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Abstract 

The biofilm matrix is a fortress; sheltering bacteria in a pr otecti v e and nourishing barrier that allows for growth and adaptation to 
v arious surr oundings. A v ariety of differ ent components ar e found within the matrix including w ater, lipids, pr oteins, extracellular 
DN A, RN A, membr ane v esicles, pha ges, and exopol ysaccharides. As part of its biofilm matrix, Pseudomonas aeruginosa is genetically 
capa b le of pr oducing thr ee chemicall y distinct exopol ysacc harides – alginate , Pel, and Psl – each of which has a distinct role in biofilm 

formation and immune evasion during infection. The polymers are produced by highly conserved mechanisms of secretion, involving 
many proteins that span both the inner and outer bacterial membranes. Experimentally determined structures, predictive modelling 
of proteins whose structures are yet to be solved, and structural homology comparisons give us insight into the molecular mecha- 
nisms of these secr etion systems, fr om pol ymer synthesis to modification and export. Here , w e re vie w recent advances that enhance 
our understanding of P. aeruginosa m ultipr otein exopol ysaccharide biosynthetic complexes, and how the gl ycoside hydr olases/l yases 
within these systems have been commandeered for antimicrobial applications. 

Ke yw ords: Pseudomonas aeruginosa ; biofilm; exopolysaccharide; alginate; Pel; Psl; exopol ysaccharide secr etion system; gl ycoside hy- 
drolases; biologics 
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Introduction 

Pseudomonas aeruginosa is a ubiquitous and versatile bacterium 

able to survive in a variety of different environmental niches. In 

addition to infecting plants , insects , and animals , P. aeruginosa 
is an opportunistic human pathogen notorious for establishing 
c hr onic lung infections in individuals with cystic fibrosis (CF), as 
well as burn wound, c hr onic urinary catheter, diabetic foot ulcer,
corneal, and mec hanical v entilation-r elated infections (Morrison 

and Wenzel 1984 , Gellatly and Hancock 2013 ). Isolation of per- 
sistent str ains fr om c hr onic infections r e v eals mec hanisms that 
allow P. aeruginosa to adopt a biofilm-associated lifestyle, which 

confers tolerance to antibiotic treatment and aids in e v asion of 
the host immune response (Marvig et al. 2015 , Rossi et al. 2021 ). 

A biofilm is a highly structured community of bacterial cells 
encased in a self-pr oduced extr acellular matrix. Biofilms can refer 
to surface-attached biofilms, surface-associated aggregates, free- 
floating a ggr egates , mats , and flocs , eac h of whic h can be com- 
prised of either a single species or multiple microorganisms (Sauer 
et al. 2022 ). The matrix of the biofilm can be composed of ex- 
tracellular DN A (eDN A), proteins, RN A, exopolysaccharides, w a- 
ter, lipids, and/or extr acellular membr ane v esicles (Flemming and 

Wingender 2010 , Chiba et al. 2022 ). Although each of these compo- 
nents is intriguing to explor e, her ein we focus on the exopolysac- 
charide component of the biofilm matrix, how they function to 
aid P. aeruginosa in establishing persistent and antibiotic tolerant 
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nfections, how they are produced, and how enzyme therapeutics 
an degrade exopolysaccharides for antibiofilm applications. 

Pseudomonas aeruginosa is genetically capable of producing 
hr ee biofilm exopol ysacc harides – alginate, Pel, and Psl – eac h
f which have a role in chronic infections and confer advan-
ages to the bacteria against eradication. Alginate is secreted as a
igh molecular weight, anionic, random polymer composed of 1–
 linked β- d -mannuronate, O -acetylated β- d -mannuronate, and
- l -gulur onate r esidues (Ev ans and Linker 1973 ). In c hr onic CF

ung infections, P. aeruginosa converts to a mucoid phenotype and
v er pr oduces alginate (Govan and Deretic 1996 ). This conversion
s associated with a decline in lung function, poor patient prog-
oses, and a significant increase in patient mortality (Lyczak et
l. 2000 , Pritt et al. 2007 , Li et al. 2017 ). Pel is a cationic polymer
hat has a cell-associated form and secr eted, cell-fr ee form (Jen-
ings et al. 2015 ). Mass spectrometry and NMR studies recently
etermined that the cell-free form is predominantly composed 

f a dimeric repeat of α-1,4-linked galactosamine (GalN) and N -
cetylgalactosamine (GalNAc) (Le Mauff et al. 2022 ). While it is
urr entl y not known if the composition of the two forms of Pel are
dentical, Pel-binding antibodies and lectins have been reported 

o detect both the cell-associated and secreted forms (Razvi et al.
023a ), demonstr ating that ther e has to be some similarity be-
w een the tw o forms. Psl is a neutral polymer composed of repeat-
ng pentasaccharides of d -mannose , d -glucose , and l -rhamnose
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Byrd et al. 2009 ). Ther e ar e also two forms of Psl, a low molec-
lar weight cell-free form and a higher molecular weight cell-
ssociated form. Similar to Pel, it is not curr entl y known whether
he two forms are chemically identical. 

The mechanisms used to control the ratios of cell-free to cell-
ssociated Pel and Psl are only now being uncovered. Studies on
he bifunctional glycoside hydrolase/deacetylase enzyme, PelA, in
he P. aeruginosa pel biosynthetic operon have demonstrated that
he hydrolase activity of PelA is r equir ed for gener ating cell-fr ee
el (Razvi et al. 2023a ). Generation of the cell-free form of Pel
as implications for biofilm biomechanics and virulence (Razvi
t al. 2023a ). This is discussed in more detail below (see sections
Pel biosynthesis’ – ‘Polymer modification’). Studies on the Sia sig-
al transduction system involved in c-di-GMP production have re-
ealed that the Sia system impacts cell-associated Psl. The biolog-
cal consequences of altering the ratios of cell-associated to cell-
ree forms of Psl are yet to be determined (Dreifus et al. 2022 ). 

ole of exopolysaccharides in biofilms 

lginate 
lthough P. aeruginosa is the most infamous pathogen in CF lung

nfections, individuals with CF encounter a plethora of microbes
hroughout their lifetime , including: Asper gillus species , respi-
atory syncytial virus, influenza virus, Burkholderia species, and
taphylococcus aureus (Gilligan 2014 ). While the conversion to a
ucoid phenotype and the overproduction alginate is associated
ith poor CF patient outcomes, alginate is exceptionally bene-
cial not only to P. aeruginosa but also to the other pulmonary
athogens that P. aeruginosa may encounter. For example, mucoid
. aeruginosa is significantly more tolerant to antibiotic treatment
nd more persistent against the host immune response (Simp-
on et al. 1988 , Hentzer et al. 2001 , Song et al. 2003 , Høiby et al.
011 , Goltermann and Tolker-Nielsen 2017 , Ro w e III et al. 2023 ).
lginate-ov er pr oducing Pseudomonas also forms a highly struc-

ur ed biofilm arc hitectur e (Hentzer et al. 2001 ) and these biofilms
aintain their hydration and resist desiccation (Chang et al. 2007 ).

seudomonas aeruginosa is typically aggressive to w ar ds other bac-
eria such as S. aureus (Hotterbeekx et al. 2017 , Camus et al. 2021 ) ,
o w e v er, conv ersion to a mucoid phenotype in response to the
F lung envir onment r enders P. aeruginosa mor e cooper ativ e and
ocile. Pseudomonas aeruginosa isolates from CF patients that are
oinfected with S. aureus are less competitive to w ar ds S. aureus
ompared to isolates from monoinfected CF patients (Limoli et al.
017 ). Specifically , P . aeruginosa conversion to an alginate overpro-
ucing mucoid phenotype reduces 2-he ptyl-4-hydro xyquinolone-
 -oxide (HQNO) and rhamnolipid production, thus preventing S.
ureus killing (Limoli et al. 2017 , Price et al. 2020 ). Exogeneous ad-
ition of alginate to nonm ucoid str ains of P. aeruginosa was also
ound to protect S. aureus in coculture via reduced production of
 y oc y anin, rhamnolipids, and HQNO, amongst other sider ophor es
nd quorum sensing molecules (Price et al. 2020 ). 

Psl has also been identified as a critical matrix component
f mucoid biofilms, as deletion of Psl genes in an alginate-
v er pr oducing P. aeruginosa str ain r esulted in decreased biofilm
ormation (Ma et al. 2012 ). Ho w e v er, in the presence of ele-
ated calcium, P. aeruginosa produces calcium-cross-linked mu-
oid biofilms that can form in the absence of Psl (Jacobs et al.
022 ). Furthermor e, compar ed to m ucoid biofilms gr own with-
ut calcium present, calcium-gelled mucoid biofilms are thicker
Sarkisova et al. 2005 ) with individual cells being suspended in
he alginate gel instead of densely packed aggregates (Jacobs et
l. 2022 ). Although mucoid biofilms were able to limit penetration
f tobramycin, calcium-gelled mucoid biofilms were significantly
or e pr otected fr om tobr amycin tr eatment as the cr oss-linked

lginate further impeded penetration of the antibiotic (Jacobs et
l. 2022 ). Fluor escence micr oscopy of explanted CF lung samples
hows presence of individual P. aeruginosa cells suspended in a ma-
rix material, pr oviding e vidence for these calcium-cr oss-linked

ucoid biofilms in the CF airway (Jacobs et al. 2022 ). 

el 
el is r equir ed for formation of pellicle biofilms at the air–liquid
nterface and colony wrinkling (Razvi et al. 2023a ). Under re-
uced availability of oxygen, Pel production provides P. aeruginosa
 gr owth adv anta ge in pellicle biofilms when in competition with a
on-Pel producing strain (Madsen et al. 2015 ). Ho w ever, this com-
etiti ve ad vantage is lost in colony biofilms. Pel is critical for ini-
iating and maintaining cell-to-cell inter actions whic h influence
 ggr egate formation (Colvin et al. 2011 ). In vitro , the positiv el y
 har ged pol ymer binds eDNA thr ough ionic inter actions, forming
he structural core in the stalk of the P. aeruginosa biofilm (Jennings
t al. 2015 ). While, in the context of c hr onic P. aeruginosa infections
n the CF lung, alginate is fr equentl y discussed as the exopolysac-
haride of primary interest, both Pel and Psl have been detected
n the sputum from CF patients that tested positive for P. aerug-
nosa a ggr egates (Jennings et al. 2021 ). T he pH of the CF airwa y
s mildly acidic, making the partially deacetylated Pel positiv el y
 har ged, and thus able to interact with host-derived anionic poly-
ers in the CF airway, such as DNA and mucin (Coakley et al.

003 , Jennings et al. 2021 ). Although P el has been sho wn to in-
r ease toler ance to antibiotic treatment (Goltermann and Tolker-
ielsen 2017 ), Pel bound to eDNA was found to enhance tolerance

o antibiotic and m ucol ytic tr eatments compar ed to Pel not bound
o eDNA (Jennings et al. 2021 ), thus highlighting the importance
f targeting Pel when treating P. aeruginosa biofilm infections. 

The two forms of Pel appear to play distinct roles within the
iofilm with the cell-free form modulating P. aeruginosa biofilm
iomechanics – stiffness, wettability, cohesiveness, and buoy-
ncy – and decreasing virulence in Drosophila melanogaster and
aenorhabditis elegans infection models (Razvi et al. 2023a ). The
ec hanism(s) by whic h the Pel pol ymer modulates virulence hav e

ot yet been determined. Pel has also r ecentl y been shown to in-
eract with CdrA, a biofilm matrix adhesion that promotes biofilm
 ggr egation (Borlee et al. 2010 , Reichhardt et al. 2020 ). Deletion of
drA in a Pel-dominant strain of P. aeruginosa reduces biofilm ag-
regation in comparison to a Psl-dominant or Pel/Psl redundant
train of P. aeruginosa , thus highlighting that exopol ysacc harides
o not function in isolation to generate biofilms (Reichhardt et al.
020 ). 

In mixed biofilms, the natur all y Pel pr oducing P. aeruginosa
tr ain PA14 perse v er es in nutrient-starv ed conditions and cells re-
ain on their attached surface, while the Psl-producing P. aerug-

nosa strain PAO1 was more likely to disperse in search of a new
urface (Kasetty et al. 2021 ). T hus , Pel production appears to influ-
nce P. aeruginosa survival strategies during starvation, although
he mechanism by which this occurs is unclear . P A14 is also signif-
cantl y mor e successful in inv ading r esident PAO1 biofilms, com-
ared to PAO1 invasion of PA14 resident biofilms, demonstrating
hat Pel production confers an advantage to exploiting already es-
ablished biofilms (Kasetty et al. 2021 ). 

sl 
lthough alginate production contributes to coexistence between

. aeruginosa and S. aureus (Limoli et al. 2017 ), Psl production an-
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tagonizes the growth of S. aureus in vitro (Lui et al. 2022 ). Treat- 
ment of S. aureus with cell-free Psl from P. aeruginosa spent media 
was found to kill S. aureus by disrupting the cell en velope , leading 
to cell lysis. Purified cell-free Psl was sufficient to kill S. aureus in 

liquid culture, while the individual monosaccharides that Psl is 
composed of ( d -mannose , d -glucose , and l -rhamnose) had no ef- 
fect on S. aureus gr owth, demonstr ating that structur al integrity of 
the Psl polymer is r equir ed for S. aureus killing. Mor eov er, Psl pr o- 
duction in clinical isolates of P. aeruginosa is positiv el y corr elated 

with S. aureus killing, suggesting that Psl influences how P. aerugi- 
nosa coexists with other pulmonary pathogens (Lui et al. 2022 ). 

The cell-associated form of Psl is associated with the P. aerug- 
inosa cell surface in a helical pattern and contributes to cell-to- 
cell interactions and early biofilm attachment (Ma et al. 2009 ). As 
P. aeruginosa mov es acr oss a surface, it deposits a trail of Psl that 
influences motility and surface attachment in bacteria that en- 
counter the trail (Zhao et al. 2013 ). This is most likely because Psl 
can function as an external signal to stimulate c-di-GMP produc- 
tion and ther efor e biofilm formation (Irie et al. 2012 ). Psl promotes 
resistance to the biofilm inhibitor polysorbate 80 while mutation 

in the Psl promoter, and therefore an inability to produce Psl, re- 
sults in sensitivity (Zegans et al. 2012 ). Psl also promotes biofilm 

toler ance to colistin, pol ymyxin B, tobr amycin, and cipr ofloxacin 

antibiotics (Billings et al. 2013 , Goltermann and Tolker-Nielsen 

2017 ). Ionic interactions are proposed to partly contribute to se- 
questration of antibiotics by Psl, as addition of NaCl increased the 
efficacy of the antibiotics (Billings et al. 2013 ). Howe v er, as Psl is 
neutr al in c har ge (Byrd et al. 2009 ), Psl may inter act with other 
biofilm matrix components that could provide a negative charge 
(Billings et al. 2013 ). In coculture biofilms, the Psl-mediated pro- 
tection against antibiotics is extended to Psl-deficient P. aeruginosa ,
S. aureus , and Esc heric hia coli (Billings et al. 2013 ). Production of Psl 
also allows PAO1 to outcompete PA14 in a dual biofilm and in a 
dispersal regime (Kasetty et al. 2021 ). 

During infection, Psl contributes to more efficient coloniza- 
tion of lung epithelia (Jones and Wozniak 2017 , Ma et al. 2006 ) 
and decreases killing by phagocytes (Mishra et al. 2012 ). As de- 
scribed abo ve , 50% of m ucoid clinical isolates fr om CF sputum 

were found to produce Psl (Jones and Wozniak 2017 ), demonstrat- 
ing the complexity of P. aeruginosa biofilms in infection. In total,
99% of P. aeruginosa keratitis isolates were found to produce Psl 
(Zegans et al. 2016 ). These Psl-producing isolates were susceptible 
to opsonophagocytic killing mediated by an anti-Psl monoclonal 
antibody, demonstrating a need for Psl-targeting therapeutics. 

Psl has also been shown to bind to a number of extracellular 
matrix proteins, including ecotin and CdrA (Reichhardt et al. 2018 ,
Tseng et al. 2018 ). Ecotin has been shown to bind to Psl in both a 
cell-free system and in biofilms (Tseng et al. 2018 ). As a serine 
protease inhibitor (Chung et al. 1983 ), ecotin significantly inhibits 
neutrophil elastase activity when matrix associated (Tseng et al.
2018 ). Ecotin protects both planktonic and biofilm P. aeruginosa 
cells from elastase-mediated killing, highlighting the Psl-ecotin 

interaction as a mechanism by which P. aeruginosa can increase 
its tolerance to the host immune response (Tseng et al. 2018 ). In 

contrast, CdrA was found to increase biofilm formation and au- 
toa ggr egation in a Psl-dependent manner (Borlee et al. 2010 ). In a 
de v eloping P. aeruginosa biofilm, CdrA is r equir ed for Psl localiza- 
tion around the bacterial aggregate as a tightly associated shell,
and thus is important for biofilm integrity through its interaction 

with Psl (Borlee et al. 2010 ). In the absence of any exopolysac- 
c harides, CdrA–CdrA inter actions pr omote bacterial a ggr egation,
ho w e v er CdrA-onl y biofilms ar e susceptible to degr adation by the 
P. aeruginosa -pr oduced pr otease LasB (Reic hhardt et al. 2018 ). In- 
eraction with Psl protects CdrA from proteolytic degradation, en- 
ancing biofilm integrity (Reichhardt et al. 2018 ). Similarly, Psl can

nteract with eDNA from various sources including salmon sperm,
uman neutrophils, and S. aureus , potentially increasing P. aerugi- 
osa survival within a human host or a multispecies biofilm (Wang
t al. 2015 ). This interaction forms a sk eleton-lik e web in P. aerugi-
osa air–liquid interface pellicle and flow-cell biofilms and confers 
DNA pr otection fr om DNAse I degr adation (Wang et al. 2015 ). Psl
as also been shown to interact with antimicrobial peptides, sug-
esting that the innate host immune response may detect and re-
pond to biofilm infections using these peptides (Chin et al. 2017 ).

echanisms of exopolysaccharide biosynthesis 

n P. aeruginosa 

lthough alginate and Pel ar e c hemicall y distinct and each have
heir own roles in biofilm formation and infection (Table 1 )
Franklin et al. 2011 ), the mechanisms by which they are synthe-
ized are similar, allowing for comparisons to be made across the
wo systems. Alginate and Pel are synthesized and secreted via a
ynthase-dependent mechanism, while Psl is synthesized and se- 
reted via a Wzx/Wzy-dependent mechanism (Fig. 1 ). Synthase- 
ependent secretion systems minimally consist of a cyclic-di- 
MP binding protein that regulates polymer synthesis, a gly- 
osyl tr ansfer ase (GT) and tr anslocation por e that synthesizes
he polymer and translocates it to the periplasm, one or more
eriplasmic polymer modifying enzymes, an outer membrane- 

ink ed tetratricope ptide re peat (TPR)-containing protein, and a
-barrel outer membrane (OM) porin that exports the polymer 

Fig. 1 A) (Whitney and Ho w ell 2013 , Lo w and Ho w ell 2018 , Whit-
eld et al. 2020c ). In contr ast, the Wzx/Wzy-dependent secr e-
ion system consists of cytoplasmic GTs that generate a polysac-
 haride r epeat unit, a Wzx flippase that flips the initiated lipid-
nc hor ed pol ysacc haride r epeat unit fr om the cytoplasm to the
nner membrane (IM), a periplasmic Wzy GT that extends the re-
eat unit to form a polymer, a polysaccharide copolymerase pro-
ein (PCP) and an outer membr ane pol ysacc haride export protein
OPX) that form a translocation pathway to export the polymer
hrough the periplasm and across the OM (Fig. 1 B) (Whitney and
o w ell 2013 ; Tables 2–4 ). 
In all three exopolysaccharide biosynthetic systems in P. aerug- 

nosa , there is an enzyme that can cleave the polymer; AlgL, PelA,
nd PslG are periplasmic polymer modifying enzymes that can 

egrade alginate, Pel, and Psl, r espectiv el y. Eac h enzyme is impli-
ated in biofilm formation or cell viability during polymer pro-
uction. As we will discuss in this r e vie w, eac h system’s pol ymer
egrading enzyme has a distinct role, even though they share a
imilar core function. This core function is being explored as a
otential antimicrobial therapy that is designed to degrade the 
xopol ysacc harides during P. aeruginosa biofilm infections (see 
ection ‘Gl ycoside hydr olases and l yases as potential ther a peu-
ics’). 

