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triad in vivo results in non-acetylated alginate.
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(Background: AlgX is required for the biosynthesis and export of the exopolysaccharide alginate.
Results: The structure of AlgX has been determined, and the functional characterization of AlgX and mutant variants has been

Conclusion: AlgX contains an SGNH hydrolase-like domain and carbohydrate-binding module. Mutation of the Ser-His-Asp

Significance: This is the first structural characterization of a polysaccharide acetyltransferase.
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The exopolysaccharide alginate, produced by mucoid Pseu-
domonas aeruginosa in the lungs of cystic fibrosis patients,
undergoes two different chemical modifications as it is synthe-
sized that alter the properties of the polymer and hence the bio-
film. One modification, acetylation, causes the cells in the bio-
film to adhere better to lung epithelium, form microcolonies,
and resist the effects of the host immune system and/or antibi-
otics. Alginate biosynthesis requires 12 proteins encoded by the
algD operon, including AlgX, and although this protein is essen-
tial for polymer production, its exact role is unknown. In this
study, we present the X-ray crystal structure of AlgX at 2.15 A
resolution. The structure reveals that AlgX is a two-domain pro-
tein, with an N-terminal domain with structural homology to
members of the SGNH hydrolase superfamily and a C-terminal
carbohydrate-binding module. A number of residues in the car-
bohydrate-binding module form a substrate recognition “pinch
point” that we propose aids in alginate binding and orientation.
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Although the topology of the N-terminal domain deviates from
canonical SGNH hydrolases, the residues that constitute the
Ser-His-Asp catalytic triad characteristic of this family are
structurally conserved. In vivo studies reveal that site-specific
mutation of these residues results in non-acetylated alginate.
This catalytic triad is also required for acetylesterase activity in
vitro. Our data suggest that not only does AlgX protect the poly-
mer as it passages through the periplasm but that it also plays a
role in alginate acetylation. Our results provide the first struc-
tural insight for a wide group of closely related bacterial poly-
saccharide acetyltransferases.

Exopolysaccharides have numerous and varied functions and
play a key role in bacterial survival as major components of
biofilm matrices (1). Biofilms are of great medical importance
because, once formed, they are extremely difficult to eradicate.
Bacteria within the matrix are less prone to dehydration and
have increased resistance to antibiotics and the host immune
system (2, 3). The architecture and properties of the matrix are
determined by the components present, which can include not
only exopolysaccharides but also extracellular DNA and pro-
tein (2, 4, 5). The matrix composition is species-dependent and
can change in response to different external pressures (2, 6).
The properties or characteristics of the biofilm matrix can also
be altered by the embedded bacteria using a variety of modifi-
cations, which can either alter the exopolysaccharides directly
or alter the proteins involved in the formation, maintenance,
and dispersion of the biofilm (5, 7-12). For example, in Esche-
richia coli, Staphylococcus aureus, and Staphylococcus epider-
midis, biofilm formation requires the partial de-N-acetylation
of the exopolysaccharide poly-B-1,6-N-acetyl-p-glucosamine
(5,7,9). In the Gram-negative bacterium E. coli, this modifica-
tion is a prerequisite for the export of poly-S-1,6-N-acetyl-p-
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glucosamine through the outer membrane (9), whereas, in
Gram-positive Staphylococcus species, partial deacetylation is
necessary for retention of the polymer on the cell surface (5). In
contrast, although acetylation of the cellulose that forms Pseu-
domonas fluorescens biofilms does not affect biofilm attach-
ment to solid surfaces or biofilm initiation at the air-liquid
interface, it does produce biofilms that are thicker and almost
10-fold stronger than its non-acetylated counterpart (12). In
addition, the rate of increase in biofilm mass was observed to be
higher when cellulose was acetylated, and more cells were
retained within the matrix (12). Dispersion of cells from a Pseu-
domonas putida biofilm in nutrient-limiting conditions also
requires modifications, but in this case to the associated pro-
teins. A starvation-led decrease in intracellular bis-(3',5')-
cyclic dimeric guanosine monophosphate levels triggers a reg-
ulatory cascade that ultimately leads to cleavage of the protein
LapA by the cysteine protease LapG. LapA is associated with
both the outer membrane of the cell and the exopolysaccharide
biofilm components and therefore links the cells to the biofilm
matrix. LapA cleavage dissociates bacterial cells from the
exopolysaccharide in the biofilm, thus enabling cellular disper-
sion to occur (8). Given the importance of such modifications,
research into the mechanisms by which bacteria regulate and
perform these modifications is required if we are to fully under-
stand the function and purpose of specific biofilms.
Pseudomonas aeruginosa is an opportunistic pathogen that
infects the lungs of cystic fibrosis patients and is responsible for
much of the morbidity and mortality associated with this dis-
ease (13-16). The conditions in the cystic fibrosis lung cause
the bacterium to produce the exopolysaccharide alginate, a key
component of P. aeruginosa biofilms in this environment. Cur-
rent understanding of alginate biosynthesis, polymerization,
and export indicates the involvement of 13 proteins, 12 of
which are encoded by genes located on the algD operon (17,
18). Two of the genes encoded in the operon, algA and algD, are
involved in alginate precursor synthesis. The other 10 proteins
are hypothesized to form a complex through which alginate is
biosynthesized and secreted (19). Alginate is initially produced
as a negatively charged polymer of 3-1,4-linked p-mannuro-
nate. Postpolymerization, alginate undergoes two types of
modification as it is exported through the periplasm. The
C5-epimerase AlgG converts selected mannuronate residues to
L-guluronate (20, 21), which increases the viscosity of the poly-
mer and hence of the biofilm (22), whereas the concerted
actions of Algl, AlgJ, and AlgF are responsible for the selective
O-acetylation of mannuronate residues (23—25). Acetylation of
the hydroxyl groups can occur at the C2 and/or C3 positions
and alters biofilm architecture, augments bacterial resistance to
antibiotics and opsonic phagocytosis, enhances microcolony
formation, and improves biofilm adhesion (10, 26, 27). Cur-
rently, it is not known whether epimerization occurs prior to or
after acetylation, but varying amounts of both modifications are
known to occur on the same exopolysaccharide strand (28).
The periplasmic protein AlgX, encoded by the algD operon,
has been proposed to have a number of roles in the alginate
biosynthetic machinery. Previous work has demonstrated that
AlgX protects alginate from degradation as the polymer tra-
verses the periplasm (29). AlgX has also been shown to have at
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least two interaction partners in the periplasm. It interacts with
AlgK, another essential component of the biosynthetic machin-
ery and a protein product that is also encoded by the algD
operon (30), as well as the periplasmic protease MucD (30, 31),
a protein that primarily acts as a negative regulator of alginate
production. Although the AlgX-MucD interaction is intriguing
from a regulatory/feedback possibility, the functional basis for
the interaction has not yet been determined (30-32), and inter-
estingly, AmucD mutants actually have increased alginate pro-
duction when compared with the wild-type strain (32, 33).
Despite the work that has been carried out on AlgX, its exact
role has yet to be defined. Bioinformatics analyses suggest that
AlgX is a two-domain protein, with an N-terminal region that is
predicted to share structural homology with members of the
SGNH hydrolase superfamily (34). This region of the protein
also shares ~69% similarity and 30% identity with Alg], the
putative alginate acetyltransferase (24), and has therefore been
proposed to have a similar function (19). The C-terminal
domain has no apparent sequence homology to any known pro-
tein (34). To determine the role of AlgX in alginate biosynthe-
sis, we have determined its structure to 2.15 A resolution. The
structure reveals that the protein has bilobal architecture with
an N-terminal SGNH hydrolase-like domain and a C-terminal
carbohydrate-binding module (CBM).® Although the topology
and some features of the N-terminal domain are different from
those found in a canonical SGNH hydrolase domain, and no
enzymatic activity has previously been ascribed to AlgX, this
domain contains the Ser-His-Asp triad that is typically found in
members of this enzyme superfamily. Site-specific mutation in
vivo of the Ser-His-Asp triad and other key residues in the puta-
tive active site results in either non-acetylated or acetylation-
reduced alginate polymer, respectively. In vitro analysis dem-
onstrates that the protein exhibits acetylesterase activity and
that the Ser-His-Asp triad is required for this activity. Taken
together, our data suggest that AlgX plays two roles in alginate
biosynthesis; not only does the protein protect the polymer as it
passages through the periplasm (29), but it also plays arole in its
acetylation, an activity that is controlled by the Ser-His-Asp
catalytic triad. In addition, the structure of AlgX provides
insight into the function of Alg] and other polysaccharide
acetyltransferases involved in the acetylation of biofilm poly-
mers and other bacterial polysaccharides, such as cellulose and
peptidoglycan, respectively.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Media—The bacte-
rial strains and plasmids used in this study are listed in supple-
mental Table S1. For expression of native or selenomethionine-
incorporated protein, E. coli BL21-CodonPlus® (DE3)-RP or
B834 Met ™ cells transformed with pPLHJTWX were grown in
rich medium (32 g of tryptone, 20 g of yeast extract, and 5 g of
NaCl) at 37 °C or in M9 medium according to the protocol of
Lee et al. (35), respectively. DNA manipulations were per-

