrane pore (Elkins & Nikaido, 2003; Tikhonova ef a/., 2002). This suggested the
possibility of an interaction between the periplasmic C terminus of Alg44 and the outer-
membrane protein AIgE, the putative alginate porin through which alginate is secreted to the
extracellular space. A Western blot analysis with antibodies raised to AIgE showed that
AlgE (54 kDa) was present in mucoid strain FRD1, and absent as expected in FRD2, which
does not express the algD operon (Fig. 5A). Interestingly, AIgE was generally below
detection in the Aalg44 non-polar mutant FRD1144 (Fig. 5A). Conjugation of pLO51
encoding full-length Alg44-PhoA into FRD1144 resulted in a restored mucoid phenotype.
The production of alginate in L-broth culture by FRD1144(pLO51) was determined to be
~35 % of wild-type FRD1. This partial complementation of FRD1144 by Alg44-PhoA also
resulted in a partial restoration of AIgE as well, as determined by Western blot analysis (Fig.
5A).

Given that the C terminus of Alg44 may be involved in polymer transport across the
periplasm to AlgE, we tested the possibility that some C-terminal deletions might still allow
for polymer production, although newly formed polymers would be subjected to degradation
by AlgL. A complementation analysis was performed using the various Alg44’-PhoA
constructs with truncated C termini in the Aalg44 mutant FRD1144. Of the Alg44’-PhoA
constructs, only full-length Alg44(1-389)-PhoA was able to restore the mucoid phenotype
(Fig. 5B). Also, no detectable secreted alginate fragments or intracellular uronic acids were
found when FRD1144 expressed Alg44(1-139)-PhoA (pLO33) or Alg44(1-250)-PhoA
(pLO34), which were missing the MFP domain. A Western blot analysis confirmed that the
Alg44’-PhoA proteins were produced and stable in FRD1144 (data not shown). Another
plasmid (pLO66) was constructed in which a stop codon was introduced in Alg44 so as to
truncate only the last 25 residues, and the PhoA fusion was not included in case it might
interfere with Alg44’s terminal MFP function (e.g. potential interaction with AIgE).
However, even FRD1144(pL0O66) expressing Alg44” (1-364) remained non-mucoid and did
not release alginate fragments into the supernatant (Fig. 5B). These data suggest that the
extreme terminus of Alg44 plays a role in Alg8-mediated alginate polymer formation.

DISCUSSION

We have recently proposed that in mucoid £ aeruginosa, the periplasmic proteins AlgKGXL
form a scaffold that guides alginate polymers through the periplasm to AlgE, the outer-
membrane porin (Jain & Ohman, 2005). When either AlgK, G or X is absent from the cell,
new polymers are subjected to degradation by AlgL, an alginate lyase encoded by the algD
operon (Schiller et al., 1993). Such degraded polymers are readily found in the culture
supernatant as dialysable uronic acids (Jain & Ohman, 1998, 2005; Jain ef a/., 2003; Robles-
Price et al,, 2004). When AlgL is absent, polymer cannot escape the periplasm, suggesting a
role for AlgL in polymer transport as well as its alginate-lyase activity (Jain & Ohman,
2005). Thus, the detection of secreted alginate fragments (i.e. dialysable uronic acids) can be
used to determine if polymer synthesis has occurred /n vivo even though the non-mucoid
phenotype is presented. Alg8 is the GT for alginate biosynthesis, and the lack of secreted
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alginate fragments in an Alg8~ mutant’s culture supernatant was verified here. However, it
was intriguing that an Alg44~ mutant does not secrete alginate fragments, suggesting that it
also has a role in alginate polymer formation. Thus, this study examined both Alg8 and
Alg44 to better understand the mechanism of alginate polymerization, which presumably
involves the transport of newly synthesized oligouronates across the cytoplasmic membrane
to the growing chains.

Alg8 is known to have topological similarity to family 2 GTs involved in the formation of
polysaccharides such as cellulose, chitin and hyaluronate (Saxena et al., 1995), suggesting
that Alg8 plays a similar role in alginate biosynthesis. The GTs that show structural likeness
to Alg8 have been demonstrated or predicted to be multi-spanning membrane proteins
(Barny et al., 1996; Saxena et al., 1990). Here we investigated the membrane topology of
Alg8 using translational fusions with PhoA to predict periplasmic and cytoplasmic regions
of the protein. The results predicted that Alg8 contains an N-terminal TM that resembles a
cleavable signal sequence and four other TM regions, which results in a large cytoplasmic
loop containing the active domains of g-GTs. The enzymes that share structural topology
with Alg8 are responsible for the synthesis of large polymers and contain active sites located
in the cytoplasm. /n vitro activity assays have been used to demonstrate the activity of GTs
such as cellulose synthase in Gluconacetobacter xylinus and Cps3S in Streptococcus
pneumoniae using their respective UDP-linked sugars (Forsee ef al., 2000; Saxena et al.,
2001). Unfortunately, the substrate of Alg8, GDP-mannuronate, is not commercially
available. However, radio-labelled GDP-mannuronate was recently synthesized to show /in
vitro that Alg8-containing membranes of £ aeruginosa can use GDP-mannuronate for
polymer production, thus confirming the role of Alg8 in alginate polymer formation
(Remminghorst & Rehm, 2006a).