Despite their differences in mechanism of polymer produc- 
ion, the processes of generating alginate, Pel, and Psl can be bro-
en down into the following steps: (1) precursor formation, (2)
ol ymer pol ymerization, (3) pol ymer modification, and (4) pol y-
er secretion. We will not focus on how sigma factors, le v els of

yclic-dimeric guanosine monophosphate (c-di-GMP), small DNAs 
r other signals regulate P. aeruginosa exopol ysacc haride biosyn-
hesis, except where it pertains to the c-di-GMP receptors present
n the biosynthetic systems, as the regulation of exopol ysacc ha-
ide biosynthesis has r ecentl y been r e vie wed else wher e (Ma et
l. 2022 ). In the following sections, we discuss recent advances
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Table 1. Role of exopol ysacc harides in Pseudomonas biofilms. 

Exopolysaccharide Role or function Reference 

Alginate 
Tolerance to antibiotics Hentzer et al. ( 2001 ), Høiby et al. ( 2011 ), 

Jacobs et al. ( 2022 ), Goltermann and 
Tolker-Nielsen ( 2017 ) 

Persistence against host immune response Simpson et al. ( 1988 ), Song et al. ( 2003 ), 
Ro w e III et al. ( 2023 ) 

Biofilm arc hitectur e Hentzer et al. ( 2001 ), Hay et al. ( 2009 ), Jacobs 
et al. ( 2022 ) 

Biofilm attachment Hay et al. ( 2009 ) 
Increased biofilm thickness due to cross-linking 
with calcium 

Jacobs et al. ( 2022 ), Sarkisova et al. ( 2005 ) 

Maintenance of hydration Chang et al. ( 2007 ) 
Resistance to desiccation Chang et al. ( 2007 ) 
Contributes to coinfection with S. aureus Limoli et al. ( 2017 ), Price et al. ( 2020 ) 

Pel 
Pellicle formation/colony wrinkling Madsen et al. ( 2015 ), Razvi et al. ( 2023a ) 
Competiti ve ad vantage in pellicle biofilms under 
limited oxygen conditions 

Madsen et al. ( 2015 ) 

Cell-to-cell inter actions/a ggr egation Colvin et al. ( 2011 ) 
Biofilm structure Jennings et al. ( 2015 ) 
Tolerance to antibiotic treatment Jennings et al. ( 2015 ), Goltermann and 

Tolker-Nielsen ( 2017 ) 
Invasion of existing biofilms Kasetty et al. ( 2021 ) 
Perse v er ance in nutrient-starved conditions Kasetty et al. ( 2021 ) 
Biofilm biomechanics Razvi et al. ( 2023a ) 

Psl 
Antagonizes S. aureus growth by lysis Lui et al. ( 2022 ) 
Early biofilm attachment Ma et al. ( 2009 ), Zhao et al. ( 2013 ) 
Cell-to-cell interactions Ma et al. ( 2009 ) 
Influences motility Zhao et al. ( 2013 ) 
Stimulates c-di-GMP Irie et al. ( 2012 ) 
Resistance to polysorbate 80 and antibiotics Zegans et al. ( 2012 ), Billings et al. ( 2013 ), 

Goltermann and Tolker-Nielsen ( 2017 ) 
Competiti ve ad vantage against Pel-overproducing 
P. aeruginosa in early colonization, biofilm growth, 
and dispersal 

Kasetty et al. ( 2021 ) 

Colonization of lung epithelia Jones and Wozniak ( 2017 ), Ma et al. ( 2006 ) 
Persistence against host immune response Mishra et al. ( 2012 ), Pestrak et al. ( 2019 ) 
Interacts with matrix proteins CdrA and ecotin for 
biofilm integrity 

Borlee et al. ( 2010 ), Reichhardt et al. ( 2018 ), 
Tseng et al. ( 2018 ) 

Interacts with eDNA for biofilm/pellicle integrity Wang et al. ( 2015 ) 
Interacts with antimicrobial peptides Chin et al. ( 2017 ) 
Dispersal in nutrient-starved conditions Kasetty et al. ( 2021 ) 
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hat enhance our understanding of P. aeruginosa exopol ysacc ha-
ide biosynthesis and engineering of glycoside hydrolases/lyases
or antibiofilm ther a peutics. At the time of the last r e vie w dis-
ussing P. aeruginosa exopol ysacc haride biosynthesis (Fr anklin et
l. 2011 ), only four experimentally determined structures were re-
orted in the alginate system and none were reported in the Pel
nd Psl systems. To date, experimentally determined structures
or 15 exopol ysacc haride biosynthesis pr oteins hav e now been r e-
orted: 10 from the alginate system, four from the Pel system, and
ne from the Psl system. Mor eov er, our use of the AlphaFold struc-
ur al pr ediction artificial intelligence pr ogr am (Jumper et al. 2021 )
longside the DALI structural homology search software (Holm
nd Rosenström 2010 , Holm 2022 ) has given us insight into the
tructure and function of individuals proteins and protein com-
lexes in these systems . T hus , our focus will be pr edominantl y
n structural advances that have been made since the last review
Franklin et al. 2011 ), although we will touch on many aspects of
. aeruginosa exopol ysacc haride biosynthesis. 
h  
lginate biosynthesis 

he 12 genes involved in alginate biosynthesis, except for algC ,
r e or ganized in a single oper on: algD-8-44-K-E-G-X-L-I-J-F-A (Fig. 2 )
Jain and Ohman 2004 ). The promoter located upstream of algD is
nder the control of the sigma factor AlgU/T (Martin et al. 1993 ,
oucher et al. 1997 ), which also regulates hundreds of genes in
. aeruginosa unrelated to alginate production (Hershberger et al.
995 , Yu et al. 1995 , 1996 , Schurr et al. 1996 , Wood and Ohman
009 , 2012 ). Typically, when P. aeruginosa under goes conv ersion to
 mucoid phenotype in the CF lung, the antisigma factor that is re-
ponsible for regulating AlgU/T, MucA, is mutated ( mucA22 ) (Mar-
in et al. 1993 , Boucher et al. 1997 ). T hus , AlgU/T is constitutiv el y
cti ve, leading to constituti ve expression of the alginate operon.
vidence for two internal promoters within the oper on, upstr eam
f algG and algI , has been demonstrated suggesting a mechanism
or P. aeruginosa to tailor alginate modifications under varying con-
itions (Paletta and Ohman 2012 ). Although it is well-understood
ow alginate acetylation and epimerization confer adv anta ges to
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Table 2. Structures and structural predictions of alginate biosynthetic proteins. 

Protein UniProtKB 
PDB code for 

structure 

PDB code for 
structur all y 

similar 
pr otein fr om 

DALI search 
Function or predicted 

function 
Fold or domains 

(residues) a Reference 

AlgD P11759 1MFZ, 1MUU, 
1MV8 

GDP-mannose 
6-dehydrogenase 

Rossmann fold (1–202), 
connecting helix 
(203–234), (235–436) 

Snook et al. ( 2003 ) 

Alg8 Q52463 7SP8 Mannuronan synthase, 
GT 

GT-A fold Maloney et al. ( 2022 ) 

Alg44 Q9HY69 4R T1, 4R T0 5C22 C-di-GMP-binding 
protein 

PilZ domain (1–122), 
TM helix (152–185), 
membrane fusion 
protein (186–389) 

Whitney et al. ( 2015 ), 
Kim et al. ( 2016 ) 

AlgK P96956 3E4B, 7ULA Alginate export TPR-containing protein Keiski et al. ( 2010 ), 
Gheorghita et al. 
( 2022a ) 

AlgE P18895 3RBH, 4AZL, 
4B61, 4AFK 

Alginate export β-barrel porin Whitney et al. ( 2011 ), 
Tan et al. ( 2014 ) 

AlgG Q51371 4NK8, 4OZZ, 
4OZY 

C-5 mannuronan 
epimerase 

Right-handed parallel 
β-helix fold 

Wolfram et al. ( 2014 ) 

AlgX Q51372 4KNC, 7ULA O -acetyltr ansfer ase SGNH hydrolase-like 
domain (27–347), CBM 

domain (348–474) 

Riley et al. ( 2013 ), 
Gheorghita et al. 
( 2022a ) 

AlgL Q06749 4OZV , 4OZW , 
7SA8 

Alginate lyase ( α/ α) 5 toroid fold Gheorghita et al. 
( 2022b ) 

AlgI Q51392 6BUG O -acetyltr ansfer ase MBOAT Ma et al. ( 2018 ) 
AlgJ Q51393 4O8V O -acetyltr ansfer ase TM helices (1–78), 

SGNH hydrolase-like 
Baker et al. ( 2014 ) 

AlgF Q06062 6D10, 6CZT Alginate acetylation, 
pr otein–pr otein 

interactions 

β-sandwich fold 
(38–119, 124–212) 

Low et al. ( 2023 ) 

AlgA P07874 2 × 65, 2PFW PMI activity, GMP 
activity 

Rossmann-like fold 
(1–272), left β-helix 
(279–318), cupin 
domain (358–463) 

Pelissier et al. ( 2010 ) 

AlgC P26276 1K2Y, 1K35, 
2FKF, 2FKM, 
2H4L, 2H5A 

Phosphomannomutase Mixed α/ β fold (1–153, 
154–256, 257–368), 
T A T A-box binding 
protein-like 
superfamily (369–463) 

Regni et al. ( 2002 , 
2006a , b ) 

a Numbering for P. aeruginosa protein. 
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P. aeruginosa , it is still not known what environmental triggers in- 
fluence the bacteria to alter the degree of polymer modifications 
or which sigma factors are involved in regulating the internal pro- 
moters. 

Alginate biosynthesis is initiated with precursor formation in 

the c ytoplasm b y AlgA, AlgC, and AlgD. In response to c-di-GMP 
binding the PilZ domain of Alg44, the pol ymer ase Alg8 synthesizes 
a homopolymer of d -mannuronate, which is translocated to the 
periplasm (Jain and Ohman 2004 , Remminghorst and Rehm 2006a ,
b , Merighi et al. 2007 , Whitney et al. 2015 ). Once in the periplasm,
AlgI, AlgJ, AlgF, and AlgX ar e involv ed in acetylating the polymer 
at O2 and/or O3 hydroxyl. Acetylation maintains the P. aeruginosa 
biofilm arc hitectur e and r educes killing by macr opha ges and sus- 
ceptibility to enzymatic degradation (Whitfield et al. 2015 , Far- 
rell and Tipton 2012 ). AlgG can epimerize nonacetylated man- 
nur onate r esidues to l -gulur onate, impr oving biofilm cohesion 

(Whitfield et al. 2015 , Grant et al. 1973 , Simpson et al. 1988 ,
Niv ens et al. 2001 ). Finall y, the pol ymer is exported out of the 
cell by the OM porin AlgE with the help of the TPR-containing 
protein AlgK. The alginate lyase, AlgL, maintains the homeosta- 
is of the periplasm during polymer biosynthesis by degrading 
berrant or improperly exported polymer (Fig. 2 ) (Gheorghita et
l. 2022b ). Deletion of either algX , algG , or algK results in secretion
f small uronic acid AlgL degradation products (Jain et al. 2003 ,
obles-Price et al. 2004 ), suggesting that formation of a transen-
elope complex is required for successful export of alginate 
olymer. 

recursor formation 

or alginate production, the cytoplasmic proteins AlgA, AlgC, and 

lgD perform four chemical reactions that are required to gener- 
te the GDP-mannuronic acid precursor: 

In the first reaction, AlgA’s phosphomannose isomerase (PMI) 
ctivity converts fructose-6-phosphate to mannose-6-phosphate 
r eaction 1), whic h is then conv erted to mannose-1-phosphate
y AlgC’s phosphomannomutase activity (reaction 2). AlgA uses 

ts GDP-mannose pyrophosphorylase (GMP) activity to add GDP 
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Table 3. Structures and structural predictions of Pel biosynthetic proteins. 

Protein UniProtKB 
PDB code for 

structure 

PDB code for 
structur all y 

similar 
pr otein fr om 

DALI search 
Function or predicted 

function 
Fold or domains 

(residues) a Reference 

PelA Q9HZE4 5TCB 4LY4, 6EZN, 
7DD9 

Gl ycoside hydr olase, 
deacetylase 

Hydrolase domain 
(47–303), reductase 
domain (304–506), 
deacetylase domain 
(520–800), β-jell y r oll 
(840–946) 

Shaik et al. ( 2011 ), Wild 
et al. ( 2018 ), Wang et al. 
( 2021 ) 

PelB Q9HZE5 5WFT 6TZK Pel export TM helix (19–36), 
TPR-containing protein 
(37–877), b-barrel porin 
(878–1193) 

Marmont et al. ( 2017b ), 
Acheson et al. ( 2019 ) 

PelC Q9HZE6 5T10, 5T11, 
5T0Z 

Electrostatic funnel Mixed α/ β fold Marmont et al. ( 2017a ) 

PelD Q9HZE7 4DN0, 4DMZ, 
4EUV, 4EU0, 
4ETZ, 4ETX 

C-di-GMP binding 
protein 

GAF domain (181–304), 
GGDEF domain 
(321–444) 

Li et al. ( 2012 ), Whitney 
et al. ( 2012 ) 

PelE Q9HZE8 4JHR Pr otein inter action TPR-like protein Pan et al. ( 2013 ) 
PelF Q9HZE9 4XSO GT GT-B fold Wang et al. ( 2016a ) 
PelG Q9HZF0 6IDS 12 tr ansmembr ane 

helices 
EPS-E subgroup of the 
MOP transporter 
superfamily 

Kusakizako et al. ( 2019 ) 

PA4068 Q9HWW0 6WJB, 6WJ9, 
6WJA 

UDP- N - 
acetylglucosamine 
C4-epimerase 

N-terminal Rossmann 
fold (1–173), C-terminal 
substrate-binding α/ β
domain (174–309) 

Marmont et al. ( 2020 ) 

a Numbering for P. aeruginosa protein. 

Figure 1. Synthase- and Wzx/Wzy-dependent secretion systems in Gram-negative bacteria. (A) In the synthase-dependent pathway, sugars are 
polymerized and translocated across the IM by a GT (salmon) in response to c-di-GMP binding a c-di-GMP receptor protein (pink). Once in the 
periplasm, the sugar polymer can be modified by periplasmic modifying enzymes (periwinkle). Transport across the OM is facilitated by a ß-barrel 
protein (y ello w) and TPR-containing pr otein (gr een). (B) T he Wzx/Wzy-dependent pathwa y, a sugar pol ymer r epeat unit is assembled on a 
undeca pr en yl-phosphate lipid carrier by GTs. A Wzx flippase (bright gr een) tr anslocates the r epeat unit acr oss the IM wher e a Wzy gl ycosyltr ansfer ase 
(dark blue) assembles repeat units to form the polymer. The polymer is transported across the periplasm and OM by a PCP protein and an OPX protein. 
IM, inner membrane; PG, peptidoglycan; OM, outer membrane; NDP, nucleotide disphosphate; NMP, nucleotide monophosphate; and Phos, phosphate 
molecule. 
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Table 4. Structures and structural predictions of Psl biosynthetic proteins. 

Protein UniProtKB 
PDB code for 

structure 

PDB code for 
structur all y 

similar 
pr otein fr om 

DALI search 
Function or 

predicted function 
Fold or domains 

(residues) a Reference 

PslA Q9I1N8 3NKL, 5W7L Polymer 
polymerization, 
initiating GT that 
adds Psl repeat unit 
to lipid carrier 

TM domain (1–147), 
Rossmann fold 
(147–273), bacterial 
sugar tr ansfer ase 
(273–478) 

Ray et al. ( 2018 ) 

PslB Q9I1N7 2 × 65, 2PFW PMI activity, 
GMP activity 

Rossmann-like fold 
(9–216), left β-helix 
(217–368), cupin 
domain (369–488) 

Pelissier et al. ( 2010 ) 

PslC Q9I1N6 7SP8 GT GT-A fold Maloney et al. ( 2022 ) 
PslD Q9I1N5 2J58 OPX Antiparallel 

β-sandwich with α
helix (46–134), mixed 
α/ β fold (135–220) 

Dong et al. ( 2006 ) 

PslE Q9I1N4 7NII PCP TM domain (5–39, 
457–484), protein 
kinase domain 
(458–662) 

Yang et al. ( 2021 ) 

PslF Q9I1N3 6KIH GT GT-B fold Li et al. ( 2020 ) 
PslG Q9I1N2 5BXA, 4ZN2 Gl ycoside hydr olase TM helix (1–31), ( β/ α) 8 

TIM barrel fold 
(31–359), β sandwich 
fold (360–442) 

Baker et al. ( 2015 ), Yu et 
al. ( 2015 ) 

PslH Q9I1N1 6KIH GT-B fold Li et al. ( 2020 ) 
PslI Q9I1N0 6KIH GT-B fold Li et al. ( 2020 ) 
PslJ Q9I1M9 7TPG Wzy GT GT-C fold Ashraf et al. ( 2022 ) 
PslK Q9I1M8 6NC6 Wzx flippase MATE-lik e, MurJ-lik e Kuk et al. ( 2019 ) 
PslL Q9I1M7 O -acyltr ansfer ase, 

unknown 

a Numbering for P. aeruginosa protein. 
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to mannose (reaction 3), which is then finally converted to GDP- 
mannuronate by AlgD’s GDP-mannose dehydrogenase activity 
(reaction 4) (Darzins et al. 1986 , Deretic et al. 1987a , b , Zielinski 
et al. 1991 , Franklin et al. 2011 ). 