® The abbreviations used are: CBM, carbohydrate-binding module; SeMet, sel-
enomethionine; mSF, mini-stabilization fragment; SAD, single-wavelength
anomalous dispersion; RMSD, root mean square deviation; PDB, Protein
Data Bank.
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formed in E. coli DH5a. E. coli DH5« and P. aeruginosa strains
were grown in either LB medium or LPIA medium consisting of
a 1:1 mixture of L-agar and Pseudomonas isolation agar at 37 °C,
unless otherwise stated. Where appropriate, antibiotics were
added to media at the following concentrations: ampicillin at
100 wg ml %, carbenicillin at 200 ug ml ™, chloramphenicol at
30 ug ml ™', gentamicin at 15 ug ml~* for E. coli and 100 pg
ml ™~ for P. aeruginosa, and kanamycin at 40 ug ml~* for E. coli.

DNA Manipulations—The Gateway® recombinase-based
multisite cloning system (Invitrogen) was used as described by
the manufacturer. PCR amplification was carried out using the
high fidelity DNA polymerase, PfuTurbo® (Stratagene), and the
primers were designed to contain appropriate attB sequences
for recombinational cloning into the relevant Gateway vector
(supplemental Table S1). P.aeruginosa PAO1l genomic
sequences for primer design were obtained from the Pseudomo-
nas Genome Database (36). Restriction enzymes were from
New England Biolabs. Plasmid DNA was extracted from E. coli
using the Qiaprep Spin Miniprep kit (Qiagen). DNA fragments
for cloning were purified from agarose gels using the QIAEX II
gel extraction system (Qiagen). Sequences of cloned DNA were
determined commercially (ACGT, Inc., Wheeling, IL). Plas-
mids carrying an origin of transfer (oriT) were transferred from
E. coli to P. aeruginosa by triparental mating as described (37),
using the conjugal helper plasmid pRK2013, and selection for
P. aeruginosa was on LPIA with appropriate antibiotics.

The AlgX expression plasmid pPLHJTWX (34) was used to
generate point mutants of Asp-174, His-176, and Ser-269 using
the QuikChange site-directed mutagenesis Lightning kit (Agi-
lent Technologies). In each case, the native residue was substi-
tuted with alanine. Each construct was verified by DNA
sequencing (ACGT DNA Technologies Corp. Toronto,
Canada).

Protein Expression and Purification of AlgX—The expression
and purification of recombinant C-terminally His,-tagged,
codon-optimized AlgX (AlgX-His,) for structural studies was
performed as described previously (34) with minor modifica-
tions. In brief, bacterial cell pellets were thawed and resus-
pended in Buffer A (500 mm NaCl, 50 mm Tris-HCI, pH 7.8, 2%
(v/v) glycerol, 2 mm dithiothreitol) containing 1 mg ml™'
lysozyme. This suspension was incubated at 4 °C for 30 min
prior to homogenization with an Avestin Eumulsiflex C3
homogenizer (three passages at 15,000 p.s.i.). Unlysed cells
were removed from the lysate by centrifugation (5,000 X g for
15 min at 4 °C), and the resultant supernatant was applied to a
5-ml Ni*" -nitrilotriacetic acid Superflow affinity column (Qia-
gen) pre-equilibrated with Buffer A. The column was washed
extensively with Buffer A to remove contaminating proteins
that did not bind to the affinity resin. This wash step was con-
tinued until the absorbance at 280 nm returned to zero. Bound
protein was eluted from the column using a 0—150 mMm imidaz-
ole (in Buffer A) gradient. The fractions containing AlgX were
pooled and concentrated by Amicon ultrafiltration using a
30,000-Da molecular weight cut-off concentrator (Millipore).
The protein was further purified and buffer-exchanged into
Buffer B (50 mm Tris-HCI, pH 7.8, 2% (v/v) glycerol, 2 mm
dithiothreitol) by size exclusion chromatography using a
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HiLoad 16/60 Supradex 200 prep-grade gel filtration column
(GE Healthcare).