Alg8 is classified as a family 2 GT member, which is one of the largest groups of GTs
(Campbell et al., 1997). Domain A is found in all B-GTs, and is characterized by just two
conserved aspartic acid residues, with one often in a DxD motif. This forms two sites, one of
which is probably occupied by an NDP-sugar and the other by the acceptor molecule.
Domain B, when present as it is in Alg8, may permit transfer of multiple NDP-linked sugars
to the acceptor molecule (Saxena et al., 1995). The nature of the acceptor molecule for Alg8
is currently unknown but it could be a membrane lipid. Thus, one might predict that the
cytoplasmic loop C1 of Alg8, if still membrane anchored, would be sufficient to bind GDP-
mannuronate and allow for polymerization and alginate production /n vivo. However, our
studies here showed that only full-length Alg8 could restore the mucoid phenotype. Even a
deletion of the last 21 amino acids, removing the terminal TM domain, prevented the
synthesis of polymer or alginate fragments. Similar results were also seen with terminal
deletions of NodC, a structurally homologous g GT from the same family as Alg8 (Barny et
al., 1996). The role played by the C-terminal membrane anchor in Alg8 is unclear, but
appears to be critical. It may be necessary for some protein—protein interaction with other
proteins involved in alginate biosynthesis.

Alanine substitution mutagenesis was used to validate the importance of the predicted
conserved aspartates and the LxxRW motif in Alg8. Using an a/g& mutant for
complementation analysis, all of the substitutions made in domains A and B blocked both
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the production of polymer (i.e. the mucoid phenotype) and also the ability to release alginate
fragments, indicating that no polymer synthesis occurred. Most of these mutant Alg8
proteins were relatively stable in £. coliand £, aeruginosa except for those with the D296A
and L336A changes. The most extensive degradation was observed with the D296A change,
and this construct proved difficult to even maintain in 2 aeruginosa. Thus, although D296
and L336 are predicted to be involved in substrate binding and catalysis of Alg8, they appear
to be involved in the stability of the protein as well. However, substitutions in the
structurally aligned amino acids in cellulose synthase were not reported to affect the stability
of those mutant proteins (Saxena et al., 2001). It was also interesting that domain B of Alg8
does not have a true ‘QxxRW’ motif, but instead has a leucine instead of the glutamine. The
LxxRW motif is also present in the Alg8 proteins found in other bacterial species that have
the alginate biosynthesis operon. A leucine is found bound to the guanine base of GDP in
the active site of the Saccharomyces cerevisiae a-1,2-mannosyl-transferase Kre2p/Mntlp, a
retaining GT (Lobsanov et al., 2004), suggesting that the presence of Q or L in this motif
may depend upon the nucleotide diphosphate of the activated sugar.

The PhoA fusion analysis of Alg44 suggests a central TM domain plus an N-terminal TM
(e.g. uncleaved signal peptide) that may form a membrane anchor. The end of the long
periplasmic C terminus of Alg44 has similarity to some MFPs of multi-drug efflux systems
that export various substances out of the cell. These three-component systems typically
consist of a pump located in the cytoplasmic membrane, a periplasmic MFP, and an outer-
membrane channel (Johnson & Church, 1999). The membrane pumps located in the
cytoplasmic membrane usually belong to the resistance-nodulation division family (RND) or
the major facilitator superfamily (MFS) (Johnson & Church, 1999; Nehme et al., 2004).
Multi-drug efflux systems are associated with conferring broad-range antibiotic resistance to
various Gram-negative bacteria (EIkins & Nikaido, 2003; Tikhonova et al., 2002). MFPs
have been suggested to function as an adaptor, connecting the cognate efflux pump located
in the cytoplasmic membrane to the outer-membrane pore (Elkins & Nikaido, 2003;
Tikhonova et al., 2002). Although full-length Alg44-PhoA could complement an alg44
mutation to restore alginate production, an Alg44’-PhoA truncating the MFP domain could
not restore alginate production or any polymer formation, as indicated by the absence of
alginate fragments in the culture supernatants.