AlgA is a bifunctional enzyme with two predicted domains: a 
PMI domain and GMP domain (Darzins et al. 1986 ). Although the 
structure of AlgA has not yet been solved, comparison of its Al- 
phaFold predicted model to other 3D structures using the DALI 
serv er demonstr ates that AlgA has thr ee domains, two of whic h 

resemble the GMP enzyme from Thermotoga maritima (TmGMP) 
(Fig. 3 A) (PDB: 2 × 65) (Holm and Rosenström 2010 , Pelissier et 
al. 2010 , Jumper et al. 2021 ). The N-terminal domain of TmGMP 
has a Rossmann-like fold c har acteristic of proteins that bind or 
generate sugar-nucleotide molecules, while its C-terminal domain 

has an α-helix follo w ed b y a left-handed parallel β helix. TmGMP 
functions as a homodimer, ho w e v er, it is not clear if AlgA behaves 
similarly. The third AlgA domain is a C-terminal Cupin 2 barrel 
that is predicted to have PMI activity and resembles the RmlC-like 
Cupin (SFRI_3101) from Shewanella frigidmarina NCIMB 400 (Fig. 3 B) 
(PDB: 2PFW). Cupins are a functionally diverse family of proteins 
and have been found in other PMIs, including a PMI from Can- 
dida albicans essential in cell wall biosynthesis (Cleasby et al. 1996 ,
Dunwell et al. 2004 ) (PDB: 1PMI). 

AlgC has four domains, three of which consist of a mixed 

α/ β structure with a four-stranded β-sheet sandwiched between 

two α-helices (Fig. 3 C) (Regni et al. 2002 ) (PDB: 1K2Y). The 
ourth domain is a member of the T A T A-box binding protein-
ike fold superfamily, consisting of a four-stranded antiparallel 
-sheet flanked by two α-helices and two β-strands (Regni et al.
002 ). Together, AlgC forms a compact heart-shaped structure.
nalysis of the active site and sequence comparisons to other
hosphomannom utase/phosphoglucom utase enzymes r e v ealed 

esidues important for activity: the active site Ser108 involved 

n phosphoryl group transfer; a metal binding loop (residues 
42–246) that chelates a Mg 2 + ion that is r equir ed for activity;
 sugar binding loop (residues 324–328); and the distal phos-
hate binding site r esidue, Ar g421, that is thought to interact
ith the bis-phosphorylated reaction intermediate (Regni et al.
002 ). 

The structure of AlgD has also been determined, revealing two 
omains connected by a long α-helix (Fig. 3 D) (Snook et al. 2003 )

PDB: 1MV8). Both domains have a Rossmann fold with a cen-
ral, twisted β-sheet flanked by α-helices . T he structure was com-
lexed with NADH and GDP-mannuronic acid, revealing that AlgD 

orms a domain swapped dimer, with each polypeptide contribut- 
ng to the active site (Snook et al. 2003 , Franklin et al. 2011 ).
iven that AlgA, AlgC, and AlgD are responsible for generating
DP-mannuronate, it is possible that these enzymes form a cy-

oplasmic subcomplex that can channels the polymer precursor 
olecule between the v arious activ e sites and ultimately to the

ol ymerization mac hinery, ho w e v er, this has not yet been experi-
entally determined. 
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Figure 2. Model of the alginate biosynthetic complex in P. aeruginosa . (A) Model of the alginate biosynthetic complex colour coded by function. 
Structures of AlgD (PDB: 1MFZ, 1MUU, 1MV8) (Snook et al. 2003 ), AlgC (PDB: 1K2Y, 1K35) (Regni et al. 2002 ), the cytoplasmic domain of Alg44 (PDB: 
4R T0, 4R T1,) (Whitney et al. 2015 ), cytoplasmic domain of AlgJ (PDB: 4O8V) (Baker et al. 2014 ), AlgF (PDB: 6D10, 6CZT), AlgX (PDB: 4KNC) (Riley et al. 
2013 ), AlgG (PDB: 4NK8, 4OZZ, 4OZY) (Wolfram et al. 2014 ), AlgL (PDB: 4OZV , 4OZW , 7SA8) (Gheorghita et al. 2022b ), AlgK (PDB: 3E4B) (Keiski et al. 2010 ), 
and AlgE (PDB: 3RBH, 4AZL, 4B61, 4AFK) (Whitney et al. 2011 , Tan et al. 2014 ) have been experimentally determined and are drawn to scale and shown 
in a surface r epr esentation. (B) Alginate operon in P. aeruginosa colour coded by proposed function. IM, inner membrane; PG, peptidoglycan; and OM, 
outer membrane. 
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nce GDP-mannuronate is generated, the IM GT Alg8 can poly-
erize pol ymannur onate (pol yM) in r esponse to c-di-GMP bind-

ng to the PilZ domain containing protein Alg44 (Merighi et al.
007 , Oglesby et al. 2008 ). Deletion of either alg8 or alg44 com-
letel y abr ogates alginate pr oduction and r esults in no alginate
eing secreted (Oglesby et al. 2008 ). Coimmunoprecipitation (co-
P) studies show that Alg8 and Alg44 interact in vivo , forming a
unctional unit that is r equir ed for alginate pr oduction (Mor adali
t al. 2015 ). The structure of Alg8 is yet to be determined, but it
s predicted to have a GT-A fold with alternating α-helices and β-
heets (Breton et al. 2012 ) and is a member of the GT-2 superfam-
ly, as defined by the carbohydrate-active enzyme database (CAZy;
ttp:// www.cazy.org/ ) (Drula et al. 2022 ). Alg8 has four transmem-
rane (TM) domains, a cytoplasmic GT domain, and two canon-

cal DXD motifs, although only one is required for in vivo poly-
erase activity (Remminghorst and Rehm 2006a , Oglesby et al.

008 ). Results from the DALI server show that the AlphaFold pre-
icted model of Alg8 r esembles hyalur onan synthase (HAS) from
aramecium bursaria Chlorella virus CZ-2 (Fig. 3 E) (Holm and Rosen-
tröm 2010 , Jumper et al. 2021 , Maloney et al. 2022 ) (PDB: 7SP8).
AS displays a cytoplasmic GT-A fold that packs against five TM
elices and three amphipathic interface helices. One of the in-
erface helices (residues 331–357) contains the QXXRW active site

otif that is c har acteristic of membrane-embedded processive
amily-2 GTs and is involved in holding the gr owing pol ymer c hain
n the active site (Saxena and Brown 1997 ). Above the QXXRW mo-
if, HAS forms a TM channel through which the polymer is translo-
ated upon substrate binding. UDP- N -acetylglucosamine (UDP-
lcN Ac)-bound HAS sho ws that the side chain of Gln338 in the
XXRW motif hydrogen bonds with the UDP-GlcNAc diphosphate
ydrogen. Although this motif is conserved in other synthase-
ependent GTs, including the PNAG synthase PgaC, the chitin
ynthase ChsB, and the cellulose synthase BscA, this motif is
XXRW in Alg8. It is unclear if the Leu residue in the Alg8 LXXRW
otif performs a similar role with GDP-mannuronate. Further-

http://www.cazy.org/
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Figure 3. Structures and predicted AlphaFold models of P. aeruginosa alginate biosynthesis proteins. (A) Superimposition of P. aeruginosa AlgA AlphaFold 
model (light blue) and the crystal structure of T. maritima GMP TmGMP monomer (orange) (PDB: 2 × 65) with a C α RMSD of 1.179 Å. (B) Superimposition 
of P. aeruginosa AlgA AlphaFold model (light blue) and the crystal structure of Shewanella frigidimarina Cupin 2 conserved barrel domain protein (orange) 
(PDB: 2PFW) with a C α RMSD of 0.843 Å. (C) Crystal structure of P. aeruginosa AlgC (PDB: 1K2Y). (D) Crystal structure of a monomer of P. aeruginosa AlgD 

(PDB: 1MV8). (E) Superimposition of P. aeruginosa Alg8 AlphaFold model (salmon) with the crystal structure of the hyaluronan synthase (HAS) from 

Paramecium bursaria Chlorella virus CZ-2 (orange) (PDB: 7SP8) with a C α RMSD of 2.932 Å. (F) Superimposition of a monomer of P. aeruginosa Alg44 
AlphaFold model (pink) with the crystal structure of the lipoyl domain from the membrane fusion protein HlyD from E. coli (orange) (PDB: 5C22) with a 
C α RMSD of 0.774 Å. IM; inner membrane. 

 

 

 

s  

e  

2  

m  

2  

b  

i  

a  

A
t  

v  

2  

f  

M  

i  

A
t  

i  

s  

t  

t  

t  

α  

t  

s
a  

m
a

more, UDP-GlcN Ac-bound HAS sho ws a partially hydrolysed sub- 
strate, giving us insight into the mechanism of hyaluronic acid 

polymerization and membrane translocation. In a resting state, 
HAS has a priming loop that occludes the active site. When HAS 
binds UDP-GlcNAc, the priming loop is displaced from the ac- 
tive site, inducing a conformational change whereby the GT do- 
main undergoes a 10 ◦ rigid body rotation to w ar ds the IM, and 

UDP-GlcNAc is hydr ol yzed. Residue W342 binds to GlcNAc, the 
priming loop returns to the active site and the GT domain re- 
laxes a wa y fr om the IM, gener ating the primed state of the en- 
zyme . T his process continues with repeating UPD-GlcNAc and 

UDP-glucur onic acid, with pol ymer tr anslocation coupled to sub- 
strate binding (Maloney et al. 2022 ). As Alg8 and HAS are both 

members of the GT-2 famil y, structur al and mec hanistic insights 
fr om HAS ar e informativ e, ho w e v er, the HAS priming loop is not 
present in the AlphaFold model of Alg8; this region in Alg8 is 
predicted to be structured and form a β-hairpin. The AlphaFold 

model of Alg8 is of high confidence and there is low sequence 
conservation between Alg8 and HAS in this region; 5/18 residues 
ar e conserv ed, 3/18 r esidues hav e similar c hemical pr operties,
and the remaining 10/18 residues are not conserved, suggesting 
that Alg8 may use a different mechanism of polymer elongation 

and translocation. Although HAS is not known to have interac- 
tion partners that are required for its activity, post-translational 
modifications have been reported to influence human HAS ac- 
tivity (Melero-Fernandez de Mera et al. 2019 , Kasai et al. 2020 ).
To date, it is not known whether Alg8 is post-tr anslationall y 
modified or if post-translational modifications influence Alg8 
activity. 
The structure of the cytoplasmic PilZ domain of Alg44 has been
olved suggesting that the protein functions as a homodimer, with
ach PilZ domain binding a dimer of c-di-GMP (Whitney et al.
015 ) (PDB: 4RT0). Alg44 is sometimes r eferr ed to as a copoly-
erase (Rehman et al. 2013 , Moradali et al. 2015, Moradali et al.

017 ), but it is still unclear how Alg44 and Alg8 interact, how Alg44
inding ci-d-GMP influences Alg8 to allow for polymer synthesis,

f Alg44 assists Alg8 in polymer translocation into the periplasm,
nd how this might occur. In addition to its role in polymerization,
lg44 has been proposed to coordinate alginate biosynthesis pro- 

eins across the inner and OMs by interacting with AlgK and AlgX
ia its periplasmic domain (Moradali et al. 2015, Rehman et al.
013 ). Alg44’s periplasmic domain is predicted to be a membrane
usion protein domain like the multidrug efflux pump protein,
exA (Remminghorst and Rehm 2006a ), which is involved in link-

ng the inner and OMs . T he DALI server demonstrates that Alg44’s
lphaFold predicted model resembles the membrane fusion pro- 

ein Hl yD fr om E. coli (Fig. 3 F) (Kim et al. 2016 ) (PDB: 5C22). HlyD
s part of the Hl y tr anslocator pr otein complex, a type I secr etion
ystem, whic h ur opathogenic str ains of E. coli use to secr ete cy-
otoxin α-hemolysin (Kim et al. 2016 ). HlyD mediates toxin secre-
ion by acting as a periplasmic adaptor protein that spans across
he inner and OMs (Kim et al. 2016 ). HlyD has two domains, an
-helical domain and a lipoyl domain. HlyD is proposed to func-
ion as a hexamer, forming a cogwheel-like structure to allow for
ymmetrical interactions between the TolC OM channel protein 

nd the IM ABC tr ansporter Hl yB. Curr entl y, it is unclear how a ho-
odimer of Alg44’s periplasmic domain might interact with other 

lginate proteins. 
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ol ymer modifica tion 

fter translocation to the periplasm, d -mannuronate residues can
e epimerized to l -guluronate by AlgG (Franklin et al. 1994 ). The
rystal structure of Pseudomonas syringae AlgG has been solved,
emonstrating that the C5 epimerase adopts a right-handed par-
llel β-helix fold with a carbohydrate-binding/sugar hydr ol ysis
omain (Fig. 4 A) (Wolfram et al. 2014 ) (PDB: 4NK6). Site-directed
 uta genesis and functional studies in P. syringae AlgG suggest a
echanism of epimerization where His319 is the catalytic base,
r g345 neutr alizes the anionic intermediate, and water is the cat-
lytic acid (Wolfram et al. 2014 ). Examining the surface electro-
tatic potential and residue conservation revealed a ∼49 Å long re-
ion below the active site that is highly electropositive and highly
onserved, suggesting that this is an extended substrate bind-
ng site. Indeed, in vitro ligand binding studies with mannuronate
ligomers of up to 12 residues demonstrated that AlgG binding
ffinity increases with ligand length, up to nine residues, lead-
ng to the suggestion that the AlgG substrate binding site can ac-
ommodate alginate polymers of at least nine residues in length
Wolfram et al. 2014 ). A S272N mutation in P. aeruginosa does not
ompletel y abr ogate alginate biosynthesis but r esults in a pol y-
er lacking l -guluronate residues (Chitnis and Ohman 1990 ). The

ffects of a catal yticall y inactiv e AlgG on the ability of P. aerug-
nosa to tolerate antibiotic treatment or evade the host immune
esponse has not yet been assessed. To date, no AlgG interaction
artners have been directly identified, ho w ever mutual stability
nalyses suggest that AlgG may interact with Alg8 (Rehman et al.
013 ). 

In addition to epimerization, d -mannuronate residues can also
e O -acetylated via the acetylation complex AlgIJFX (Franklin and
hman 1993 , 1996 , 2002 , Jain and Ohman 2004 , Chanasit et al.
020 ). A combination of co-IP, mutual stability studies, and in vitro
sothermal titration calorimetry with the acetylation machinery
n P. aeruginosa has demonstrated that AlgI interacts with AlgJ
nd AlgF, and that AlgF interacts with AlgJ and AlgX, suggest-
ng that AlgIJFX form a complex in vivo (Chanasit et al. 2020 ,
ow et al. 2023 ). Deletion of alg8 was found to destabilize AlgI
n P. aeruginosa , implying that Alg8 and AlgI interact (Chanasit et
l. 2020 ). Furthermore, co-IP studies also revealed that AlgX and
lg44 inter act (Mor adali et al. 2015). T hus , the O -acetylation ma-
hinery and polymerization machinery may form an IM polymer-
zation/modification complex, with alginate O -acetylation linked
o polymerization. 

The source of the acetyl group used to modify alginate is still
nknown, although acetyl-CoA has been suggested (Franklin et al.
011 ). In the IM, the membrane bound O -acyl tr ansfer ase (MBOAT)
amily enzyme AlgI is thought to transfer an acetyl group from a
ytoplasmic donor into the periplasm (Franklin and Ohman 1996 ,
002 ). How this occurs is still unknown, thus future studies into
he structure of AlgI would help to elucidate the mechanism AlgI
ses to transfer the acetyl group. To gain some insight, we used
he DALI server and found that the AlphaFold predicted structure
f AlgI resembles the MBOAT DltB from Streptococcus thermophilus
nvolv ed in d -alan ylation of cell wall teic hoic acid pol ymer (Fig. 4 B)
Ma et al. 2018 ) (PDB: 6BUG). The crystal structure of DltB reveals a
ing of 11 TM helices that create a highly conserved funnel which
xtends into the lipid bilayer and mediates transfer of a d -alanyl
roup to the polymer. In comparison, AlgI is predicted to have two
dditional TM helices at the C-terminus, which are connected by
 long, unstructured cytoplasmic loop. At the bottom of the ex-
racellular funnel in DltB is the catalytic His336, which is highly
onserv ed acr oss MBOATs and r equir ed for d -alan ylation in vivo
Ma et al. 2018 ). The DltB tunnel is formed by three long TM helices
nd a small horizontal helix H12 in the central core of the protein.
 conserv ed Tr p285 on helix H12 occludes the tunnel, k ee ping it

n a closed conformation. It is proposed that helix H12 is a mo-
ile structure that may undergo a conformational change lead-

ng to tunnel opening and subsequent transfer for the d -alanyl
r oup fr om DltC to DltB. Comparison to DltB suggests that AlgI
lso has a funnel that allows an acetyl group to tr av el acr oss a
ipid bila yer. Furthermore , the helix H12 structure is conserved in
he AlphaFold AlgI model, suggesting that AlgI may use a simi-
ar mechanism for acetyl group transfer. Ho w ever, DltB requires
nteraction with its cytoplasmic d -alanyl donor protein, DltC, as

utation of the DltB–DltC binding site abolishes d -alanylation in
ivo (Ma et al. 2018 ). To date, no cytoplasmic AlgI binding partners
ave been identified but we hypothesize that the large, unstruc-
ured cytoplasmic loop observed in the AlgI AlphaFold model may
e involved in coordinating interaction with an acetyl group donor
rotein (Fig. 4 B). 