Protein used to determine the crystal structure was
expressed as a selenomethionine (SeMet)-incorporated version
of AlgX according to the protocol of Lee et al. (35) and purified
as described above. Wild-type and the single site-directed
mutants used for in vitro enzymatic analysis were expressed in
rich medium at 18 °C and purified as described above with the
modification that no dithiothreitol was added to the bulffers
used. Prior to assessing the folding of the wild-type and mutant
variants using CD spectroscopy, the protein was dialyzed into
Buffer C (20 mm HEPES, pH 7.8). Experiments were performed
with 6 uM protein in Buffer C at room temperature on a Jasco
J-810 spectrometer (Jasco Spectroscopic Co.) and repeated in
triplicate.

Crystallization and Structure Determination of AlgX—Se-
Met-incorporated AlgX was concentrated to ~8—-10 mg ml ™!
by Amicon ultrafiltration (30,000 Da molecular mass cut-off)
prior to crystallization. Diffraction quality crystals of SeMet-
incorporated AlgX were grown by optimizing the conditions
found previously for the wild-type sulfur-containing protein
(100 mMm sodium citrate, pH 5.5, 20% (w/v) PEG 3000) (34).
Crystals were grown with 13—-16% (w/v) PEG 3000 at tempera-
tures of 18 —20 °C with a pH between 5 and 5.3 with successive
rounds of seeding as outlined previously (34). Crystals were
soaked for 2-3 min in cryoprotectant, crystallization buffer
supplemented with 25% (v/v) glycerol, prior to vitrification in
liquid nitrogen (34).

In an attempt to determine an AlgX-alginate complex, the
native sulfur-containing protein was co-crystallized in the pres-
ence of synthetic tetramannuronate (38). This tetramer has an
acetylated ethylamine linker from the synthesis still attached at
the reducing end. The tetramer was added to the protein solu-
tion (8 mg ml™") such that the tetramer had a final concentra-
tion of 1 mm. Hanging drop vapor diffusion crystallization trials
were subsequently set up using 2 ul of the protein/substrate
mixture and 2 ul of mother liquor. Crystals from the co-crys-
tallization experiments were prepared for data collection as
outlined by Weadge et al. (34) with no synthetic substrate pres-
ent during the cryoprotection and flash-freezing processes.

All data were collected at Station X29 of the National Syn-
chrotron Light Source. A 0.16-mm collimator was used to col-
lect a total of 360 images of 1° Ag oscillations on an ADSC
Quantum-315 detector with an exposure time of 0.5 s/image.
SeMet and native data were integrated, reduced, and scaled
using d*TREK and HKL2000, respectively (Table 1). To deter-
mine the phases of the SeMet data, the positions of all 10
expected selenium atoms (5 seleniums/molecule) were located
using HKL2MAP (39), and density-modified phases were cal-
culated using SOLVE/RESOLVE (40). The resulting electron
density map was of sufficient quality to allow automatic model
building using PHENIX (41), followed by manual model build-
ing with COOT (42). Refinement was carried out using PHE-
NIX.REFINE (41), and progress was assessed by monitoring the
reduction (and convergence) of the R, and R, ... When R,
reached 25%, waters and ligands were added, and TLS groups as
determined by the TLSMD Web server (43, 44) were applied.
The native structure was solved by molecular replacement with
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PHASER (45) from the PHENIX package using molecule A of
the SeMet-SAD structure as a search model. Refinement of the
native structure was as described for the SeMet model. The
refinement statistics are given in Table 1. DSSP was used to
assign secondary structure elements of AlgX (46,47). All figures
relating to the structure of AlgX were created in PyMOL
(PyMOL Molecular Graphics System, version 1.2r3pre,
Schrodinger, LLC). Surface representations showing electro-
statics and residue conservation include all residue side chains,
including those not present in the PDB deposition that could
not be modeled due to lack of suitable density.

Transformation of P. aeruginosa—Competent cells were pre-
pared by growing a culture of PAO1 to A, of 0.200. The flask
was chilled on ice for 10 min. A cold centrifuge tube was filled
with the culture and centrifuged at 7,649 X g for 10 min at 5 °C.
The supernatant was discarded, and the pellet was resuspended
in 10 ml of ice-cold 150 mm MgCl, and centrifuged at 7,649 X g
for 10 min. The pellet was again resuspended in 10 ml of cold
150 mm MgCl, and incubated on ice for 60 min. The sample was
then centrifuged at 7,649 X g for 10 min at 5 °C, and the pellet
was resuspended in 1.0 ml of cold 150 mm MgCl,, on ice. To
increase competency ~10-fold, the cell suspension was stored
on ice overnight. Competent cells were stored for ~2 months
by adding 70 ul of DMSO (7% final concentration) and freezing
aliquots at —80 °C. For transformations, plasmid DNA (1-5 pul)
was added to 100 ul of competent cells and incubated on ice for
60 min, followed by a 60-s heat shock at 42 °C. The sample was
transferred to 2 ml of LB broth and allowed to shake with aer-
ation at 37 °C for 60 min for expression of selective markers.
Aliquots (50-100 ul) were spread onto selective agar and incu-
bated at 37 °C overnight.