An interesting phenotype of the Aalg44 mutation in FRD1144 was the loss of a stable AlgE
porin in the cell, but this defect was complemented by a functional Alg44-PhoA in trans.
Even a truncation of the C-terminal 24 amino acids from Alg44 resulted in a failure to
complement the alg44 mutation and even blocked the ability of Alg8 to synthesize new
alginate polymers that could be subjected to AlgL degradation. It is tempting to speculate
that a protein—protein interaction takes place between the C terminus of Alg44 and AlgE or
AlgK to help stabilize AIgE. Obtaining direct evidence for such interactions is in progress.
Also, interactions with Alg44’s C terminus in the periplasm may send a conformational
signal to its N terminus that affects Alg8’s ability to polymerize D-mannuronate. Perhaps
this signalling mechanism acts to control the binding of c-di-GMP to Alg44 in the
cytoplasm. Such possibilities are currently under study.
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Fig. 1.
(A) A hydrophilicity plot of Alg8 and a TMpred analysis suggest five TM domains as

indicated. The scale shows the residue numbers in Alg8. (B) Model for the orientation of
Alg8 in the inner membrane based on the activities of in-frame Alg8”-PhoA fusions.
Triangles show the fusion joints to PhoA, with the number showing the terminal Alg8
residue; black indicates positive activity (periplasmic) and white indicates negative activity
(cytoplasmic). P1 and P2 are predicted periplasmic loops, and C1 and C2 are predicted
cytoplasmic loops. The black rectangle in the membrane represents a TM domain predicted
to be a cleavable signal peptide, and the grey rectangles represent other TM domains. The
locations of GT domains A and B in cytoplasmic loop C1 are indicated with hatched
rectangles. The widely spaced D, DxD, D, (L/Q)xxRW motif, highly conserved in the active
site of family 2 GTs, is shown.
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Fig. 2.
To demonstrate the expression of alg§ -phoA constructs in £. coli (A) and in P, aeruginosa

FRD1108 (B), cultures were induced with IPTG, and total cell proteins were examined by
Western blot analysis using anti-PhoA antibodies. Lanes are marked with the terminal amino
acid in Alg8 before the PhoA fusion. Induced cultures expressed a band corresponding to the
approximate size of the predicted fusion protein in £. coli. Lanes marked 0 were negative
controls and contain proteins from bacteria with pLO4, which contains the unfused p/10A
gene cassette used to create PhoA fusions. Longer exposure was required to observe an
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Alg8(377)-PhoA protein of correct size encoded by pLO17, indicating that the protein was
not stable. (C) Ability of Alg8-PhoA fusions, designated by their last Alg8 amino acid, to
complement FRD1108 Aa/g8 for alginate production or for alginate fragments (Alg Frags) is
indicated.
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Fig. 3.
To demonstrate the expression in £. coli (A) and in P, aeruginosa FRD1108 (B) of alg8-

PhoA constructs with substitutions in GT domains A and B, cultures were induced with
IPTG, and total cell proteins were examined by a Western blot analysis using anti-PhoA
antibodies. Lanes are marked with the terminal amino acid in Alg8 before the PhoA fusion.
Induced cultures expressed a band corresponding to the approximate size of the predicted
fusion protein in £. coli. Lanes marked O were negative controls and contain proteins from
bacteria with pLO4, which contains the unfused phoA gene cassette used to create PhoA
fusions. All mutant fusion proteins displayed some degree of instability, but the constructs
with the D296A and L336A substitutions displayed a high level of instability such that the
most prominent band detected corresponded to the size of PhoA (48 kDa). (C) Ability of
Alg8(with substitutions)-PhoA fusions to complement FRD1108 Aa/géfor alginate
production or for fragmented alginate (Alg Frags). Constructs are designated by their
terminal amino acid in Alg8 before the PhoA fusion.

Microbiology (Reading). Author manuscript; available in PMC 2009 March 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ogleshy et al.

Page 20

™
g ™
B. 250 389

-~ - 72225

o 177

l i | |
O S080000800000080008 0000000008000 000800008008000008000

P

: £\
PilZ 139
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(A?) A hydrophilicity plot of Alg44 and a TMpred analysis suggests a central TM domain as
indicated. A putative TM is also indicated at the N terminus. The scale shows the residue
numbers in Alg44. (B) Model for the orientation of Alg44 in the inner membrane based on
the results of Alg44’-PhoA fusions. Triangles show the fusion joints to an in-frame PhoA,
with black indicating positive activity (periplasmic) and white indicating negative activity
(cytoplasmic). A TM functioning as a putative membrane anchor (e.g. uncleaved signal
peptide) is indicated on the N terminus as a black rectangle in the membrane, and the grey
rectangle represents the central TM domain. The locations of the PilZ domain in the
cytoplasmic loop and a MFP domain in the periplasmic terminus are indicated with hatched
rectangles.
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(A?) A Western blot analysis was used to test for the presence of outer-membrane porin,
AlgE. AlgE was detected in the wild-type mucoid strain 2 aeruginosa FRD1 (WT, lane 1),
but was difficult to detect in the alg44 mutant, FRD1044 (alg44, lane 3). Expression of full-
length Alg44(1-389)-PhoA (from pLO51) in FRD1044 restored AlgE (alg44*, lane 2) and
alginate production. The negative control strain FRD2, which does not express the alginate
operon, showed no AIgE band (Alg™, lane 4). (B) Diagram showing the ability of Alg44’-
PhoA fusions to complement the alg44 mutation for alginate production (i.e. a mucoid
phenotype) or for production of alginate fragments (Alg Frags). Constructs are designated
by the number of the last Alg44 amino acid before the PhoA fusion, or in one case by the
introduction of a stop codon in Alg44(1-364-stop). FRD1044 expressing the full-length
Alg44(1-389)-PhoA fusion protein (from pLO51) produced approximately 490 ug alginate
per ml culture supernatant, which was ~35 % of that produced by wild-type strain FRD1
under the same conditions.
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Table 1