To initiate polymer acetylation, it is hypothesized that AlgI re-
ays an acetyl group to the SGNH hydrolase-like acetyltransferase
nzyme AlgJ (Fig. 4 D) (Baker et al. 2014 ) (PDB: 4O8V). Using site-
ir ected m uta genesis and in vitro enzymatic assa ys , the catalytic
riad residues Asp193, His195, and Ser297 were found to be re-
uired for P. aeruginosa AlgJ acetylesterase activity. Since AlgJ does
ot bind pol yM oligosacc harides in vitro (Baker et al. 2014 ), it is
hought to be an intermediary enzyme that transfers the acetyl
roup to AlgX (Riley et al. 2013 ) (PDB: 4KNC, 7ULA) via interac-
ion with the bilobed β-sandwich protein AlgF (Fig. 4 C) (PDB: 6D10,
CZT) (Low et al. 2023 ). AlgF is proposed to act as a protein–
r otein inter action mediator to facilitate acetyl gr oup tr ansfer be-
ween the AlgJ and AlgX (Low et al. 2023 ). AlgX has been shown
o dir ectl y bind to and acetylate pol yM oligosacc harides in vitro
Baker et al. 2014 ), thus positioning it as the terminal acetyltrans-
erase enzyme in the acetyl group relay. AlgX has a catalytic triad
omposed of Asp174, His176, and Ser269, whic h ar e r equir ed for
cetylesterase activity in vitro and alginate acetylation in vivo (Ri-
ey et al. 2013 ). In addition to an SGNH hydrolase-like acetyl-
r ansfer ase domain similar to AlgJ, AlgX also has a carbohydrate-
inding (CBM) domain, which is assumed to bind alginate (Riley
t al. 2013 ). Ho w e v er, AlgX’s CBM has not yet been assessed in iso-
ation for its ability to bind polyM oligosaccharides. 

Deletion of either algI , algF , or algJ results in secretion of un-
cetylated alginate, r e v ealing that acetylation is not a r equir e-
ent for alginate polymerization and secretion (Franklin and
hman 1996 ). Ho w e v er, acetylation-deficient P. aeruginosa display
brogated cell adhesion and biofilm architecture (Tielen et al.
005 ). Unlike the rest of the acetylation machinery, deletion of
lgX r esults in secr etion of small ur onic acid degr adation pr od-
cts generated by AlgL, suggesting that AlgX is r equir ed for pr oper
xport of alginate. An interaction between AlgX and the TPR-
ontaining export protein AlgK was detected previously (Hay et al.
012 ), but it was only recently that the molecular details of this
nter action hav e been uncov er ed. 

The structure of AlgX in complex with AlgK has been deter-
ined by X-ray crystallographic methods , pro viding insight into

ow modification and export are coordinated for polymer pro-
uction (Fig. 4 E) (Gheorghita et al. 2022a ). The AlgKX complex

PDB: 7ULA) r e v eals that the N-terminus of AlgX interacts with
PRs nine and ten of AlgK. Complex interaction is mediated by a
ighl y conserv ed, hydr ophobic patc h on the N-terminus of AlgX
hat is buried in a deep, conserved hydrophobic groove on AlgK
Gheorghita et al. 2022a ). The AlgKX interaction generates an elec-
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Figure 4. Structures and predicted AlphaFold models of P. aeruginosa alginate modification and export proteins. (A) Crystal structure of P. syringae pv. 
Tomato AlgG (PDB: 4NK6). (B) Superimposition of P. aeruginosa AlgI AlphaFold model (periwinkle) and the crystal structure of Streptococcus thermophilus 
O -acyltr ansfer ase DltB (orange) (PDB: 6BUG) with a C α RMSD of 1.788 Å. (C) CS-Rosetta determined structure of P. aeruginosa AlgF (N-terminus PDB: 
6CZT; C-terminus: 6D10). (D) Crystal structure of P. aeruginosa AlgJ (PDB: 4O8V). (E) Crystal structure of P. aeruginosa AlgL (4OZV). (F) Crystal structure of 
the P. putida AlgKX complex (PDB: 7ULA). (G) Crystal structure of P. aeruginosa AlgE (PDB: 3RBH). (H) Crystal structure of P. aeruginosa AlgL (PDB: 4OZV). 
IM, inner membrane; OM, outer membrane. 
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tr opositiv e passa ge way thr ough whic h alginate can tr av erse to- 
w ar ds the OM porin AlgE after acetylation by AlgX (Fig. 4 F) (Whit- 
ney et al. 2011 ) (PDB: 3RBH). T hus , the structur e demonstr ates that 
acetylation immediately precedes export and, therefore, implies 
an order in which alginate modifications occur. Furthermore, in 
vitro ligand binding anal yses demonstr ated that the AlgKX com- 
plex is capable of binding both polyM and polymannuronate- 
gulur onate (pol yMG) alginate oligosacc haride ligands. When Al- 
gKX complex formation was disrupted in vivo , P. aeruginosa algi- 
nate secretion and biofilm attachment was abrogated, revealing 
that AlgX has a role in alginate export (Gheorghita et al. 2022a ). 

Polymer secretion 

Comparison to other OM porins within Gr am-negativ e synthase- 
dependent secretion systems show that the ß-barrel porin is fused 

to a periplasmic TPR domain, suggesting that AlgK and AlgE in- 
teract to facilitate polymer export (Keiski et al. 2010 ). Moreover,
deletion of algE destabilizes AlgK (Rehman et al. 2013 ) and dele- 
tion of algK impairs the proper localization of AlgE (Keiski et al.
2010 ), further emphasizing that AlgE and AlgK form an OM se- 
cretion complex. Within the E. coli cellulose system, the struc- 
ture of the OM porin and TPR-containing protein BscC (Ache- 
son et al. 2019 ) (PDB: 6TZK) provides precedence for how an 
lgEK complex may be oriented. Molecular dynamics simula- 
ions (Tan et al. 2014 ) and pr edictiv e structur al modelling by Al-
haFold (Gheorghita et al. 2022a ) both r e v eal a model of the AlgEK
omplex that further extends the electr opositiv e pathway from
he active site of AlgX, across the interior of AlgK, and through
lgE. 
AlgE forms an 18-stranded antiparallel β-barrel with an elec- 

r opositiv e por e constriction (PDB: 3RBH) (Fig. 4 F). The crystal
tructure of AlgE suggests that the porin adopts a closed con-
ormation where the electropositive core constriction is occluded 

n both sides by an extracellular loop L2 and a periplasmic loop
8. L2 is thought to pr e v ent the surrounding LPS from interfer-

ng with alginate export, while deletion of the T8 loop resulted
n a threefold increase in in vitro iodide efflux, implying that
hat T8 r egulates passa ge of molecules through the porin (Whit-
ey et al. 2011 ). AlgE is thought to r equir e inter action with AlgK
o induce the T8 loop into an open conformation to allow al-
inate export (Tan et al. 2014 ). Ho w e v er, it is still unclear if in-
eraction with AlgK induces an open position in AlgE’s T8 loop
s AlphaFold is limited in its ability to predict conformational 
 hanges (Gheor ghita et al. 2022a ). Deletion of algE abrogates al-
inate polymer secretion and only free uronic acids, presum- 
bl y AlgL degr adation pr oducts, ar e secr eted (Rehman and Rehm
013 ). 
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For alginate to be secreted to the extracellular matrix, energy
ust be used to drive polymer export through AlgE. Molecular

ynamics studies on AlgE and polyMG to determine whether a
ush or pull force influences alginate polymer migration through
lgE, suggest that AlgE itself does not influence the direction-
lity of alginate tr ansport, although br eathing motions of the
rotein may facilitate polymer translocation. T hus , it was con-
luded that that the energy required for this process must
e provided by the IM polymerization machinery (Tan et al.
014 ). 

omeostasis 

arious roles for AlgL have been proposed, including regu-
ating the length of secreted alginate (Boyd et al. 1993 , May
nd Chakrabarty 1994 ), aiding in biofilm detachment (Boyd and
hakrabarty 1994 ), and being completely dispensable for algi-
ate production (Wang et al. 2016b ). Pr e viousl y, AlgL has been de-
cribed to be a polymer modifying enzyme, similar to AlgG and
lgX, ho w e v er, r ecent work has demonstrated another role for

he enzyme . T he structur e of AlgL r e v ealed an ( α/ α) 5 toroid fold
Fig. 4 G) (PDB: 4OZV), with a highl y conserv ed and highl y elec-
r opositiv e binding gr oov e (Gheor ghita et al. 2022b ). Structur al
omparison with other pol ysacc haride l yase famil y 5 (PL5) mem-
ers and in vitro enzymatic assays identified k e y residues: K66,
205, Y259, and H202, Y246, R249 involv ed in substr ate binding

nd catal ysis, r espectiv el y. In vivo anal yses in P. aeruginosa deter-
ined that both an algL deletion and mutation of its catalytic

esidues, Y256 and R249, results in growth defects, abnormal cel-
ular morphologies, and cell lysis in a genetic background where
he alginate operon is isolated from its native system of regula-
ion by AlgU/T (Gheorghita et al. 2022b ). Moreover, an algL deletion
as found to dir ectl y r esult in accum ulation of alginate within the
eriplasm. T hus , suggesting that AlgL functions to maintain the
omeostasis of the periplasm during alginate pr oduction. Gr owth
efects and periplasmic retention of alginate were mitigated with
onstitutiv e expr ession of the AlgU/T r egulon, r e v ealing that a
ene or genes within the regulon compensate for the loss of algL
n a muca22 bac kgr ound. The alternativ e alginate l yases PA1167
nd/or PA1784 have been proposed to perform this function, act-
ng as a fail-safe to ensure cell viability during alginate production
Gheorghita et al. 2022b ). Co-IP studies determined that AlgL does
ot interact with other alginate pr oteins, r e v ealing that it does not
eed to interact with the alginate biosynthetic complex to per-
orms its function as a periplasmic homeostasis enzyme (Wang
t al. 2016b , Gheorghita et al. 2022b ). 

el biosynthesis 

he se v en genes r equir ed for Pel biosynthesis ar e in a single
peron: pelA-B-C-D-E-F-G (Fig. 5 ) (Friedman and K olter 2004a ). T he
r omoter upstr eam of pelA is r egulated by the tr anscription factor
leQ in response to c-di-GMP; FleQ acts as both a transcriptional
ctiv ator and r epr essor by binding to two distinct sites at the pelA
romoter: boxes 1 and 2 (Baraquet et al. 2012 ). In the absence of
-di-GMP, FleQ r epr esses tr anscription via distortion of the pelA
romoter at box 2, while FleQ bound to c-di-GMP at boxes 1 and 2
 elie v es the DNA distortion and leads to pel expression (Baraquet
t al. 2012 ). 

Biosynthesis of Pel is produced by a synthase-dependent secre-
ion system and is regulated by c-di-GMP binding to the GGDEF
omain of PelD (Whitney et al. 2012 ). The cytoplasmic glyco-
yltr ansfer ase PelF is belie v ed to bind to the sugar nucleotide
recursor UDP-GalNAc and polymerize a GalNAc homopolymer,
hich is then translocated to the periplasm via PelG. Once

n the periplasm, Pel is modified by the bifunctional deacety-
ase/hydrolase enzyme PelA (Colvin et al. 2013 ). Modification by
artial deacetylation renders Pel positiv el y c har ged, allowing it to
e guided by the negativ el y c har ged funnel pr otein PelC for export
hrough the porin PelB (Fig. 5 ) (Marmont et al. 2017a ). Interaction
etween the TPR-containing domain of PelB and PelA enhances
elA’s deacetylase acti vity, atten uates PelA’s hydrolase acti vity,
nd is r equir ed for Pel-dependent biofilm formation (Marmont et
l. 2017b ). PelA’s hydrolase activity has recently been shown to be
mportant for the formation of secr eted cell-fr ee Pel, whic h is in-
olved in biofilm biomechanics and virulence modulation (Razvi
t al. 2023a ). 

Although we focus on Pel production in P. aeruginosa , Pel biosyn-
hetic loci have recently been identified in Gram-positive bacte-
ia, including Bacillus , Streptococcus , Bifidobacterium , and Clostridium
pecies (Bundalovic-Torma et al. 2020 , Whitfield et al. 2020a ). Bacil-
us cereus ATCC 10987 was found to produce a Pel-like polysac-
haride and deletion of genes within the pel oper on r esulted in
o biofilm formation. Bioinformatics analyses have identified >

00 syntenicall y conserv ed pel oper ons in a wide v ariety of Gr am-
ositiv e bacterial gener a, demonstr ating that it is a phylogeneti-
all y widespr ead biofilm matrix determinant (Whitfield and How-
ll 2021 ), and thus providing evidence that Pel may be a common
iofilm exopol ysacc haride component for man y bacteria. 

recursor formation 

nlike the alginate system , the pel operon in P. aeruginosa does
ot encode genes related to polymer precursor formation suggest-

ng that Pel sugar-nucleotide pr ecursors ar e gener ated fr om mor e
eneral metabolic pathw ays (F ranklin et al. 2011 ). This is not en-
ir el y unpr ecedented; algC is not associated with the rest of the al-
inate operon (Fig. 2 B) as it is r equir ed for pr ecursor pr oduction in
ther pathwa ys , including the Psl exopol ysacc haride and LPS pr o-
uction (Goldberg et al. 1993 , Coyne et al. 1994 , Byrd et al. 2009 ).
o w e v er, in other bacteria with pel operons such as Curvibac-

er delicatus , Acidovorax citrulli , Legionella maceachernii , and Pseu-
omonas protogens , there is a pelX gene adjacent to the pel operon
hat has been shown to encode a UDP- N -acetylglucosamine C4-
pimer ase r equir ed for Pel-dependent biofilm formation in P. pro-
ogens (Marmont et al. 2020 ). The structure of PelX in complex
ith UDP- N -acetylglucosamine (PDB: 6WJB, 6WJ9) and UDP- N-
cetylgalactosamine (PDB: 6WJA) determined by X-ray crystallo-
r a phic methods r e v ealed an N-terminal Rossmann fold and C-
erminal α/ β substrate-binding domain. PelX belongs to the short-
 hain dehydr ogenase/r eductase (SDR) superfamil y and has the
 har acteristic GXXGXXG NAD + binding motif and SX 24 YX 3 K cat-
lytic triad. Mutation of the catalytic Ser121 and Tyr146 rendered
elX catal yticall y inactiv e. Although pelX is not pr esent in P. aerug-
nosa , Marmont et al. ( 2020 ) suggest that the poorly characterized
A4068 gene may be functionally analogous to pelX . PA4068 is an-
otated as a probable UDP- N -acetylglucosamine epimerase be-

onging to the SDR superfamily and its AlphaFold model str ongl y
esembles PelX with a C α RMSD of 0.345 Å (Fig. 6 A). The strik-
ng similarity between PA4068 and PelX suggests that PA2068 may
unction as the UDP- N -acetylglucosamine C4-epimerase required
or Pel precursor formation in P. aeruginosa (Marmont et al. 2020 ). 

ol ymeriza tion 

hrough a series of co-IPs in P. aeruginosa , P elD, P elE, and P elF
ere found to form a stable IM complex that mediates Pel poly-
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Figure 5. Model of the Pel biosynthetic complex in P. aeruginosa . (A) Model of the Pel biosynthetic complex colour coded by function. Structures of the 
cytoplasmic domain of PelD (PDB: 4DN0) (Whitney et al. 2012 ), the hydrolase domain PelA (PDB: 5TCB), PelC (PDB: 5T11, 5T10, 5T0Z) (Marmont et al. 
2017a ), and the complete TPR motifs R9 and R10 of PelB (PDB: 5WFT) (Marmont et al. 2017b ) have been experimentally determined and are drawn to 
scale and shown in a surface r epr esentation. (B) Pel operon in P. aeruginosa colour coded by function. IM, inner membrane; PG, peptidoglycan; and OM, 
outer membrane. 
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merization (Whitfield et al. 2020b ). Although co-IP with PelG 

w as unsuccessful, P elD, P elE, P elF, and P elG w ere found to di- 
r ectl y inter act via bacterial tw o-hybrid (B ACTH) assay in E. coli 
and P elE w as found to r equir e P elD and P elG for stability (Whit- 
field et al. 2020b ). As proteins that interact and form com- 
plexes often display codependence for stability, it was concluded 

that PelDEFG form an IM complex that functions to polymer- 
ize Pel and translocate it into the periplasm (Whitfield et al.
2020b ). 

PelD is an IM c-di-GMP binding protein, with an N-terminal 
coiled-coil motif that is proposed to mediate dimerization and a 
C-terminal cytoplasmic GAF domain and degenerate GGDEF do- 
main (Fig. 6 B) (Whitney et al. 2012 ) (PDB: 4DN0). Although GAF 
domains ar e ca pable of binding cyclic nucleotides (Martinez et al.
2002 ), the GGDEF domain was found to bind dimeric c-di-GMP at 
an RXXD motif. This motif gener all y functions as an allosteric in- 
hibition site for diguanylate c yclases; ho w ever, point mutation of 
the motif (R367A or D370) demonstrated that it is required for c- 
di-GMP binding in vitro and biofilm attachment and pellicle for- 
mation in vivo (Whitney et al. 2012 ). When c-di-GMP binding to 
P elD is abrogated b y a R367A m utation, assembl y of the PelDEFG 

complex is not affected. T hus , binding of c-di-GMP is thought to 
result in a conformational change or structural rearrangements 
between the proteins to activate Pel biosynthesis. Deletion of any 
one of these proteins in P. aeruginosa results in loss of Pel produc- 
tion as indicated by smooth colony morphologies, loss of Congo 
ed stain binding, and loss of pellicle formation (Whitfield et al.
020 b). 