Construction of PAOI algX::Gm"—A non-polar algX:Gm~
mutant of PAO1 was constructed using the Gateway cloning
system (Invitrogen). Three entry clones were created, and
inserts were sequenced for verification. The first was ~1 kb of
the 5’ region of algX (amplified with primers attB4—5'X-F and
attBlr-5'X-R (supplemental Table S1)) in pDONR-P4-P1R.
The second was the gentamicin resistance cassette (Gm®) from
pUCGM (amplified with primers attB1-Gm-F and attB2-Gm-R
(supplemental Table S1)) in pDONR-221. Finally, ~1 kb of the
3’ region of algX (amplified with primers attB2r-3'X-F and
attB3-3'X-R (supplemental Table S1)) was cloned into
pDONR-P2R-P3. The three cloned fragments were assembled
in the correct order in the multisite destination and gene
replacement vector, pEX183-R4R3, constructed for this study
by amplification of ~2.3 kb of the multisite destination vector
pDEST-R4R3 (primers Nsil-M13F and Nsi-M13R (supplemen-
tal Table S1)), containing attR4-ccdB-Cm®-attR3, and cloning
it into the Nsil site of pEX100T. Competent ccdB-resistant
E. coli cells (Invitrogen) were transformed with pEX183-R4R3
containing the cloned fragments, and cells were screened for
chloramphenicol resistance. One clone (pEX205-algX::Gm®X)
was transferred to the chromosome of PAOI by triparental
mating with selection on LPIA agar containing carbenicillin to
obtain single crossover recombinants, which were plated again
on carbenicillin. Double recombinants were selected for on LPIA-
sucrose (5%) agar, and Gm"Cb® phenotypes were verified.
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Replacement of Chromosomal algX with algX* Mutant Alleles—
Chromosomal algX was replaced with algX* site-directed
mutants using the Gateway cloning system (Invitrogen). An
entry vector was created with a 1.4-kb amplicon of a/gX; includ-
ing the Shine-Delgarno sequence and stop codon (amplified
with primers attB1-SDalgX-F and attB2-SDalgX-R (supple-
mental Table S1)), in pDONR221. A positive clone was sub-
jected to site-directed mutagenesis using the QuikChange
Lightning kit (Agilent) and mutagenic primers (supplemental
Table S1). Residues chosen for mutagenesis were selected in
order to mutate the wild-type amino acid to alanine, using the
codon GCC or GCG. All clones were sequenced. The algX wild-
type and mutant algX* clones were transferred to the destina-
tion vector pPEXApGW, which is derived from the gene replace-
ment vector pEX100T (48). The pEXApGW-algX clones were
transferred to the chromosome of PAO1 algX:Gm" by tripa-
rental mating, with selection on LPIA agar containing carben-
icillin. Double recombinants were selected on LPIA-sucrose
agar, and Gm®Cb® phenotypes were confirmed.

Activation of Alginate Production in PAOI Strains—The
generalized transducing phage F116L (49) was used to infect
PDO351 (50), a mucA:Gm" strain, by incubating 10 ul of F116L
lysate (at various dilutions) with 0.2 ml of PDO351 (mid-log
growth in LB broth) in the presence of 10 mm MgSO, and 5 mm
CaCl,. The samples were incubated at room temperature for 10
min, and then molten top agar at 50 °C (3 ml of LB broth with
0.7% noble agar) was added to each tube, mixed, and immedi-
ately poured onto the surface of an L-agar plate. Plates were
incubated for 24 h at 37 °C. LB broth (3 ml) was added to the
plate showing the best confluent plaques, the top agar was bro-
ken up, and the sample was centrifuged for 10 min at 7,649 X g.
The supernatant was passed through a 0.45-um filter, and 0.1
ml of the filtrate was mixed with 0.2 ml of P. aeruginosa PAO1
algX* mutants (grown to mid-log in LB broth). The samples
were incubated at ambient temperature for 15 min and then
placed at 37 °C for 1 h, shaking at 225 rpm. The samples were
plated on LPIA + gentamicin and incubated at 37 °C overnight.

Construction of an algX+ Expression and Complementation
Plasmid—A pBAD-araC controlled expression Gateway plas-
mid, pBAD-DEST49 (Invitrogen) permits arabinose-inducible
expression and is compatible with cloning the algX+ fragment
in pDONR199-algX via the LR reaction. To allow pBAD-
DEST49 to replicate in P. aeruginosa and complement chromo-
somal mutations in frans, the mini-stabilization fragment
(mSF) in pSS124 was amplified by PCR (using primers Ndel-
pUCI9MCS-F and Ndel-pUC19MCS-R (supplemental Table
S1)) and initially cloned blunt-ended with T4 DNA ligase (New
England Biolabs) into the Smal site of pLG339; this was
detected by insertional inactivation of its Kan® gene and called
pLG369-mSF. From there, the mSF was removed by Ndel
digestion and ligated into the single Ndel site of pBAD-
DEST49. The ligation mix was transformed directly into com-
petent PAO1 cells to select for mSF+ clones, and one was
named pBAD506-SF. The algX + fragment in pDONR199-algX
was transferred to pBAD506-SF in an LR reaction, and one
clone, pBAD510-algX+, was transferred to the mucA23
mutant PDO300 algX::Gm®~.
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Enzyme Assay—All enzyme assays were performed at least in
triplicate, in a 96-well microtiter plate, using a SpectraMax M2
microplate reader (Molecular Devices, Sunnyvale, CA). Stand-
ard reactions contained 3.0 mm 3-carboxyumbelliferyl acetate,
dissolved in DMSO, and 40 ug of AlgX in 100 ul of 50 mm
sodium HEPES buffer (pH 8.0) at 25 °C. The final DMSO con-
centration did not exceed 10% (v/v). Reactions were initiated by
the addition of substrate and were monitored in real time for 10
min, using an excitation of 386 nm and an emission of 447 nm as
described previously (51). Background hydrolysis rates, in the
absence of enzyme, were also monitored and subtracted from
the enzyme-catalyzed reaction. A calibration curve for 7-hy-
droxycourmarin-3-carboxylic acid, the fluorescent hydrolysis
product of 3-carboxyumbelliferyl acetate, was obtained under
the reaction conditions and used to calculate the reaction rate.
The protein concentration of each variant was determined
using the Pierce® BCA protein assay kit (Thermo Scientific,
Rockford, IL).

Sequence Alignments, Residue Conservation, and Homology
Searches—Homologues of AlgX were identified using BLAST,
and sequence alignments were carried out using TCOFFEE (52,
53). Conservation of residues was determined by ConSurf (54,
55). Sequence identity and similarity scores were determined
using FASTA SSEARCH (56). The SCOP Superfamily database
was searched to identify fold families similar to the N-terminal
domain of AlgX (57). The CAZYmes Analysis Toolkit was used
to carry out a sequence similarity-based annotation of the AlgX
C-terminal domain, to determine whether the AlgX CBM
aligned with any of the families currently in the Carbohydrate-
active Enzymes (CAZy) database (58).