Bacterial strains and plasmids

Strain or plasmid

Genotype and/or phenotype

Source or reference

E. coli
DH5a

P, aeruginosa
FRD1
FRD2
FRD1108
FRD1144
FRD1200
PAO1
Plasmids
pEX100T
pPHO7
pMF54
pRK2013
pSJ12
pSa4
pSJ184
pSJ199
pSJ220
pSJ340
pLO11
pLO12
pLO17
pLO19
pLO22
pLO25
pLO28
pLO37
pLO39
pLO42
pLO44
pLO63
pLO71
pLOT77
pLO32
pLO33
pLO34

pLO51

#80d/acZAM15A (lacZYA-argF) endAl1 recAl

Cystic fibrosis isolate, Alg*
algT18, Alg~

alg8h:: GmR (non-polar), Alg™
alg44:: GmR (non-polar), Alg~
algG.: GmR (non-polar), Alg~
Wild-type, non-mucoid

0riV(ColE1) bla (CbR/ApR) sacB oriT

P15A oriV/(TcR) ‘ phoA (2.6 kb Xbal-Xhol fragment)
ColE1-SF broad-host replicon ApR oriT{RK2) Ptrc lacR
ColE1 Tra(RK2)* KmR

Source of GmR non-polar cassette (0.7 kb)

pMF54 expressing alg44 algK (3.8 kb EcoRlI fragment)
PEX100T with Aalg8:: GmR alg44

pMF54 expressing alg8 alg44 (3.6 kb Xhol-Kpnl fragment)
PEX100T with alg44.: GmR algk

pMF54 expressing alg8(1-346)-phoA

pMF54 expressing alg8(1-417)-phoA

pMF54 expressing alg8(1-393)-phoA

pMF54 expressing alg8(1-377)-phoA

pMF54 expressing alg8(1-34)-phoA

pMF54 expressing alg8(1-245)-phoA

pMF54 expressing alg8(1-474)-phoA

pMF54 expressing alg8(1-494)-phoA

pPMF54 expressing alg8(D136A)

pMF54 expressing alg&D191A)

pMF54 expressing alg8(D299A)

pMF54 expressing alg&L339A)

pMF54 expressing alg&V158A)

pMF54 expressing alg8(R342A)

pMF54 expressing alg8W343A)

pMF54 expressing alg44(1-35)-phoA

pMF54 expressing alg44(1-139)-phoA

PMF54 expressing alg44(1-250)-phoA

pMF54 expressing alg44(1-389)-phoA

Stratagene

Ohman & Chakrabarty (1981)
DeVries & Ohman (1994)
This study

This study

Jain et al. (2003)

This laboratory

Schweizer (1992)
Gutierrez & Devedjian (1989)
Franklin et al. (1994)
Jain & Ohman (1998)
Jain & Ohman (1998)
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Strain or plasmid  Genotype and/or phenotype

Source or reference

pLO66 pMF54 expressing alg44(1-364-stop)
pSJ295 PMF54 expressing alg44(1-244)-phoA
pSJ303 PMF54 expressing alg44(1-142)-phoA

This study
This study
This study

Page 23

Abbreviations: Alg+, mucoid; Alg™, non-mucoid; ApR, ampicillin resistance; CbR, carbenicillin resistance; GmR, gentamicin resistance (non-

polar); KmR, kanamycin resistance; TcR, tetracycline resistance. phoA, promoterless alkaline phosphatase gene.
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Effect of mutations in the a/lgD operon on the production of alginate polymer and alginate fragments

Table 2

Strain Mutation  Alginate (mucoid)  alginate fragments (ug mi~%)*
FRD1 Wild-type + 0

FRD1200  AalgG - 1200

FRD1108  Aalg8 - 0

FRD1144 alg44 - 0

*
Secretion of alginate fragments was determined as previously described (Jain & Ohman, 2005) by the demonstration of uronic acids in culture

supernatants of non-mucoid strains that are lost by exhaustive dialysis.
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