PelE is predicted to be an IM protein with two TM helices and
 C-terminal cytoplasmic domain (Franklin et al. 2011 , Whitfield
t al. 2020b ). Its AlphaFold predicted model r e v eals a C-terminal
-helical TPR-like structure that resembles LGN from Mus mus- 
ulus involved in asymmetrical cell division (Fig. 6 C) (Pan et al.
013 ) (PDB: 4JHR). TPR and TPR-like motifs are w ell-kno wn for
heir ability to act as protein scaffolds and mediators of protein–
r otein inter actions acr oss or ganisms (Per ez-Riba and Itzhaki
019 ). Through a series of BACTH assays, Whitfield et al. ( 2020b )
roposed that PelE functions as an intermediary that facilitates a
tr onger inter action betw een P elD and P elG. Mutual stability stud-
es also sho w ed that P elD and P elG enhance the stability of PelE,
s PelE le v els wer e significantl y r educed in str ains lac king pelD or
elG . 

PelF is a cytoplasmic protein predicted to be the GT of the sys-
em (Franklin et al. 2011 ) and has been shown to specifically bind
DP with micromolar affinity using isothermal titration calorime- 

ry, suggesting that PelF utilizes UDP-sugar nucleotides for Pel 
olymerization (Jennings et al. 2015 ). Moreover , these studies fur -
her provide evidence that PA2068, analogous to pelX , may func-
ion as the UDP-sugar epimer ase r equir ed for Pel precursor for-

ation (Marmont et al. 2020 ). Although it is a cytoplasmic protein,
elF localizes to the IM through interaction with P elD, P elE, and/or
elG (Whitfield et al. 2020b ). Structur al homology anal ysis using
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Figure 6. Structures and predicted AlphaFold models of P. aeruginosa Pel biosynthesis proteins. (A) Superimposition of P. aeruginosa PA4068 AlphaFold 
model (blue) with the crystal structure of PelX from P. protogens (orange) (PDB: 6WJB) with a C a RMSD of 0.345 Å. (B) Crystal structure of a monomer of 
P. aeruginosa PelD (blue) bound to c-di-GMP (PDB: 4DN0) superimposed with the AlphaFold model of PelD (orange). (C) Superimposition of P. aeruginosa 
PelE AlphaFold model (salmon) with the crystal structure of LGN from Mus musculus (orange) (PDB: 4JHR) with a C a RMSD of 4.023 Å. (D) 
Superimposition of P. aeruginosa PelF AlphaFold model (salmon) with the crystal structure of HepE from Anabaena sp. (orange) (PDB: 4XSO) with a C a 

RMSD of 1.251 Å. (E) Superimposition of P. aeruginosa PelG AlphaFold model (salmon) with the crystal structure of VcmN from Vibrio cholerae (orange) 
(PDB: 6IDS) with a C a RMSD of 5.077 Å. IM, inner membrane. 
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he AlphaFold predicted model of PelF and the DALI server show
hat PelF is like the glucosyltr ansfer ase HepE fr om Anabaena sp.
nvolv ed in heter ocyst env elope pol ysacc haride formation (Fig 6 D)
Wang et al. 2016a ) (PDB: 4XSO). Each subunit of HepE displays a
T-B fold with two β/ α/ β Rossmann-fold domains and an inter-
omain binding pocket. The crystal structure of HepE in complex
ith UDP-glucose r e v eals that r esidues Gl y235, Ar g267, Phe266,
nd Ile2670 interact with the uracil moiety of UDP; Glu296 and
r g292 inter act with the ribose; Gl y14, Ar g292, and Lys213 inter-
ct with the pyrophosphate moiety; and Phe290, Glu288, Gly291,
is121, Asn151, and Asn174 interact with the glucosyl moiety. In
itro , HepE was found to hydr ol yze its sugar donor UDP-glucose to
DP. This activity was increased 4-fold in the presence of its ac-
eptor, mannose. Similarly, P elF w as sho wn to use UDP-glucose as
 substrate by various in vitro assa ys , including UDP-glucose con-
umption and measurement of intracellular UDP-glucose levels
n PelF-deficient and PelF-producing P. aeruginosa strains (Ghafoor
t al. 2013 ). Recent data hav e r e v ealed that the cell-fr ee form of
el does not contain glucose (Le Mauff et al. 2022 ), whether glu-
ose is present in the cell-associated form of the polymer is yet
o be determined. Mutation of the HepE catalytic residues His212
nd Glu288 and residues involved in acceptor recognition – Glu16,
sp122, Arg208, and Phe239 – significantly abrogated in vitro en-
ymatic activity (Wang et al. 2016a ). These catal ytic r esidues ar e
onserved in PelF as His214 and Glu405. Mutation of Glu405 was
ound to reduce PelF in vivo Congo red binding activity and pel-
icle formation compared to WT PelF . Additionally , mutation of
 esidues pr edicted to be involved in acceptor r ecognition, Ar g325
nd Lys330 (Arg208 and Lys213 in HepE), completel y abr ogated in
ivo PelF Congo red binding activity and demonstrated reduced
ellicle formation (Ghafoor et al. 2013 ). HepE was found to have

ow activity in the presence of its nucleotide sugar substrate, how-
 v er, it was pr oposed that this might be due to absence of its ac-
i vating partner, He pD, a neighbouring putati ve GT (Wang et al.
016a ). T hus , PelF ma y similarly require interaction with the re-
aining inner complex proteins for activation of Pel polymeriza-

ion. 
PelG belongs to the m ultidrug/oligosacc haridyl-lipid/

ol ysacc haride (MOP) exporter superfamily and was previ-
usl y pr edicted to be part of the multidrug and toxic compound
xtrusion (MATE) (Jagessar et al. 2019 ) transporter subgroup
F ranklin et al. 2011 ). Ho w ever, more recent annotations in the
ransporter Classification Database (Saier et al. 2021 ) suggests
hat PelG is part of the putative exopolysaccharide exporter
EPS-E) subgr oup. At pr esent, little is known about this MOP
ubgr oup. The DALI serv er suggests that the PelG AlphaFold
odel is structur all y similar to the MATE transporter VcmN

r om Vibrio c holerae (Fig. 6 E) (Kusakizak o et al. 2019 ) (PDB: 6IDS).
cmN couples H 

+ with its substrate transport mechanism via
 earr angements in its hydrogen bonding network that induce
 conformational change in one of its TM helices, TM1. In a
ubstrate-bound state, Asp53 in TM1 is deprotonated, thus TM1
dopts a straight conformation and VcmN is in an outw ar d-open
orm. Proton binding to Asp35 causes a r earr angement of the
ydrogen bonding network and induces a bend in TM1 at Pro20,
hic h r educes the volume of the substrate-binding site and

xtrudes the substrate. VcmN employs an antiporter mechanism,
her efor e, binding of the proton and the substrate are mutually
xclusiv e e v ents. With the pr oton still bound, VcmN adopts an
ccluded form that is an intermediary between outward-open
nd inw ar d-open forms . VcmN then con verts to an inw ar d-open
orm, the proton is released, and a substrate enters the substrate-
inding site . VcmN con v erts to a substr ate-bound occluded form
nd is ready to adopt an outw ar d-open form to restart the trans-
ort cycle (Kusakizako et al. 2019 ). Although the mechanisms for
ransport of small molecules and polymers must differ, structural
imilarities to MATE transporters suggest that PelG functions as
he tr anslocon r equir ed for Pel tr anslocation into the periplasm.
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It is unlikely that PelG couples Pel translocation with H 

+ , as the 
Asp35 in VcmN responsible for proton-binding is not conserved 

in PelG and there are no residues within the vicinity that could 

perform this function. Examination of the AlphaFold model of 
PelG r e v eals a series of conserved aromatic residues that stretch 

from the cytoplasmic to periplasmic face of the protein. These 
residues form a potential pore for export of the polymer that 
is reminiscent of the pore found in the cellulase synthase BcsA 

(Morgan et al. 2012 ). 

Pol ymer modifica tion 

PelA is a large multidomain bifunctional enzyme that modifies 
P el b y hydr ol ysis and deacetylation (Colvin et al. 2013 , Razvi et 
al. 2023a ). Pr e vious bioinformatics analysis suggest that PelA has 
four domains: an N-terminal hydrolase domain, reductase do- 
main, deacetylase domain, and a β-jelly roll domain at the C- 
terminal end (Colvin et al. 2013 ). The AlphaFold model of PelA 

confirms this domain composition (Fig. 7 A). 
To date, only the structure of the hydrolase domain (PelA h ) 

has been solv ed, r e v ealing an α/ β TIM barrel (Fig. 7 B) (Le Mauff 
et al. 2019 ) (PDB: 5TCB), a versatile fold used by many enzyme 
families that catalyze different reactions (Wierenga 2001 ). In 
vitro studies determined that PelA h is an endo-acting α-1,4- N - 
acetylgalactosaminidase that utilizes a r etaining mec hanism of 
catalysis (Le Mauff et al. 2019 ). Hydrolysis with net retention of 
configuration is most commonly achieved through a two-step, 
double displacement mechanism in which the glycosyl enzyme 
intermediate is formed and hydr ol yzed by acid/base catalysis 
medicated by the carboxylic side chains of aspartic or glutamic 
acid residues that are ∼5.5 Å apart (Koshland 1953 ). In PelA h the 
distance between the catalytic Glu218 and Asp160 residues is ∼
5.5 Å. Mutation of the catalytic residue Glu218 renders PelA h in- 
active and unable to hydr ol yze Pel-de pendent biofilms (Bak er et 
al. 2016 ). The ability of PelA’s hydrolase activity to disrupt and in- 
hibit biofilms is discussed in greater detail below. In vivo in P. aerug- 
inosa , P elA h w as r ecentl y found to be involv ed in biofilm dispersion 

and generating the secreted form of Pel (Cherny and Sauer 2020 ,
Razvi et al. 2023a ). The inactive E218A PelA h mutant of P. aerugi- 
nosa pr oduced incr eased adher ent biofilm biomass compared to 
the wild-type (WT) PelA h complemented strain of P. aeruginosa 
(Razvi et al. 2023a ). Furthermore, E218A PelA h P. aeruginosa demon- 
str ated alter ed biofilm biomec hanical pr operties including buoy- 
ancy, cohesion, stiffness, wrinkling, and wettability, and resulted 

in increased virulence in two animal models of infection (Razvi 
et al. 2023a ). Specifically, the E218A mutation in PelA h decreased 

pellicle buo y anc y and cohesion, increased flocculation of bacte- 
rial cells, decreased colony wrinkling, increased surface wettabil- 
ity, and decreased biofilm stiffness through decreased ionic inter- 
actions within the biofilm (Razvi et al. 2023a ). 

When the reductase domain AlphaFold model of P elA w as ana- 
lyzed by DALI, the cryo-electron microscopy (cryoEM) structure of 
the yeast oligosacc haryltr ansfer ase complex was listed as a top 

hit (Wild et al. 2018 ) (PDB: 6EZN). The reductase domain shows 
structural similarity to the N-terminal domain of WW Domain 

Binding Protein 1 (WBP1) within subcomplex III (Fig. 7 C). WBP1 is 
noncatalytic and is proposed to be involved in substrate binding 
(Wild et al. 2018 ), thus suggesting that the reductase domain of 
PelA may interact with Pel and help orient the substrate on the 
enzyme for catalysis. 

Analysis by DALI determined that the AlphaFold model of 
PelA’s ß-jelly roll domain is similar to the C-terminal ß-sandwich 

domain of the pol ysacc haride l yase 39 famil y (PL39) alginate l yase 
rom Defluviitalea phaphyphila , Dp0100 (Fig. 7 D) (PDB:6JP4) (Ji et al.
019 ). The crystal structure of Dp0100 with a pentamer of man-
uronate identified the N-terminal ( α/ α) 6 toroid fold domain as
he substrate-binding and catalytic domain (PDB:6JPN). The role 
f the C-terminal ß-sandwich domain was not investigated, and 

t is unclear if this domain is capable of binding alginate. Ho w e v er,
he ß-jelly roll fold is common in many CBM families within CAZy
Drula et al. 2022 ), suggesting that PelA’s ß-jelly roll domain, like
ts reductase domain, may be involved in binding Pel and orienting
he polymer for modification. 

The AlphaFold predicted model of the deacetylase domain 

PelA DA ) str ongl y r esembles the HpPgdA peptidogl ycan deacety-
ase from Helicobacter pylori (Shaik et al. 2011 ) (Fig. 7 E) (PDB: 4LY4).
 single domain of the tetrameric HpPgdA resembles a noncanon-

cal TIM-barrel fold (Shaik et al. 2011 ). The HpPgdA active site co-
rdinates a zinc ion and is thought to be a member of the carbo-
ydr ate ester ase 4 (CE4) superfamily of enzymes. Similarly, PelA DA 

as been proposed to function as a metal dependent carbohy-
r ate ester ase as addition of the metal chelator EDTA greatly re-
uced activity of the enzyme, although it is still not known, which
etal is r equir ed for optimal PelA DA activity (Colvin et al. 2013 ).

omparison to other carbohydrate esterase enzymes revealed the 
onserv ed catal ytic r esidue Asp528 and the D-H-H metal coor-
ination triad composed of Asp530, His600, and His605. Muta- 
ion of any of these residues to alanine results in a 10-fold re-
uction of in vitro activity. Furthermore, PelA deacetylase activity- 
eficient m utant str ains r esulted in abr ogated biofilm and pelli-
le formation, loss of the c har acteristic wrinkl y colon y mor phol-
gy, and loss of Pel secretion in vivo in P. aeruginosa , demonstrating
hat Pel deacetylation is r equir ed for Pel secretion (Colvin et al.
013 , Razvi et al. 2023b ). As r ecent structur al c har acterization of
he Pel polymer has shown that it is comprised pr edominantl y of
alN-GalNAc repeating units (Le Mauff et al. 2022 ), PelA DA is pro-
osed to deacetylate e v ery other GalNAc r esidue. NMR anal yses
nd molecular dynamics simulations performed on synthetic α- 
,4-GalNAc 7 pol ymer r e v ealed that the pol ymer adopts an elon-
ated, linear structure that is stabilized by a nonconventional 
nter-r esidue hydr ogen bond (Zhang et al. 2020 ). T hus , the carbon
2 acetyl groups are on either side of the polymer in an alternating

ashion, suggesting that PelA DA may deacetylate one face of the
olymer in a processive manner (Zhang et al. 2020 , Le Mauff et al.
022 ). 

olymer secretion 

nce partially deacetylated, positively charged Pel is guided by 
elC for export (Fig. 5 F) (Marmont et al. 2017a ) (PDB: 5T11, 5T10,
T0Z). PelC is a lipoprotein that localizes to the OM, with deletion
f pelC resulting in abrogated pellicle formation and biofilm at-
achment (Vasseur et al. 2007 , Marmont et al. 2017a ). Using X-ray
rystallogr a phic methods, P elC w as determined to have a mixed
/ β fold and form a dodecamer ring-like complex that is ∼120 Å in
iameter with a 32 Å pore. Consistent with the PelC crystal struc-
ur es, pr eliminary negativ e-stain electr on micr oscop y of P elC pu-
ified from P. aeruginosa also r e v ealed a ring-like structur e that is
120 Å in diameter, providing evidence to suggest that PelC func-

ions as an oligomeric complex in vivo . The negativ el y c har ged
oncav e por e of PelC is critical for biofilm formation as c har ge-
witc hing m utations wer e found to significantl y r educe pellicle
ormation. T hus , it is proposed that the PelC ring attracts mod-
fied P el to w ar ds its pore to funnel the pol ysacc haride to the β-
arr el pr otein PelB, forming a nov el secr etion complex not pr e vi-
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Figure 7. Structures and predicted AlphaFold models of P. aeruginosa Pel modification and export proteins. (A) AlphaFold model of P. aeruginosa PelA. (B) 
Crystal structure of the P. aeruginosa PelA hydrolase domain (PelA h ) (PDB: 5TCB). (C) Superimposition of P. aeruginosa PelA reductase domain AlphaFold 
model (periwinkle) with the CryoEM structure of WBP1 from Saccharomyces cerevisiae (orange) (PDB: 6EZN) with a C α RMSD of 4.650 Å. (D) 
Superimposition of P. aeruginosa PelA β-jelly roll AlphaFold model (periwinkle) with the crystal structure of the C-terminal domain of Dp0100 alginate 
l yase fr om Defluviitalea phaphyphila (or ange) (PDB: 6JP4) with a C α RMSD of 4.379 Å. (E) Superimposition of P. aeruginosa P elA deacetylase (P elA d ) domain 
AlphaFold model (periwinkle) with the crystal structure of HpPgdA (PDB: 4LY4) peptidoglycan deacetylase from Helicobacter pylori (orange) with a C α

RMSD of 3.100 Å. F, Crystal structure of Paraburkholderia phytofirmans PelC (PDB: 5T10). G, Superimposition of P. aeruginosa PelB AlphaFold model (yellow 

and green) with the crystal structure of BcsC (orange) (PDB: 6TZK) from E. coli with a C α RMSD of 3.119 Å. OM, outer membrane. 
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usly identified in other synthase-dependent systems (Marmont
t al. 2017a ). 

The AlphaFold predicted model of PelB str ongl y r esembles the
r e viousl y described synthase-dependent cellulose export pro-
ein, BcsC fr om E. coli (Fig. 5 G) (Ac heson et al. 2019 ) (PDB: 6TZK).
nlike the AlgE porin, no periplasm-facing loop is observed in the
-barrel of either BcsC or the predicted PelB model, suggesting
hat the pore of PelB remains constitutively in an open confor-

ation. Although it is predicted to have 19 TPR motifs, only a
mall segment, TPR motifs (R9 and R10) and two partial TRP mo-
ifs (R8 and R11), of PelB’s TPR domain has been structur all y deter-

ined (Marmont et al. 2017b ) (PDB: 5WFT). PelB’s 19 TPR motifs
re ∼200 Å, and could, therefore, span the width of the periplasm
nd interact with the IM Pel proteins to coordinate polymer pro-
uction, as suggested for AlgK in the alginate system. Ho w e v er, to
ate, no IM Pel proteins have been identified to interact with PelB’s
PR domain. Additionall y, bioinformatics anal ysis using Phobius

Madeira et al. 2019 ), and previous work from the Villoux lab
Vasseur et al. 2007 ) suggests that the N-terminal residues 19–36
orm a TM helix, possibly inserting the N-terminus of PelB into
he IM. Unlike AlgE, AlgK, and BcsC, PelB is not predicted to have a
-terminal signal sequence for processing to the periplasm/OM,

urther suggesting that this region may be r equir ed for inser-
ion into the IM. If this is the case, how PelB is processed and
riented a ppr opriatel y in both membr anes, and the potential
eriplasmic c ha per ones associated with this pr ocess, is curr entl y
nknown. 