Alginate Purification and Concentration—P. aeruginosa
PAO1 mucA:Gm® algX+ or its mutant strains were grown
overnight at 37 °C in modified alginate-producing medium (7.5
mm NaH,PO,, 16.8 mm K,HPO,, 10 mm MgSO,, 100 mm
monosodium glutamate, 100 mM b-gluconate) medium supple-
mented with gentamicin. The cells were removed by centrifu-
gation at 10,000 X gfor 1 h. The concentration of alginate in the
supernatants was determined using a modification of the car-
bazole assay of Knutson and Jeanes (59). Briefly, 30 ul of puri-
fied alginate was layered on top of 1 ml of ice-cold borate-
sulfuric acid reagent (100 mm H;BO,, in concentrated H,SO,).
The samples were vortexed for 4 s and placed on ice. An equal
volume (30 ul) of carbazole solution (0.1% (w/v) in ethanol) was
added. The mixture was heated to 55 °C for 30 min and then
cooled onice. The alginate concentration was determined spec-
trophotometrically at 530 nm with Macrocystis pyrifera algi-
nate (Sigma) as a standard.

Acetylation Assay—A chemical method described by Hestrin
(60) was used to measure alginate acetylation. Briefly, 250 ul of
an alginate solution was incubated with 250 ul of alkaline
hydroxylamine (35 mm NH,OH, 75 mm NaOH) for 10 min at
25 °C. The reaction mixture was acidified with 250 ul of 1.0 M
perchloric acid, followed by the addition of 250 ul of 70 mm
ferric perchlorate (10 ml of 0.5 M perchloric acid, 0.248 g of iron
perchlorate). The concentration of acetyl groups was deter-
mined spectrophotometrically at 500 nm from a standard
curve, with ethyl acetate as the substrate (10 mm acetyls = 192
ul of ethyl acetate in 100 ml of H,O).
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NMR Analysis of Alginate—Alginate for characterization by
'H NMR spectroscopy was harvested from cultures grown in
LB medium at 28 °C for 72 h. The cultures were diluted 2-fold
with 145 mMm NaCl. The cells were pelleted by centrifugation,
and the supernatant was retained. The supernatant was mixed
with an equal volume of isopropyl alcohol to precipitate algi-
nate, which was harvested by centrifugation. The alginate was
dissolved in 145 mMm NaCl and precipitated and harvested as
before. The procedure was repeated two more times, dissolving
the alginate in 1 M NaCl and then again in 145 mm NaCl. The
final solution of alginate was incubated with 10 mg liter "' Pro-
nase for 1 h prior to precipitation. The purified alginate was
dissolved in H,O and dialyzed against several changes of H,O,
in 6,000 — 8,000 molecular weight cut-off dialysis tubing.

The alginate for 'H NMR analysis was prepared by adjusting
5-10-mg samples to pH 3.5 and heating to reflux for 1 h. The
samples were cooled, and the pH was adjusted to 5.5. Each
sample was lyophilized and then dissolved in 0.57 ml of D,O
containing 2 mM EDTA and 10% DMSO-d,. Spectra were
acquired at 80 °C using a pulse sequence to suppress the water
peak. Peak assignments for mannuronate and guluronate resi-
dues were based on the published values (61, 62).

Alginate Epimerization Assay—The relative extent of epi-
merization was measured using the G-lyase assay as previously
described by Chitnis and Ohman (63) and Douthit et al. (64).
This assay measures the relative number of guluronate (G) res-
idues/g of alginate by assaying the abundance of cleaved, unsat-
urated residues present after treatment with a guluronate-spe-
cific lyase. Briefly, alginate (65 ug) in 150 ul of water was
deacetylated with 65 ul of 1 M NaOH for 15 min at 65 °C and
then neutralized with 50 ul of 1 M HCland 100 ul of lyase buffer
(50 mm Tris-HCI, pH 8.0, 10 mm MgCl,-6H,0, 5.0 mm CaCl,).
Alginate G-lyase (10 ul) from Klebsiella aerogenes was added to
the alginate, and the samples were incubated for 1 hat 25 °C. To
assay for unsaturated residues, periodic acid (250 wl 0.2 M) was
added, and the samples were incubated at 25 °C for 40 min.
After the addition of sodium arsenite (100 wl of 2% in 0.5 N HCI)
for 1 min at 25 °C, thiobarbiturate (1 ml of 0.6% solution, pH
2.0) was added, and the reactions were incubated at 65 °C for 30
min. The samples were cooled for 1 h at room temperature and
centrifuged for 5 min to remove precipitate. Guluronate resi-
due abundances were measured spectrophotometrically at 535
nm, and the results were compared with the value obtained
with PAO1 mucA:Gm® algX+ alginate.

Antibody Generation and Western Blot Analysis—AlgX was
expressed and purified as described above and was used to gen-
erate antiserum from rabbits using a 70-day standard protocol
(Cedarlane). Prior to use, the polyclonal antisera were purified
as described by Salamitou et al. (65).

PAO1 mucA:Gm® algX* strains were grown to A, of ~1.0
in LB-no salt medium. Aliquots of 1.5 ml were removed, and the
cells were harvested. The cells were resuspended in 2X Laem-
mli buffer (~100 ul, depending upon exact OD) and heated to
100 °C for 5 min. Equal quantities of cell lysate were loaded and
separated on 4% stacking, 10% resolving polyacrylamide gels
prior to being transferred to polyvinylidene difluoride (PVDE).
The proteins of interest were detected using rabbit polyclonal
antibodies to AlgX (1:1000) or PilF (1:1000) (66). The secondary
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goat anti-rabbit antibody conjugated to alkaline phosphatase
was used as per the manufacturer’s instructions, and the blots
were developed with 5-bromo-4-chloro-3’-indolyphosphate
p-toluidine and nitro blue tetrazolium chloride (BioShop).

RESULTS

AlgX Is a Two-domain Protein—To probe the function and
role of AlgX in alginate biosynthesis, we have determined its
structure to 2.15 A resolution. SeMet-incorporated protein was
expressed, purified, and crystallized, and the structure was
determined using the single-wavelength anomalous dispersion
(SAD) method. The SAD model, in conjunction with the
molecular replacement technique, was subsequently used to
determine the structure of the native (sulfur-containing) pro-
tein that had been crystallized in the presence of a synthetic
tetramer of polymannuronate (34, 38) (Fig. 1). The presence of
the alginate polymer probably explains the differences in unit
cell dimensions and space group observed between the native
and SeMet crystals (Table 1). Native AlgX crystallized in space
group P2,2,2, with two molecules (molecules A and B) in the
asymmetric unit. Extensive rounds of model building and
refinement yielded models with good geometry and an R,
and Rg,.. of 17.6 and 23.1%, respectively (Table 1). Analysis
using size exclusion chromatography and dynamic light scat-
tering (data not shown) indicates that AlgX is a monomer in
solution, suggesting that the dimerization observed in the crys-
tal is not biologically relevant. The synthetic tetramer was not
visible in the final electron density maps, although a region of
positive density was observed in the active site of molecule A
that could be best fitted with citrate. Although positive density
was located in the active site of molecule B, we were unable to
model this density satisfactorily.

The structure of AlgX revealed a bilobal architecture, com-
posed of an N-terminal hydrolase domain with a/3/a topology
followed by a C-terminal CBM domain with a -sandwich jelly
roll fold (Fig. 1). In molecule A, residues 247-258 and residue
447 were unable to be modeled due to the quality of the electron
density in this region. Similarly, residues 41, 250, 251, and 447
of molecule B were unable to be modeled. The root mean
square deviation (RMSD) between the two molecules in the
asymmetric unit is 0.67 A over 409 equivalent Ca positions.
Because molecule B is the most complete model, this model has
been used in the structural analysis presented below. Two disul-
fide bonds are present in the structure. The first, between
Cys-44 and Cys-229, positions two long B-strands, 84 and S5,
alongside the N-terminal domain. The second, between Cys-
347 and Cys-460, appears to fix the relative orientation of the
two domains with respect to each other (Fig. 14).

Examination of the surface potential of AlgX reveals that the
surface has areas of both positive and negative electrostatic
potential. However, there are two distinct regions of electro-
positive charge, one in each domain, that lie on the same face of
the protein and overlap with regions of high sequence conser-
vation, including critical residues identified for binding and/or
catalysis in both the N-terminal and C-terminal domains (Fig.
2). Because alginate is negatively charged (67), it is anticipated
that the polymer may associate with AlgX via these positively
charged, highly conserved regions. Structural homology
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FIGURE 1. Overall structure of AlgX. A, schematic representation of AlgX
with secondary structure elements labeled as follows: a-helix («), B-strand
(B), 310 helix (t). The N-terminal «/B/a and C-terminal CBM domains are rep-
resented in blue and red, respectively. The two disulfide bonds present in the
structure are colored in yellow. The dashed lines represent residues that can-
not be built or modeled due to poor quality electron density. Nand C, N and C
termini of the protein. B, topology representation of AlgX with the secondary
structural elements labeled and colored as in A.

searches revealed no proteins in the FATCAT or DALI data-
bases that resemble the entire AlgX protein. Structural homo-
logues to each of the domains, separately, were identified,
which makes the combination of the two domains found in
AlgX unique among structures solved to date.

C-terminal Domain Is a Carbohydrate-binding Module—
The C-terminal CBM domain of AlgX (residues 348-474)
adopts a B-sandwich jelly roll fold, with each 3-sheet consisting
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TABLE 1
Summary of data collection and refinement statistics
Native SeMet-SAD
Data collection
Beamline NSLS X29 NSLS X29
Wavelength (A) 1.075 0.979
Space group P2,2,2 P2,
Cell dimensions
a, b c (A) 123.7, 82.4, 92.7 46.4,121.4,92.1
a By () 90.0, 90.0, 90.0 90.0, 95.2, 90.0
Total no. of reflections 506,683 437,204
No. of unique reflections 52,314 68,397
Resolution (A) 50.0-2.15 (2.23-2.15) 43.22-2.00 (2.07-2.02)
Average I/al 44.7 (4.0) 23.0 (2.1)
Completeness (%) 98.82 (89.26) 90.7 (64.5)
Redundancy 9.7 (9.8) 7.1(6.2)
Riperge (%) 8.1 (64.0) 8.3 (68.1)
Refinement
Ry Reve (%) 17.60/23.10
No. of atoms
Protein 6,504
Water . 372
Average B-factor (A%)
Protein 50.10
Water 50.20
RMSDs )
Bond lengths (A) 0.007
Bond angles (degrees) 1.040
Ramachandran plot?
Total favored (%) 97.0
Total allowed (%) 100
Coordinate error (A)° 0.24
PDB code 4KNC

“ Values in parentheses correspond to highest resolution shell

b Riperge = 22[1(K) — (D)|/21(k), where I(k) and (I) represent the intensity values of
the individual measurements and the corresponding mean values. The summa-
tion is over all unique measurements.

¢ Ryork = 2|F,| — KF||/|F,|, where F, and F, are the observed and calculated struc-
ture factors, respectively. Ry,.. is the sum extended over a subset of reflections
(5%) excluded from all stages of the refinement.

@ As calculated using MOLPROBITY (95).

¢ Maximum likelihood-based coordinate error as determined by PHENIX (41).

of four antiparallel B-strands (Figs. 18 and 3A). This fold is the
most common CBM fold found to date (68 -70), and a struc-
tural homology search of the Protein Data bank using FATCAT
(71) revealed that this domain of AlgX is similar to other known
and putative CBMs, with the highest homology being to (i) the
C-terminal galactose-binding-like domain of alkaline serine
protease, KP-43, from Bacillus sp. KSM-KP43 (PDB code
1WMD; RMSD 3.06 A over 99 equivalent Ca positions), (ii)
CBM29-2 of the non-catalytic protein 1 from Piromyces equi
(PDB code 1GWL; RMSD 3.14 A over 97 equivalent Ca posi-
tions), and (iii) the C-terminal B-sandwich domain of Therma-
toga maritima B-fructosidase (PDB code 1UYP; RMSD 3.13 A
over 92 equivalent Ca positions). Sequence alignments of
P. aeruginosa AlgX with homologues from other Pseudomonas
species (Pseudomonas syringae, P. fluorescens, P. putida, Pseu-
domonas brassicacaerum, P. mendocina, P. alkylphenolia,
P. entomophila) and the alginate-producing bacterium Azoto-
bacter vinelandii reveal that conservation across the CBM is
high, with 18% identity and 57% similarity across all nine spe-
cies (Fig. 2, Band C). Because alginate is a linear polysaccharide,
we predict that this domain will be a Type B CBM. Character-
istic features of this type of CBM include the presence of aro-
matic amino acids and conserved polar residues located in a
groove on the surface of the protein that form a distinctive
“pinch point,” through which the polysaccharide chain passes
(69, 70). The aromatic residues have been shown to stack with
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Most
variable