Given that PelC is thought to associate with PelB at the OM to
uide Pel for export, it is also not clear how PelB’s TPR domain
s oriented with respect to PelC. An interaction between PelB and
 elC has y et to be demonstrated, but this may be due to the size
f the interaction interface. It has been proposed that Trp149 on
he membrane proximal surface of P elC is inv olved in orienting
elC against the OM and participating in stac king inter actions
ith periplasm-facing aromatic residues on PelB. Indeed, muta-

ion of PelC Trp149 resulted in abrogated pellicle formation and
iofilm attachment. To accommodate the P elB–P elC interaction,

t has been suggested that there is an unstructur ed r egion ∼120
esidues in length between the porin and TPR domains of PelB that
ould thread through the 32 Å pore of PelC (Marmont et al. 2017a ).
lthough the AlphaFold model of PelB suggests that this region is
tructured and forms part of the TPR domain (Fig. 5 G), analysis
f PelC and the PelB AlphaFold model does allow for the TPR re-
ion of PelB to thread through the pore of PelC. Using structural
isualization software, the membrane proximal convex surface
f the PelC dodecamer can be positioned against the periplasm-
acing pore of PelB’s ß-barrel domain to generate a model of the
el OM secretion complex. This complex demonstrates that PelB’s
PR domain enters the PelC pore at the membrane proximal end,
aising the question if PelB’s TPRs are also involved in binding Pel
nd guiding it for export, as was observed with the TPR-containing
rotein AlgK in the alginate system (Gheorghita et al. 2022a ). 

Similar to how polymer modification and export are coupled
n the alginate system via formation of the AlgKX complex, PelB
nteracts with PelA to modulate its enzymatic activities and in-
uence biofilm formation (Marmont et al. 2017b ). Although we
o not yet have structural insights into the PelAB complex, mu-
a genesis anal ysis r e v ealed that PelB inter acts with PelA via its
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TPR motifs R9-14, facilitating localization of PelA to the OM (Mar- 
mont et al. 2017b ). P elB’s TPR domain w as found to interact with 

full length PelA, but not its isolated hydrolase domain, suggest- 
ing an interaction with the deacetylase domain. This interaction 

is r equir ed for pellicle formation and biofilm attachment (Mar- 
mont et al. 2017b ). Furthermor e, inter action with PelB attenuated 

PelA’s hydrolase and enhanced deacetylase activity in vitro (Mar- 
mont et al. 2017b ). Marmont et al. ( 2017b ) suggest that interaction 

with PelB induces a conformational change in PelA that allows for 
more efficient deacetylation of Pel, given that deacetylation is a re- 
quirement for Pel export. PelA hydrolase activity is responsible for 
generating the secreted form of Pel thus, an interaction between 

P elA and P elB may result in an altered cell-associated to cell-free 
Pel r atio, consequentl y influencing biofilm biomec hanics and vir- 
ulence (Razvi et al. 2023a ). How an optimal balance between PelA 

deacetylase and hydrolase activity is ac hie v ed via inter action with 

PelB is not clear. No other PelA interaction partners which may 
also influence PelA’s enzymatic activities have been identified to 
date. 

Psl biosynthesis 

Except for algC , galU , and rmlC , the genes involved in Psl biosynthe- 
sis ar e or ganized on a single operon in P. aeruginosa : pslA-B-C-D-E- 
F-G-H-I-J-K-L (Fig. 8 ) (Friedman and Kolter 2004b , Matasukawa and 

Gr eenber g 2004 , Jac kson et al. 2004 ). Tr anscriptional r egulation 

of the Psl operon is coordinated by the alternative sigma factor 
RpoS (Irie et al. 2010 ), a general stress response regulator that has 
been pr e viousl y linked to biofilm formation (Adams and McLean 

1999 , Battesti et al. 2011 ). The quorum-sensing transcription fac- 
tor LasR was also found to bind to a promoter region upstream of 
the Psl operon (Gilbert et al. 2009 ). LasR is part of a two-component 
system that produces the acyl-homoserine lactone (HSL) 3-oxo- 
C12-HSL, mediating virulence , pathogenesis , suppression of the 
host immunity, and antagonism against other pathogens such as 
Staphylococcus epidermidis (Singh et al. 2017 , Santajit et al. 2020 ). 

Psl biosynthesis is initiated in the cytoplasm, with generation of 
the GDP-mannose , UDP-glucose , and dTDP-rhamnose sugar pre- 
cursors by AlgC, PslB , GalU , and RmlC (Franklin et al. 2011 ). PslC,
PslF, PslH, and PslI are proposed to be involved in Psl polymeriza- 
tion taking the activated sugar precursors and forming the pen- 
tasacc haride r epeating until of Psl (Franklin et al. 2011 ). PslA is 
thought to assembly Psl oligosaccharide repeating units onto an 

isoprenoid lipid that is cytoplasmically facing and this repeating 
unit is then flipped into the periplasm by the predicted Wzx flip- 
pase PslK (Franklin et al. 2011 ). Once in the periplasm, the pre- 
dicted Wzy GT PslJ will add the next Psl repeat unit onto a pre- 
existing unit to polymerize Psl (Whitfield et al. 2020 ). PslE and PslD 

are the predicted PCP and OPX proteins, respectively, which are 
proposed to translocate Psl across the periplasm and out of the 
bacteria (Franklin et al. 2011 , Whitfield et al. 2020 ). 

Precursor formation 

For Psl production, the cytoplasmic proteins PslB , AlgC, GalU ,
and RmlC ar e r equir ed to gener ate the pr ecursor molecules 
GDP-mannose , UDP-glucose , and dTDP-rhamnose . To generate 
GDP-mannose, PslB’s predicted PMI activity converts fructose-6- 
phosphate to mannose-6-phosphate (reaction a1), which is then 

converted to mannose-1-phosphate by AlgC’s phosphomanno- 
mutase activity (reaction a2). PslB then uses its GMP activity to 
dd GDP to mannose-1-phosphate (reaction 3a) (Byrd et al. 2009 ,
ranklin et al. 2011 ). 

PslB, like AlgA, is predicted to be a bifunctional enzyme with a
MI domain and GMP domain and its AlphaFold predicted model
lso has structural similarities to TmGMP and Cupin 2 (Fig. 9 A).
o generate UDP-glucose, AlgC’s phosphoglucomutase activity is 
hought to produce glucose-1-phosphate (reaction b1) (Fig. 9 B), to
hich GalU can then add a UDP (reaction b2) (Fig. 9 C) (Regni et al.
002 , Byrd et al. 2009 ). 

dTDP-rhamnose is thought to come from the Rml pathway,
s �rmlC strains of P. aeruginosa do not produce Psl and are
ttac hment-defectiv e (Fig. 9 D) (Byrd et al. 2009 , Dong et al. 2007 ). 

Using the precursor sugars, the GTs PslF, PslH, PslI, and PslC are
hought to generate the repeating unit of the Psl polysaccharide
Fig. 10 ) (Franklin et al. 2011 ). PslF, PslH, and PslI share structural
imilarity with the sucrose-phosphate synthase from Thermosyne- 
hococcus elongatus (TeSPS), an enzyme involved in sucrose synthe- 
is (Fig. 10 A and B) (Li et al. 2020 ) (PDB: 6KIH). TeSPS has a GT-B
old with two Rossmann-type domains: a N-terminal A domain 

nd C-terminal B domain. Mass spectr ometry anal ysis of the en-
yme demonstrated that it can synthesize sucrose-6-phosphate 
rom fructose-6-phosphate and UDP-glucose , pro viding evidence 
hat PslF/PslH/PslI bind sugar nucleotides. 

Like Alg8, PslC’s Alphafold predicted model strongly resembles 
he GT-A HAS from P. bursaria Chlorella virus CZ-2 (Fig. 10 C) (Mal-
ney et al. 2022 ) (PDB: 7SP8). Unlike Alg8 and HAS, PslC is not pre-
icted to hav e an y TM helices, ho w e v er, it is predicted to retain the
mphipathic interface helices, suggesting that it associates with 

he IM. PslC likely interacts with other Psl biosynthetic machinery
n the IM, such as PslA, to coordinate transfer of the repeating unit
o the isoprenoid lipid. As PslC is not a membrane-embedded GT, it
acks the QXXRW motif characteristic of this class of GT enzymes.
 hus , PslF, PslH, PslI, and PslC are likely involved in generating the
sl repeat unit, ho w ever, it is unclear which enzyme is responsible
or binding each of the three nucleotide sugars. 

ol ymeriza tion 

slA, PslJ, PslK, and PslL are all predicted to have IM spanning
omains and have been proposed to form an IM Psl polymer-

zation complex (Fig. 11 ) (Franklin et al. 2011 ). Based on the Al-
haFold model, PslA is predicted to have four TM helices, fol-

o w ed b y tw o additional domains, an N- and C-terminal domain
Fig. 11 A). The N-terminal domain has a Rossmann fold char-
cteristic of proteins that bind sugar-nucleotide moieties and 

esembles the N-terminal domain of UDP-D-quinovosamine 4- 
ehydr ogenase fr om Vibrio fisc heri (PDB: 3NKL) (Fig. 11 B). UDP-D-
uinovosamine is converted to N -acetyl- d -quinovosamine found 

n the lipopol ysacc haride (LPS) pr oduced by some Gr am-negativ e
acteria, including P. aeruginosa (Bowser et al. 1974 , Sonesson et al.
989 , Ramos 2004 ). This N-terminal domain of PslA is most likely
nvolved in binding the Psl repeat unit. The C-terminal domain
f PslA str ongl y r esembles the phosphogl ycosyl tr ansfer ase PglC
rom Campylobacter concisus (PDB: 5W7L) (Fig. 11 C) (Ray et al. 2018 ).
glC has a distinct arc hitectur e with a r e-entr ant membr ane he-
ix formed by a helix-break-helix motif, allowing it to sit in the
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Figure 8. Model of the Psl biosynthetic complex in P. aeruginosa . (A) Model of the Psl biosynthetic complex colour coded by function. The structures of 
PslG (PDB: 5BXA, 5BX9) (Baker et al. 2015 ), AlgC (PDB: 1K2Y, 1K35) (Regni et al. 2002 ), and RmlC (PDB: 2IXJ, 2IXK, 2IXH, 2IXI) (Dong et al. 2007 ) have been 
experimentally determined and are drawn to scale and shown in surface representations. (B) Psl operon in P. aeruginosa colour coded by proposed 
function. IM, inner membrane; PG, peptidoglycan; and OM, outer membrane. 
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M ∼14 Å deep (Ray et al. 2018 ). Although PslA is predicted to be
nserted into the IM via its N-terminal TM helices, the AlphaFold

odel demonstrates that the re-entrant helix is also present, sug-
esting that proximity to the IM is important for the function
f PslA’s C-terminal domain. PglC has an α-helix-associated β-
airpin motif with the catalytic dyad, Asp93 and Glu94, that cat-
lyzes the first membrane-committed step in bacterial N -linked
r otein gl ycosylation (Luk ose et al. 2017 , Ray et al. 2018 ). This
atalytic dyad is also present in PslA as Asp372 and Glu373, al-
hough m uta genesis studies hav e not yet confirmed that these
 esidues ar e r equir ed for PslA activity. In gener al, phosphogl y-
osyl tr ansfer ase’s function to tr ansfer a phosphosugar fr om a
ucleoside disphosphate (NDP) sugar moiety to a pol ypr enol-
hosphate acceptor in the membrane (Lukose et al. 2017 ). Ray
t al. ( 2018 ) argue that the tactical placement of PglC’s active
ite at the membrane interface allows for coordination of the hy-
r ophobic pr operties of the pol ypr enol lipid anc hor and the solu-
le phosphosugar. T hus , the structural similarity of PslA to PglC
uggests that PslA functions as the initiating GT to assemble the
sl repeat unit onto a lipid carrier on the cytoplasmic face of
he IM. 
The AlphaFold predicted model of PslJ resembles the cryoEM
tructure of O-antigen ligase WaaL from Cupriavidus metallidurans
PDB: 7TPG) (Ashraf et al. 2022 ) (Fig. 11 D). WaaL is a ligase and
atalyzes the final step in LPS biosynthesis with the addition of
-antigen to the lipid A cor e oligosacc haride (Ashr af et al. 2022 ).
aaL is an IM protein with 12 TM helices, a short cytoplasmic he-

ix, and four short α-helical periplasmic segments, two of which
re amphipathic and are parallel to the membrane. Overall, the
nzyme displays a GT-C fold with two cavities on the periplasmic
ide; one cavity that binds the undeca pr en yl pyr ophosphate lipid
arrier with O-antigen, and the other is proposed to bind lipid A.
slJ is similarly predicted to have two cavities; one that may bind
he isoprenoid lipid carrier and the other binding the Psl repeat
nit. The structures of apo- and undecaprenyl pyrophosphate-
ound C. metallidurans WaaL allo w ed Ashraf et al. ( 2022 ) to propose
 mechanism. The lipid-linked O-antigen enters the cytoplasm-
acing cavity of WaaL and is stabilized by Arg288 and Arg215.
he lipid A core oligosaccharide enters the periplasm-facing cav-

ty between the first three TM helices, on the opposite side of the
tructur e fr om the O-antigen binding ca vity. T he catal ytic r esidue,
338, r equir ed for O-antigen extension, first abstracts a proton
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Figure 9. Structures and predicted AlphaFold models of P. aeruginosa 
enzymes involved in Psl precursor formation. (A) Superimposition of the 
P. aeruginosa PslB AlphaFold model (blue) with the crystal structure of T. 
maritima GMP TmGMP monomer (orange) (PDB: 2 × 65) with a C α RMSD 

of 1.403 Å and the crystal structure of S. frigidimarina Cupin 2 conserved 
barrel domain protein (dark orange) (PDB: 2PFW) with a C α RMSD of 
0.801 Å. (B) Crystal structure of P. aeruginosa AlgC (PDB: 2FKF). (C) P. 
aeruginosa GalU AlphaFold model. (D) Crystal structure of a monomer of 
P. aeruginosa RmlC (PDB: 2IXH). 
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from the leading hydroxyl group on the outer core of the lipid A 

cor e oligosacc haride . T he oxygen is then able to perform a nucle- 
ophilic attack on the C1 carbon of the lipid-linked O-antigen sugar 
ring to cleave the sugar-phosphate bond (Ashraf et al. 2022 ). Muta- 
tion of the catalytic His338 was shown to abolish enzyme activity 
in E. coli , ho w e v er, this r esidue is not conserved in PslJ. Although 

experimental data fr om WaaL giv e us insight into how PslJ may 
likely function as the GT that adds Psl repeat units to the lipid car- 
rier once the lipid carrier has been flipped over to the periplasmic 
side, PslJ most likely uses a different set of residues to accomplish 

this role. 
The predicted flippase PslK shares structural similarity with 

the lipid II flippase MurJ from Thermosipho africanus (PDB: 6NC6) 
(Kuk et al. 2019 ) (Fig. 11 E). MurJ is an IM protein with 14 TM he- 
lices; helices 1–6 form the N-lobe and helices 7–12 form the C- 
lobe. Between the N- and C-lobes is a lar ge centr al cavity that is 
highl y electr opositiv e (Kuk et al. 2019 ). TM helices 13 and 14 form 

a hydr ophobic gr oov e that connects to the central cavity . Similarly ,
PslK is predicted to have 14 TM helices with a highly electroposi- 
tiv e centr al cavity between its pr edicted N- and C-lobes and a hy- 
dr ophobic gr oov e between TM helices 13 and 14. The crystal struc- 
ture of MurJ shows coordination of Na + by the C-lobe residues 
Asp235, Asn374, Asp378, and Thr394. Mutation of these residues 
resulted in perturbations in protein folding, thus how Na + coor- 
dination affects MurJ function was not able to be assessed. How- 
e v er, Kuk et al. ( 2022 ) propose that MurJ uses an alternating-access 
mechanism that exchanges lipid II with Na + and Cl − ions. 

While MurJ is in an inw ar d-open conformation, lipid II enters 
the central cavity and its disphosphate moiety is bound by Arg24,
sp25 in TM8 and Arg255 in TM1 – the putative substrate-binding
riad. Its lipid tail interacts with the hydrophobic groove formed
y TH helices 13 and 14. A thin gate formed by Glu57 and Arg352
ccludes the lipid II headgr oup fr om the cytoplasm. These inter-
ctions cause a bend in the C-lobe and MurJ adopts an inw ar d
ccluded conformation. Na + binding to the C-lobe primes MurJ to
dopt an outw ar d-facing conformation and the lipid II headgroup
s released into the periplasmic space, while the tail remains asso-
iated with MurJ. Cl − enters the substrate binding site and engages
he Arg24, Asp25, and Arg255 triad, resetting MurJ to an inw ar d
losed apo conformation. Release of the ions into the cytoplasm
ompletes the transport cycle and MurJ adopts an inw ar d open
onformation (Kuk et al. 2022 ). 

In PslK, the catalytic triad is present as Arg22, Glu23, and
ys259. A neighbouring residue Arg258 may also function to inter-
ct with the lipid II diphosphate moiety. The Arg in the thin gate is
onserv ed as Ar g352 in PslK, ho w e v er, the opposing acidic r esidue
Glu57 in MurJ) is not conserved. It is possible that a neighbouring
cidic residue , Glu47, ma y be able to compensate. Of the Na + co-
rdinating r esidues, onl y Glu239 (Asp235 in MurJ) and Asn374 ar e
onserved in PslK. T hus , PslK ma y employ a similar mechanism
o flip the lipid carrier with a Psl repeat unit to the periplasmic
ace of the IM. Although parallels can be drawn between the two
roteins, it is unclear if PslK similarly uses Na + and Cl − ions to flip
he Psl-lipid moiety from the cytoplasm to the periplasm. 