Least
variable

FIGURE 2. Surface representations of AlgX. A, surface representation of
AlgX depicting the N-terminal o/ 8/a domain in blue and the C-terminal CBM
domain in red. The white line indicates the proposed path of alginate across
AlgX, between the two domains. When compared with the representationsin
Band C, it can be seen that the path crosses conserved, mainly electropositive
residues. B, electrostatic surface representation of AlgX. The electrostatic
potential, calculated using APBS (91-93), is contoured from —7 to 7 kT/e and
colored on a gradient from negative (red) to positive (blue). C, representation
of the surface residue conservation in eight pseudomonads and A. vinelandii
as calculated using ConSurf and colored on a gradient from high (dark pink) to
low (cyan) sequence conservation (54, 55).

the rings of the sugar, thereby stabilizing the polysaccharide-
protein complex, and are important in determining specificity
for particular polysaccharides. The polar residues form direct
hydrogen bonds with the polymer chain to increase the stability
of the complex (69, 70). The pinch point of the AlgX CBM is
formed by several residues, primarily a surface-exposed trypto-
phan, Trp-400 (Fig. 3, Band C), which is 100% conserved across
the aligned Pseudomonas spp. and A. vinelandii (data not
shown). Within the pinch point, there is a surface-exposed
polar residue, Thr-398, which is highly conserved among alg-
inate-producing species (Fig. 3, B and C). There are also two
positive residues that may aid in binding alginate, Arg-406 and
Arg-364, which are located beside Trp-400 and on the opposite
side of the groove, respectively (Fig. 3C). Arg-406 is conserved
in charge, with all aligned alginate-producing species contain-
ing either an arginine or a histidine at this position (Fig. 3, Band
C). Arg-364 is less conserved, but in all aligned species other
than A. vinelandii, a basic or polar residue is found at this posi-
tion (Fig. 3, Band C). Two lysine residues, Lys-396 and Lys-410,
are positioned just outside the pinch point (Fig. 3, Band C). Itis
postulated that these positively charged residues could be
important for directing the polymer along the face of the CBM
toward the N-terminal hydrolase domain. Lys-410 is conserved
in all aligned species except A. vinelandii, and Lys-396 is con-
served in charge except in A. vinelandii and P. mendocina.
Superposition of the CBM domain with P. equi CBM29-2 in
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FIGURE 3. C-terminal domain of AlgX is a carbohydrate-binding module.
Shown are schematic representations of the CBM, in red, showing the two
antiparallel B-sheets organized into a B-jelly roll fold (A) and the superposi-
tion of the CBM (red) and P. equi CBM29-2 (PDB code 1GWK; gray) (B) in com-
plex with mannohexaose. The Trp-400, Thr-398, Arg-364, and Arg-406 resi-
dues that comprise the substrate recognition pinch point are shown in yellow.
Lys-396 and Lys-410, located outside the pinch point and postulated to play a
rolein directing the alginate polymer across the protein, are colored orange. C,
surface representation of the CBM of AlgX showing the location of the super-
posed mannohexaose from P.equi CBM29-2. The oligosaccharide passes
through the pinch point on the surface of the CBM.

complex with mannohexaose supports the hypothesis that this
domain of AlgX may bind alginate because the superposed
mannohexaose passes through the AlgX pinch point and along
the conserved path without the necessity for structural rear-
rangements (Fig. 3, B and C).

N-terminal Domain Has an SGNH Hydrolase-like Core—
The N-terminal hydrolase domain of AlgX (residues 1-347) has
a/B/a topology. Structural homology searches using FATCAT
(71) revealed that the core of the domain shares features with
proteins from the SGNH (GDSL) hydrolase superfamily (Fig.
4A), including (i) Enterococcus faecalis acyl hydrolase/lipase
(PDB code 1YZF; RMSD 3.11 A over 127 equivalent Ca posi-
tions), (ii) an isoamyl acetate-hydrolyzing esterase from Sac-
charomyces cerevisiae (72) (PDB ID 3MIL, RMSD 3.05 A over
100 equivalent Ca positions), and (iii) platelet-activating factor
acetylhydrolase Ib y subunit (73) (PDB ID 1ES9; RMSD 3.15 A
over 88 equivalent Ca positions). Structurally, the core of the
N-terminal AlgX domain has a number of differences relative
to the canonical SGNH hydrolase fold, as exemplified by the
acyl hydrolase/lipase from E. faecalis (PDB code 1YZF) (Fig. 4).
Typically, SGNH hydrolases contain a five-stranded parallel
B-sheet, surrounded by seven a-helices. Based on secondary
structure assignment (46, 47), AlgX has the seven core a-heli-
ces seen in members of the SGNH fold family, helices a2, a5,
a6, a8, a9, a10,and all, but contains only the first four strands
of the five-stranded parallel B-sheet. The fifth strand is replaced
by a one-residue 3-bridge (Trp-153). Although AlgX structur-
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ally resembles SGNH hydrolases, examination of the topology
reveals that the arrangement of the secondary structural ele-
ments found in the N-terminal domain is different from that of
members of the SGNH hydrolase superfamily (Fig. 4B). In par-
ticular, the four core B-strands of AlgX are in a different order
when compared with the arrangement (from the N to the C
terminus) of canonical SGNH hydrolases (Fig. 4B). In addition
to the variation in the topology of the a/3/a domain, AlgX also
contains a number of insertions not found in a canonical SGNH
hydrolase fold. These include (i) two long, antiparallel
B-strands on the side of the core hydrolase domain, strands 34
and B5, and (ii) a “cap” over the central part of the core domain
formed by two short antiparallel B-strands, 1 and 32, and a
series of short a-helices, helices al, a3, a4, and a7. The struc-
ture also contains 10 3, helices, labeled ¢1-t10 (Fig. 4B).
Typically, SGNH hydrolases contain a Ser-His-Asp/Glu cat-
alytic triad, a conserved glycine, and a conserved asparagine
residue located in the core central B-sheet (74). The Ser-Gly-
Asn-His residues, for which this family is named, are found in
four conserved blocks, blocks I, IL, III, and V, respectively (Table
2). In block [, the serine residue is part of the GDSL consensus
sequence (letters in boldface type are expected to be 100% con-
served) and serves not only as the nucleophile but also as a
proton donor in the oxyanion hole. The glycine and asparagine
residues in blocks II (NXSXXGXT) and III (GXND), respec-
tively, serve as proton donors in the oxyanion hole, whereas
block V (DXXHP) contains a highly conserved histidine that
acts as the catalytic base, deprotonating the hydroxyl group of
the serine to make it more nucleophilic. Block V also typically
contains an aspartate or glutamate three residues upstream of
the histidine, which is the third member of the catalytic triad
and is positioned to form a salt bridge with the imidazolium
ring of the conserved histidine. Although not found in any of
the predicted blocks, the SGNH-associated catalytic triad and
the key Gly residue are structurally conserved in AlgX (Table 2).
Superposition of Asp-174, His-176, Ser-269, and Gly-296 resi-
dues in AlgX with the catalytic triad and the Gly residue of the
oxyanion hole in SGNH superfamily member E. faecalis acyl-
hydrolase/lipase was performed (Fig. 54). The superposition
(RMSD of 0.60 A across all equivalent Car) confirms the pres-
ence and orientation of a Ser-His-Asp triad in AlgX, composed
of residues Ser-269, His-176, and Asp-174, respectively (Fig. 5,
A and B). The spatial positioning of the catalytic center is sim-
ilar to that of serine esterases (75) and serine proteases (76). The
superposition also indicates that Gly-296 is positioned and ori-
ented correctly to participate in oxyanion hole formation in
AlgX. Residues Tyr-328 (AlgX) and Asn-78 (E. faecalis acylhy-
drolase/lipase) were not included in the superposition, but the
alignment suggests that they occupy the same relative positions
in the respective proteins (Fig. 54). Thus, it appears that the
conserved asparagine found in block III has been replaced by
Tyr-328 in AlgX. AlgX is not the only protein with an SGNH or
SGNH-like hydrolase fold that lacks the conserved asparagine
because the putative acetylxylan esterase from C. acetyobutyli-
cum has a Ser residue in this position (PDB 1ZMB) (Fig. 4A). In
addition, whereas the conserved aspartic acid in SGNH hydro-
lases is typically found three residues upstream of the catalytic
histidine, in AlgX, Asp-174 and His-176 are only two residues