The function of PslL is curr entl y unknown. Sequence similarity
nal ysis pr edicted it to be an O -acyltr ansfer ase within the NolL
uperfamil y (Fr anklin et al. 2011 ), though Psl is not known to be
cetylated or modified by addition of small functional groups.
earching for existing structures with structural homology to 
slL’s AlphaFold model (Fig. 11 F) did not provide any clear insight
nto PslL’s potential role in Psl biosynthesis . T he AlphaFold model
redicts 10 TM helices arranged in a manner that generates a pore
hrough the middle. Between helices 5 and 6 is a periplasmic β-
air pin. Additionall y, it curr entl y unknown whether PslL has an y

nteraction partners within the Psl system, which may provide 
lues into its function. T hus , the role of PslL in Psl biosynthesis
emains to be determined. 

ol ymer modifica tion 

ike alginate and Pel, the Psl system also has an enzyme that can
odify the polymer by cleavage – PslG. The crystal structure of

slG has been determined (Baker et al. 2015 ) (PDB: 5BXA, 5BX9),
 e v ealing two domains: an N-terminal ( β/ α) 8 TIM barrel fold and
-terminal β-sandwich fold (Fig. 11 G). Bioinformatics analysis and 

he AlphaFold model suggests that PslG is anc hor ed to the IM by
 single N-terminal TM domain. Subcellular fractionation of PslG 

rom P. aeruginosa demonstrates that PslG is enriched in the IM
Baker et al. 2015 ). The N-terminal ( β/ α) 8 TIM barrel fold domain
f PslG forms a highly conserved and highly electronegative ∼32

˚
 long gr oov e that is involv ed in substr ate binding and catal y-
is . Indeed, this groo ve was found to bind mannose in vitro via
n intrinsic tryptophan fluorescence assa y. Furthermore , PslG was
hown to hydr ol yze Psl in vitro and m utation of its pr edicted cat-
l ytic r esidues Asp165 and Asp276 abr ogated hydr olase activity.
ow PslG’s hydrolase activity could be used for antibiofilm appli-
ations is discussed below. 

In a Psl-ov er pr oducing str ain of P. aeruginosa , neither PslG nor its
ydrolase activity were required for Psl production or biofilm for-
ation in micr otitr e plates, although its ov er expr ession r esulted

n reduced Psl and biofilm formation (Baker et al. 2015 ). Ho w ever,
hang et al. ( 2022 ) r ecentl y demonstr ated that loss of PslG in a
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Figure 10. Structures and predicted AlphaFold models of P. aeruginosa Psl biosynthesis proteins. (A) Superimposition of the P. aeruginosa PslF AlphaFold 
model (blue) with crystal structure of TeSPS from T. elongatus (orange) (PDB: 6KIH) with a C α RMSD of 2.54 Å. (B) Superimposition of the P. aeruginosa 
PslF (blue), PslH (periwinkle), and PslI (dark blue) AlphaFold models. Superimposition of PslH and PslI with PslF generates a C α RMSD of 3.618 Å and 
3.290 Å, r espectiv el y. (C) Superimposition of the P. aeruginosa PslC AlphaFold model (blue) with the cryoEM structure of HAS from P. bursaria Chlorella 
virus CZ-2 (orange) (PDB: 7SP8) with C α RMSD of 2.836 Å. IM, inner membrane. 
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on-Psl-ov er pr oducing str ain r esults in lac k of ring formation in
ellicle biofilms and increased microcolony formation compared
o the parental strain. Furthermore, loss of PslG results in sig-
ificantly higher maximum pellicle thickness compared to the
ar ental str ain and impairs the cell division process by causing
aughter cells to become physically linked to each other via Psl on
he bacterial periphery (Zhang et al. 2022 ). Sur prisingl y, although
slG-deficient m utants wer e found to pr oduce less Psl than the
ar ental str ain, their Psl had a stronger effect on stimulating in-
r acellular c-di-GMP pr oduction and the PslG-deficient m utants
emonstr ated incr eased c-di-GMP le v els in daughter cells after
ivision (Zhang et al. 2022 ). T hus , this recent work demonstrates
hat PslG and its ability to hydr ol yze Psl has wide-spread implica-
ions for P. aeruginosa cell fate and biofilm formation. 

olymer secretion 

he pr edicted PCP pr otein, PslE, demonstr ates structur al similar-
ty to the tyr osine-pr otein kinase Wzc from E. coli that function
s the PCP in capsular polysaccharide biosynthesis (PDB: 7NII)
Yang et al. 2021 ) (Fig. 12 A). Wzc is regarded as a master regu-
ator of polymerization and translocation in polymer production.
he cryo-EM structure reveals that it functions as an octamer,
orming a large central cavity using its TM helices, and has a C-
erminal cytosolic protein tyrosine kinase (PTK) domain (Yang et
l. 2021 ). The periplasmic helices of Wzc are thought to interact
ith the periplasmic region of the OPX protein Wza to form the

r anslocation mac hinery. In comparison to Wzc, the AlphaFold
redicted model of PslE has a substantially longer periplasmic re-
ion, which may also function as an oligomer to form a transloca-
ion pore that spans across the entire periplasm (Fig. 12 A). Similar
o Wzc, PslE has a PTK domain with conserv ed activ e site residues,
o w e v er, PslE a ppears to lac k the C-terminal Tyr ric h tail of Wzc
hat is r equir ed for autophosphorylation (Yang et al. 2021 ). Au-
ophosphorylation of this Tyr-rich tail causes disassembly of the
ctamer, while dephosphorylation via the phosphatase Wzb al-
ows for r eassembl y (Yang et al. 2021 ). A phosphatase is yet to
e discov er ed to inter act with the Psl machinery. T hus , it is un-
lear if phosphorylation is the mechanism by which formation of
he PslE translocation machinery is regulated, or if the PTK do-

ain of PslE functions to phosphorylate a different target. PslE
as found to interact with PslG and PslA via BACTH assay, sug-
esting that PslE acts as a periplasmic scaffold (PslG) and recruits
roteins (PslA) to the biosynthetic complex (Wu et al. 2019 ). It

s possible that PslE regulates the formation of this complex by
hosphorylation. 

PslD is predicted to be the OPX protein of the system and shares
tructural similarity with the OPX protein Wza from E. coli (PDB:
J58) (Dong et al. 2006 ) (Fig. 12 B). Wza is split up into four do-
ains: domain 1 has an antiparallel β-sandwich with an α-helix,

omain 2 has a central five-stranded mixed β-sheet with three
-helices, domain 3 is similar to domain 2 with an additional β-
trand, and domain 4 is an amphipathic helix (Dong et al. 2006 ).
slD has domains 1 and 2 but is lacking domain 3 and is, ther efor e,
horter than Wza (Fig. 12 B). The first half of domain 4 (residues
22–236) forms a helix, ho w e v er, the r emaining half of domain 4
residues 237–256) is unstructured in the AlphaFold2 model. Do-

ain 4 is amphipathic; residues Val230, Tyr233, Leu234, Leu238,
nd Phe240 generate a hydrophobic face in the first half of domain
, while residues V al246, V al248, Tyr250, and V al252 generate a hy-
rophobic face in the second half of domain 4. As amphipathic
elices are known to interact with membranes (Giménez-Andrés
t al. 2018 ), the amphipathic properties of this domain may al-
ow it to interface with the membrane in some manner. Ho w e v er,
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Figure 11. Structures and predicted AlphaFold models of P. aeruginosa Psl biosynthesis proteins, continued. (A) P. aeruginosa PslA AlphaFold model. (B) 
Superimposition of the P. aeruginosa PslA AlphaFold model (grey) with the crystal structure of the N-terminal domain of UDP- d -quinovosamine 
4-dehydr ogenase fr om V. fisc heri (or ange) (PDB: 3NKL) with a C αRMSD of 1.337 Å. (C) Superimposition of the C-terminus of P. aeruginosa PslA AlphaFold 
model (grey) with the crystal structure of the phosphoglycosyl transferase PglC from C. concisus (orange) (PDB: 5W7L) with a C α RMSD of 1.603 Å. IM, 
inner membrane. (D) Superimposition of the P. aeruginosa PslJ AlphaFold model (navy) with the cryoEM structure of O-antigen ligase WaaL from 

Cupriavidus metallidurans (orange) (PDB: 7TPG) with a C α RMSD of 4.42 Å. (D) Superimposition of the P. aeruginosa PslK AlphaFold model (green) with the 
crystal structure of the lipid II flippase MurJ from Thermosipho africanus (orange) (PDB: 6NC6) with a C α RMSD of 2.04 Å. (F) AlphaFold model of P. 
aeruginosa PslL. (G) Crystal structure of P. aeruginosa PslG (PDB: 5BXA). IM, inner membrane. 
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analysis by DeepTMHMM (Hallgren et al. 2022 ) does not predict 
PslD to contain any TM/OM domains. Pr edictiv e modelling by Wu 

et al. ( 2019 ) confirms that PslD can be modelled onto Wza, how- 
e v er, they also determined that PslD lacks the OM barrel, making it 
unclear how Psl translocates the OM. Short periplasmic OPX pro- 
teins have been found in other Gram-negative bacteria, includ- 
ing Myxococcus xanthus , ho w e v er, their genes ar e coupled with a β- 
barr el pr otein, forming a composite OPX/ β-barr el pr otein tr anslo- 
con (Schwabe et al. 2022 ). Although PslD is a short OPX protein,
the Psl operon does not encode a β-barrel protein. 

Wza is thought to interact with Wzc to form a translocation 

complex that protects the capsular polysaccharide polymer as it 
tr ansv erses the periplasm and OM. T hus , PslD and PslE may sim- 
ilarly form a secretion complex to export Psl, although this com- 
plex will look structur all y differ ent compar ed to Wza/Wzc due to 
the differences in protein length. The AlphaFold model of PslE is 
long enough to span both the inner and OMs (Fig. 12 A). T hus , it is 
possible that PslE helps to form a channel through the OM. How- 
e v er, r esults fr om the DALI searc h do not support this and anal ysis 
by DeepTMHMM (Hallgren et al. 2022 ) does not predict the tip of 
PslE to be inserted in the OM. T hus , it is unclear how PslE and 

PslD form the OPX/PCP complex r equir ed for pol ymer tr ansloca- 
ion and how Psl tr av erses the OM. Howe v er, Wu et al. ( 2019 ) have
emonstrated that PslD and PslE interact via BACTH and that PslE
elps localize PslD to the OM, suggesting that they form a complex

or Psl secretion. 

lycoside hydrolases and lyases as 

otential therapeutics 

he exopol ysacc haride biosynthetic systems in P. aeruginosa con-
ain pr oteins involv ed in pol ymer synthesis, modification, export,
nd degradation; the enzymes AlgL, PelA h , and PslG can cleave
lginate , Pel, and Psl polymers , r espectiv el y. Using r ecombinant
r otein tec hnology, these enzymes can be purified and applied to
iofilms, resulting in the degradation of exopolysaccharide biofilm 

omponents. In this section, we discuss the cle v er use of bacterial
l ycoside hydr olases/l yases for antibiofilm a pplications. 

lginate 

n 1993, Murata et al. ( 1993 ) discussed the future use of algi-
ate lyases as a therapeutic to help clear CF patient airways and
r omote deliv ery of inhaled aer osol antimicr obials . T he follow-

ng year, treatment of CF sputum with alginate lyase was first
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Figure 12. Structures and predicted AlphaFold models of P. aeruginosa Psl export proteins. (A) Superimposition of P. aeruginosa PslE AlphaFold model 
(purple) with the tyrosine-protein kinase Wzc from E. coli (orange) (PDB: 7NII) with a C α RMSD of 5.40 Å. (B) Superimposition of P. aeruginosa PslD 

AlphaFold model (burgundy) with the crystal structure of Wza from E. coli (orange) (PDB: 2J58) with a C α RMSD of 2.81 Å. IM, inner membrane; OM, 
outer membrane. 
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 eported, demonstr ating that addition of exogenous enzyme iso-
ated fr om m ucoid P. aeruginosa to a sputum sample in vitro dis-
upted the alginate within the sputum and reduced its viscoelas-
icity (Mrsny et al. 1994 ). The viscosity of alginate hinders antibi-
tic penetration, with only a 2% suspension of P. aeruginosa algi-
ate completel y bloc king diffusion of tobr amycin and gentamicin

Hatc h and Sc hiller 1998 ). Addition of exogenous AlgL was found
o r estor e antibiotic diffusion thr ough the alginate, demonstr at-
ng its potential as an adjunct to antibiotics (Hatch and Schiller
998 ). Exogenous AlgL was also able to inhibit adherence of mu-
oid P. aeruginosa biofilms (Mai et al. 1993 ). Mor eov er, a combina-
ion of AlgL and gentamicin was more effective at clearing mucoid
. aeruginosa biofilms compared to antibiotic alone (Alkawash et al.
006 ). Work has also been done to impr ov e AlgL’s enzymatic activ-
ty and ther efor e enhance alginate degr adation (Cho et al. 2016 ). A
97D/K321A AlgL mutant in combination with tazocin was signifi-
antl y mor e effectiv e at disrupting cipr ofloxacin-r esistant P. aerug-
nosa biofilms compared to the WT AlgL/tazocin combination (Cho
t al. 2016 ). 

As the concept of using alginate lyases for eradication of
iofilms gained traction, other sources of enzymes were also ex-
lor ed. Alginate l yases fr om other Gr am-negativ e bacteria hav e
een investigated for their antibiofilm activity, including AlgL
rom Azotobacter vinelandii (Jang et al. 2016 ) and Flavobacterium
Bugli et al. 2013 , Maiorana et al. 2014 ), A1-II and A1-III from Sph-
ngomonas (Lampp and Griswold 2013 , Blanco-Cabra et al. 2020 ),
l y08 fr om Vibrio (Li et al. 2019 ), and Al yA1 fr om Zobellia galanc-

anivorans (Blanco-Cabra et al. 2020 ). Although H. pylori and As-
ergillus fumigatus are not known to produce alginate as part of
heir biofilm matrix, AlgL from Flavobacterium was investigated for
ts ability to enhance antibiotic killing of these bacteria (Maiorana
t al. 2014 , Bugli et al. 2016 ). Sur prisingl y, AlgL demonstr ated a
ynergistic effect with clarithromycin again H. pylori biofilms, po-
entially due to biofilm matrix degradation and/or retention of H.
ylori in the bacillary form, compared to the more antibiotic resis-
ant coccoid form (Bugli et al. 2016 , Ierardi et al. 2020 ). Similarly,
lavobacterium AlgL was found to significantly potentiate ampho-
ericin and liposomal amphotericin antifungal effects against A.
umigatus (Maiorana et al. 2014 ). Coadministration of DNase with
lavobacterium AlgL was found to potentiate the antibiotic activ-
ty of tobramycin and amikacin on mucoid P. aeruginosa biofilms
ompared to antibiotic treatment alone (Alipour et al. 2009 ). AlgL
ctivity has also been associated with biofilm inhibition as Pseu-
oalteromonas (AlyP1400) inhibited biofilm formation from a clini-
al isolate of P. aeruginosa in a dose-dependent manner while the
eat-inactivated enzyme did not. Furthermore, AlyP1400 in com-
ination with tobramycin or ciprofloxacin significantly reduced
iofilm biomass and surface ar ea, compar ed to antibiotic treat-
ent alone (Daboor et al. 2021 ). 
Recentl y, a commerciall y av ailable mannur onate-specific algi-

ate lyase from an unspecified source was used to de v elop AlgL-
unctionalized chitosan nanoparticles of ciprofloxacin (Patel et al.
019 ). The nanoparticles were shown to enhance degradation of
 mucoid P. aeruginosa biofilm in vitro , resulting in greatly reduced
iofilm biomass , thickness , and density. T he nanoparticles did not
xhibit toxicity in human lung epithelial cells or rat lung tissue.
v er all, P atel et al. ( 2019 ) demonstrate that this delivery strategy
as potential as a ther a peutic tr eatment. 

In contrast, Lampp and Griswold ( 2013 ) reported that alginate
yase activity from Sphingomonas A1-III is not r equir ed to enhance
he antibiotic activity of tobramycin against mucoid P. aeruginosa .
hey determined that antibiotic potentiation could be ac hie v ed
ith bovine serum albumin and is a nonspecific phenomenon that

ould be observed with proteins in general, although no other pro-
eins were tested (Lampp and Griswold 2013 ). Similarl y, tr eatment
f P. aeruginosa biofilms and P. aeruginosa , P. fluorescens , and Klebsiella
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pneumoniae mixed species biofilms with AlgL from A. vinelandii did 

not degrade the biofilm matrix to a detectable extent (Christensen 

et al. 2001 ). It is unclear why this is the case as A. vinelandii AlgL 
has a pr efer ence for unacetylated pol yM and it can also cleave 
polyMG and acetylated alginate (Ertesvåg et al. 1998 ). The au- 
thors concluded that other exopol ysacc harides may be involved 

in biofilm formation or AlgL activity ma y ha ve been inhibited or 
pr e v ented. Specificall y, the authors speculated that AlgL may have 
poor penetration into the biofilm, or its activity is attenuated by 
other biofilm components (Christensen et al. 2001 ). 

Pel 
The ability of PelA h to hydr ol yze Pel makes the polymer a poten- 
tial target for development of antimicrobial therapeutics . T his iso- 
lated gl ycoside hydr olase domain can inhibit and disrupt P. aerug- 
inosa biofilms via Pel hydr ol ysis, potentiate colistin killing of P.
aeruginosa , and increase human neutrophil killing of P. aeruginosa 
(Baker et al. 2016 ). Hydr ol ysis of Pel-dependent biofilms and hu- 
man neutrophil killing of P. aeruginosa is abrogated with a cat- 
al yticall y inactiv e E218A m utant of PelA h , demonstr ating that its 
enzymatic activity is critical for this antibiofilm function. As the 
A. fumigatus galactosaminogalactan (GAG) exopol ysacc haride is 
composed of galactosamine, PelA h has also been shown to dis- 
rupt and degrade A. fumigatus biofilms (Snarr et al. 2017 ). Fur- 
thermor e, PelA h incr eases A. fumigatus sensitivity to posacona- 
zole, amphotericin B, and caspofungin antifungals. When epithe- 
lial cell injury was tested using a c hr omium-51 r elease assay,
P elA h w as found to be pr otectiv e a gainst A. fumigatus -induced 

damage and demonstrated significantly reduced chromium-51 re- 
lease compared to the untreated control (Snarr et al. 2017 ). In a 
mouse model of pulmonary inv asiv e asper gillosis, mice that were 
tr eated intr atr ac heall y with a single dose of PelA h had a signif- 
icant increase in survival compared to untreated mice (Ostap- 
ska et al. 2021 ). When P elA h w as immobilized on a bacterial cel- 
lulose (BC)-based wound dr essing, significantl y mor e cells were 
detac hed and r eleased fr om the BC membr ane compar ed to the 
control (Szyma ́nska et al. 2020 ). Analysis of the BC membrane 
by scanning electron microscop y sho w ed that the control had P.
aeruginosa cells and biofilm matrix components present, ho w ever,
PelA h immobilization r emov ed the biofilm, r e v ealing mor e dis- 
tinctly visible P. aeruginosa cells. Finally, BC-P elA h w as found to 
be nontoxic to mouse fibroblast cells, suggesting that BC-PelA h 

wound dressings could be safely used for pr otection a gainst P.
aeruginosa biofilm formation (Szyma ́nska et al. 2020 ). 

Psl 
Outside of P. aeruginosa , PslG’s role as a glycoside hydrolase has 
been cle v erl y exploited to cleav e Psl pr oduced during infection 

and act as an adjunct ther a py alongside antibiotics. In a Psl- 
dependent biofilm, PslG was found to potentiate killing by col- 
istin (Baker et al. 2016 ). Tobramycin is a commonly used anti- 
Pseudomonas antibiotic, ho w e v er, it gets sequester ed at the P.
aeruginosa biofilm periphery, limiting its penetration through the 
biofilm and ther efor e its efficacy (Tseng et al. 2013 ). The posi- 
tiv el y c har ged antibiotic is thought to be sequester ed by nega- 
tiv el y c har ged biofilm components via ionic interactions, as to- 
br amycin penetr ation incr eased with addition of Mn 

2 + cations in 

a dose-dependent manner (Tseng et al. 2013 ). Treatment with PslG 

was found to impr ov e tobr amycin penetr ation as Cy-5-labelled 

antibiotic localized throughout the biofilm structure and less was 
observed at the periphery compared to the untreated control (Pes- 
trak et al. 2019 ). In a mouse wound model infected with P. aerugi- 
osa , PslG was found to enhance the effectiveness of tobramycin
reatment by significantly reducing the bacterial burden com- 
ar ed to tobr amycin tr eatment alone (Pestr ak et al. 2019 ). Fur-
hermor e, tr eatment with the glycoside hydrolase was not toxic
o host cells in a mouse punch biopsy wound infection model and
id not impede wound healing (Pestrak et al. 2019 ). 

Although PslG is stable for 48 h in P. aeruginosa culture and
uman lung fibroblast cell culture, (Baker et al. 2016 ), concerns
ave been raised regarding the longevity and activity of biofilm-
egrading enzymes in vivo due to their potential susceptibility to
r oteol ysis (Thorn et al. 2021a ). Thus, mechanisms to enhance
slG longevity in combination with antibiotics and allow for ef-
ecti ve deli very of the therapeutic at the site of infection have
een r ecentl y explor ed in the form of lipid-based liquid crys-
al nanoparticles (LCNPs) (Thorn et al. 2021b ). LCNPs are antimi-
robial carriers that release their cargo upon degradation by se-
reted bacterial lipases (Thorn et al. 2020 ). Compared to PslG
lone, LCNPs protect PslG from proteolytic degradation and help 

o retain PslG’s ability to degrade P. aerugiosa biofilms postpro-
ease treatment (Thorn et al. 2021b ). When preformed P. aerugi-
osa biofilms were treated with LCNPs formulated with PslG and
obramycin, bacterial load was significantly reduced by up to 3000
imes compared to the unformulated enzyme and drug combina- 
ion, demonstrating the enhanced antimicrobial effect that LCNPs 
onfer (Thorn et al. 2021b ). In a C. elegans model of infection with
. aeruginosa , LCNP-form ulated tobr amycin had similar reductions
n bacterial load compared to the LCNP-formulated tobramycin 

nd PslG combination. Both treatments (LCNP-formulated to- 
ramycin and LCNP-formulated tobramycin/PslG combination) 
esulted in similar C. elegans survival, suggesting that therapeutic 
elivery of PslG with LCNPs is critical in an in vivo model of in-
ection (Thorn et al. 2021b ). This study used a lo w er dose of PslG
ompared to other in vivo inv estigations (Pestr ak et al. 2019 ), thus
tilizing higher doses of PslG ma y impro ve the effect of the LCNP-

orm ulated tobr amycin/PslG combination (Thorn et al. 2021b ). 
When PslG was immobilized on medical grade microcatheters,

t inhibited P. aeruginosa biofilm formation on the microcatheter 
ompared to the control (Asker et al. 2021 ). In an in vivo cen-
r al v enous catheter infection r at model, the PslG-coated catheter
ho w ed significant inhibition of P. aeruginosa biofilm formation af-
er 24 h compared to the uncoated contr ol, demonstr ating the
otential of PslG to reduce medical device-associated infections 

Asker et al. 2021 ). 
As both Pel and Psl have been identified in CF sputum samples,

he use of both PelA h and PslG gl ycoside hydr olases may pr ov e to
e an effective strategy in eradicating P. aeruginosa biofilm infec-
ions. Indeed, PelA h and PslG in combination has been shown to
isrupt biofilms from both clinical and environmental isolates of 
. aeruginosa , demonstrating that the enzymes are compatible with
ach other and can be utilized simultaneously (Baker et al. 2016 ).
he PelA h –PslG treatment significantly increased P. aeruginosa sus- 
eptibility to tobr amycin, pol ymyxin, colistin, and neomycin an-
ibiotics . Furthermore , the hydrolase combination was found to
nhance neutrophil function against P. aeruginosa by increasing 
eutr ophil pha gocytosis and r eactiv e oxygen species pr oduction,
nd enhance the innate immune response by increasing comple- 
ent C3 protein deposition in vitro (Pestrak et al. 2019 ). In mice, in-

r atr ac heal PelA h –PslG tr eatment was found to be well-tolerated
nd did not induce pulmonary damage. When the PelA h –PslG
ombination was tested as an intr atr ac heal pr ophylactic tr eat-
ent in combination with antibiotics in a mouse model of acute

. aeruginosa infection, use of the glycoside hydrolase combination 

ith cipr ofloxacin significantl y r educed the bacterial burden com-
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ared to hydrolase treatment or ciprofloxacin alone (Ostapska et
l. 2022b ). Treatment with the glycoside hydrolases alone without
ntibiotic did not decrease bacterial burden and mice experienced
or e bacter emia compar ed to a PelA h –PslG and antibiotic combi-

ation, suggesting that coadministration of antibiotics will be re-
uired to protect against bacterial dissemination that is induced
y the glycoside hydrolases (Ostapska et al. 2022b ). Overall, these
tudies highlight the ther a peutic potential of gl ycoside hydr olase
ombination ther a py as an adjunct to antibiotics. 

ther microbial exopolysaccharides that can be 

argeted by glycoside ly ases/h ydrolases 

he experimentally determined structures of the glycoside
 yases/hydr olases AlgL, and the hydrolase domains of PelA and
slG hav e pr ovided insight into not only how these enzymes func-
ion in polymer biosynthesis but also how they might be ex-
loited for antibiofilm ther a pies. Outside of P. aeruginosa , other
xopol ysacc haride hydr olases hav e been identified with the po-
ential for ther a peutic a pplications. Dispersin B (DspB), fr om the
eriodontal pathogen Aggregatibacter actinomycetemcomitans (PDB:
YHT), is a glycoside hydrolase that degrades the exopolysac-
 haride pol y- β-1,6- N -acetyl- d -glucosamine (PNAG) and is found
utside of the PNAG biosynthetic operon (Itoh et al. 2005 , Ra-
asubbu et al. 2005 ). DspB was found to disrupt biofilms pro-

uced by E. coli and S. epidermidis . When DspB was absorbed into
ol yur ethane material imitating a medical device, S. epidermidis
iofilm formation was inhibited on DspB-treated polyurethane
ompar ed to untr eated material (Donelli et al. 2007 ). Further-
or e, a syner gistic effect was observ ed with DspB and cefaman-

ole nafate a gainst oxacillin-r esistant biofilm-forming S. epider-
idis compared to the antibiotic alone (Donelli et al. 2007 ). Simi-

arl y, catheters that wer e coated with DspB and triclosan demon-
tr ated syner gistic antibiofilm effects a gainst S. epidermidis , E. coli ,
nd S. aureus (Dar ouic he et al. 2009 ). Commercialization of DspB
DispersinB ®) by Kane Biotech is currently being pursued. 

Outside of bacteria, the glycoside hydrolase Sph3 from the A.
umigatus GAG gtb3 gene cluster (PDB: 5D6T) is r equir ed for GAG
xopol ysacc haride biosynthesis and can hydr ol yze purified and
ell-associated GAG (Bamford et al. 2015 , Le Mauff et al. 2019 ). As-
ergillus fumigatus biofilms that are treated with exogenous Sph3
re disrupted and the GAG decoration on the surface of the hy-
hae is degraded (Snarr et al. 2017 ). This antibiofilm effect was
lso observed with four clinical A. fumigatus isolates, demonstrat-
ng that Sph3 activity is not limited to the labor atory str ain. Sph3
as also found to potentiate posaconazole, amphotericin B, and

aspofungin by increasing their intracellular penetration (Snarr
t al. 2017 ). Furthermore, exogenous Sph3 protected epithelial
ells from A. fumigatus -induced damage, as determined by an es-
ablished c hr omium r elease dama ge assay (Snarr et al. 2017 ). In
he context of infection, Sph3-treated mice that were intratra-
 heall y infected with A. fumigatus had no detectable lesions in
he lung, compared to infected mice that were untreated (Snarr
t al. 2017 ). In a mouse model of pulmonary inv asiv e asper gillo-
is, mice that were treated intratracheally with a single dose of
he hydrolase domain of Sph3 (Sph3 h ) had a significant increase
n survival compared to untreated mice (Ostapska et al. 2021 ). As-
ergillus fumigatus -infected mice that were treated with Sph3 h also
emonstrated a significantly lo w er fungal burden than the buffer-
r eated contr ol mice. Inter estingl y, when a catal yticall y inactiv e
ariant of Sph3 h D166A AC was evaluated in mice, a similar level of
r otection a gainst A. fumigatus was observ ed, demonstr ating that
ph3 h enzymatic activity is not r equir ed for its antifungal activ-
ty (Ostapska et al. 2021 ). T hus , it was proposed that Sph3 h may
ngage in lectin-like interactions with GA G , thus interfering with
AG’s function in infection and immune evasion (Ostapska et al.
021 ). 

Also in the A. fumigatus GAG gtb3 gene cluster is another gly-
oside hydrolase, Ega3 (PDB: 6OJ1, 6OJB). Ega3 was shown to dis-
upt both Pel- and GAG-dependent biofilms from P. aeruginosa and
. fumigatus , r espectiv el y, in a concentr ation-dependent manner

Bamford et al. 2019 ). Similar to PelA h and Sph3 h , intr atr ac heal
reatment with the hydrolase domain of Ega3 (Ega3 h ) resulted
n a significant increase in survival of A. fumigatus -infected mice
Osta pska et al. 2021 ). Ega3 h -tr eated mice also had a significantly
o w er fungal bur den than the buffer-tr eated contr ol mice (Osta p-
ka et al. 2021 ). Similar to the PelA h –PslG combination treatment,
n Ega3 h –PslG combination enhanced neutrophil function and
he innate immune response by the same measur es (Osta pska et
l. 2022b ). Ega3 h –PslG was similarly well-tolerated by mice, how-
 v er, this combination did not reduce the bacterial burden in a
ouse model of acute P. aeruginosa infection when treated in con-

unction with ciprofloxacin or ceftazidime, compared to antibiotic
reatment alone (Ostapska et al. 2022b ). 

Other v arious gl ycoside hydr olases hav e also been explored, in-
luding amylase and cellulose that degrade chitosan and cellu-
ose, r espectiv el y. For example, α-amylase fr om Bacillus subtilis and
ellulase from Aspergillus niger were found to significantl y r educe
he biomass of preformed S. aureus and P. aeruginosa coculture
iofilms and increase bacterial dispersal (Fleming et al. 2017 ). In a
urine burn wound model, the combination of both enzymes sig-

ificantl y impr ov ed the efficacy of gentamicin sulphate for both S.
ureus and P. aeruginosa infections (Fleming et al. 2017 ). On its own,
-amylase has also been shown to inhibit and disrupt biofilms
r om V. c holerae and methicillin-r esistant S. aureus (Kalpana et al.
012 , Watters et al. 2016 ), thus demonstrating α-amylase’s poten-
ial as an antibiofilm ther a peutic. Ho w e v er, ther e ar e concerns
bout α-amylase’s contradictory biofilm-formation effect (Lahiri
t al. 2021 ). Various Streptococcus species have salivary α-amylase
inding proteins that can contribute to oral biofilm formation

Lahiri et al. 2021 ). 

iscussion and future directions 

he biofilm matrix is composed of many different components.
e now hav e e vidence whic h r e v eals that these components can

nter act with eac h other and that these inter actions hav e func-
ional consequences on biofilm integrity. Both Pel and Psl have
een shown to interact with eDNA and the biofilm matrix pro-
ein CdrA (Wang et al. 2015 , Reichhardt et al. 2018 ), while algi-
ate has been shown to interact with the extracellular lipase LipA

n mucoid biofilms (Tielen et al. 2013 ). The alginate–LipA interac-
ion heat stabilizes LipA and protects it from proteolytic degrada-
ion, potentially enhancing uptake of fatty acids and P. aeruginosa
urvival in harsh environments (Tielen et al. 2013 ). As our under-
tanding of mixed species biofilms and their biofilm matrixomes
as impr ov ed (Karygianni et al. 2020 ), the ability of P. aeruginosa
xopol ysacc harides to interact with biofilm matrix components
rom other coinfecting pathogens, such as S. aureus protein A (SpA)
as also been investigated. Staphylococcus aureus protein A was
ound to bind to Psl and type IV pili on the P. aeruginosa surface,
rotecting P. aeruginosa from phagocytosis by neutrophils in vitro

Armbruster et al. 2016 ). 
How P. aeruginosa exopol ysacc harides inter act with biofilm ma-

rix components from other coinfecting pathogens, such as C. al-
icans , has not yet been reported. T hus , this gap in the current
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liter atur e leav es us with a fe w questions, whic h we hope can 

be addressed as research on biofilm matrixomes expands and 

the methods used to investigate them e volv e . T hese questions 
include: Whic h P. aeruginosa exopol ysacc harides and coinfecting 
pathogen biofilm matrix components interact with each other? 
What are the consequences of these interactions on the respec- 
tiv e pathogens? Ar e these inter actions a mec hanism for cooper a- 
tion or competition in a mixed biofilm? How do these mechanisms 
e volv e ov er time? In a model of infection, how does this impact the 
host and/or affect antimicr obial tr eatments? As cocultur e mod- 
els have become more widely studied, P. aeruginosa has been re- 
cently shown to adhere to A. fumigatus hyphae in coculture when 

the fungi ar e pr oducing the GAG exopol ysacc haride (Osta pska et 
al. 2022a ). Ostapska et al. sho w ed that de- N -acetylated GAG pro- 
duced from A. fumigatus can incorporate itself into the P. aeruginosa 
biofilm and increase P. aeruginosa tolerance to the antibiotic col- 
istin. Ho w e v er, it is not clear if P. aeruginosa exopol ysacc harides ar e 
interacting with GA G , or if other biofilm matrix components are 
r esponsible. In contr ast, Pel pr oduced fr om P. aeruginosa was onl y 
able to influence A. fumigatus biofilms when P. aeruginosa secreted 

products, including antifungal compounds, were removed by dial- 
ysis (Ostapska et al. 2022a ). This suggested that the co-operative 
biofilm interaction between the two pathogens is unidirectional; P.
aeruginosa secreted products display antifungal effects that over- 
come the Pel-mediated modulation of A. fumigatus biofilm forma- 
tion. 

Pr ogr ess has been made in determining the structures of P.
aeruginosa exopol ysacc haride biosynthetic pr oteins and pr otein–
pr otein inter action networks within eac h system. Ho w e v er, for 
man y pr oteins within the three systems, their structur es hav e 
not yet been experimentally determined and, therefore, we lack 
mechanistic insights into how these proteins function. For ex- 
ample, within the alginate system, structures of the IM proteins 
Alg44, Alg8, and AlgI have not yet been elucidated. It is still unclear 
how Alg44 and Alg8 interact, and if/how the IM acetylation ma- 
chinery associates with the polymerization machinery to form an 

IM polymerization and modification complex. Furthermore, we do 
not understand how AlgI transfers the acetyl group from the cy- 
toplasm to the periplasm, or how Alg8 translocates nascent poly- 
mer across the IM. Similarly, in the Pel system, formation of the 
PelDEFG IM complex has not been studied from a structural per- 
spective, and within the Psl system the majority of the proteins 
have not yet been structurally determined or functionally char- 
acterized. 

Although this r e vie w has showcased experimentall y deter- 
mined structures and/or AlphaFold models for all the proteins 
within each system, it is still unclear how the biosynthetic pro- 
teins within each system are organized to form a complex that 
coordinates polymer synthesis, modification, and secretion across 
the inner and OMs. Future work on the alginate, Pel, and Psl sys- 
tems should take a more holistic approach and focus on the en- 
tirety of the complexes , or subcomplexes , to address how the pro- 
teins interact with each other. Determining interaction networks 
via co-IPs, BACTH, and mutual stability analyses allow us to as- 
sociate proteins with each other, but these assays tend to lack 
residue-specific information and do not inform us of conforma- 
tional changes that may occur upon interaction. Site-directed mu- 
tagenesis in conjugation with protein interaction assays can be 
used to validate predicted AlphaFold complex models if structural 
determination of complexes/subcomplexes is unsuccessful. 

In conclusion, in this r e vie w we summarized the recent ad- 
vancement made in studying P. aeruginosa biofilm exopolysaccha- 
ride secretion systems from a structural perspective. We highlight 
e wl y elucidated structur es of biosynthetic pr oteins and insights
nto their function and role in polymer production. Advancements

ade in structur al pr ediction softwar e, in conjugation with struc-
ur al homology searc hes, allowed us to generate hypotheses about
ow proteins whose structures have not yet been determined 

ay function. We discussed how the exopol ysacc haride degr ad-
ng activity of lyases and glycoside hydrolases have been exploited
or antibiofilm applications and their potential as antimicrobials.

e also described pr otein–pr otein inter action networks that hav e
een established, to shed light onto how these biosynthetic com-
lexes ar e or ganized and coor dinated. As w e contin ue to stud y P.
eruginosa and its biofilm components, we hope to discover ways
n which we can use our understanding of these systems to gener-
te ther a peutics tar geted to w ar ds eradicating P. aeruginosa biofilm
nfections. 
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