VOLUME 288+NUMBER 31-AUGUST 2, 2013

LT0Z ‘v ReIN U0 AX VS 1T SNV TV T /61000 [ Mmmy/:diy WwoJy pepeojumod


http://www.jbc.org/

AlgX N-
sl terminal domain

E. faecalis acylhydrolase/lipase

Role of AlgX in Alginate Acetylation

C. acetobutylicum putative
acetylxylan esterase

C. acetobutylicum putative
acetylxylan esterase

AlgX N-terminal domain E. faecalis acylhydrolase/lipase

FIGURE 4. The N-terminal domain of AlgX has an SGNH-like hydrolase fold. A, the N-terminal SGNH hydrolase-like domain of AlgX and two representative
members of the SGNH hydrolase superfamily: E. faecalis acylhydrolase/lipase (PDB code 1YZF) and the putative acetylxylan esterase from Clostridium aceto-
butylicum (PDB code 1ZMB). In all three proteins, the Ser-His-Asp triad and signature Gly residues are structurally conserved and shown in red in stick
representations. The conserved SGNH Asn residue and the equivalent Tyr in AlgX are shown in brown in stick representations. The parallel B-sheet and
surrounding a-helices of the core SGNH hydrolase domains and equivalent features in AlgX are colored in orange and blue, respectively. The secondary
structural elements of AlgX and the C. acetobutylicum protein that are not part of the core SGNH hydrolase fold are colored in gray. B, topology of the N-terminal
domain of AlgX and its comparison with the typical topologies found in the SGNH hydrolases, E. faecalis acylhydrolase/lipase and C. acetobutylicum putative

acetylxylan esterase. The topology diagrams are colored as in A.

TABLE 2
SGNH hydrolase conserved blocks

The conserved active site SGNH hydrolase residues in E. faecalis acylhydrolase/lipase are found in the canonical blocks. The blocks in AlgX are not conserved, and the active
site residues are found in a different order in the protein. Residues in boldface type are 100% conserved in SGNH hydrolases. Underlined residues are those found in the

canonical block motifs or the equivalent in AlgX.

Classic SGNH Classic SGNH
hydrolase block hydrolase motifs E. faecalis motifs AlgX motifs AlgX signature residues
I GDSL GDSI GTSN Ser-269
I NXXSXXGXT NAGMPGDT NAVSGGGF Gly-296
I GXND GAND THYD Tyr-328
\% DXXHP DGLHF DHHW Asp-174, His-176

apart. This is not unprecedented because the N-terminal
SGNH hydrolase domain of a cellulase from Cellvibrio japoni-
cus (CtCel5C-CE2, PDB ID 2WAA) has the same Asp-X-His
arrangement (77). Like AlgX, CtCel5C-CE2 is also a two-do-
main protein with an N-terminal cellulase domain and C-ter-
minal CBM with non-catalytic cellulose-binding function.
Sequence alignments of the N-terminal domain of P. aerugi-
nosa PAO1 AlgX with seven other Pseudomonas spp. (P. syrin-
gae, P. fluorescens, P. putida, P. brassicacaerum, P. mendocina,
P. alkylphenolia, and P. entomophila) and A. vinelandii reveal
that the residues in this domain share 33% identity and 65%
similarity (Fig. 2C). The catalytic triad and Gly residues as well
as the tyrosine that replaces the asparagine are 100% conserved
across these species. The AlgX N-terminal domain also has 30%
sequence identity and ~69% sequence similarity to Alg], which
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has previously been shown to play a role in the O-acetylation of
the alginate polymer (24). The SGNH-associated residues iden-
tified in AlgX are all conserved in P. aeruginosa Alg].

The Ser-His-Asp Triad Is Essential for Acetylation of Alginate—
The presence of SGNH-associated residues in AlgX and its
sequence similarity to the putative alginate acetyltransferase
AlgJ (24, 29) suggested that AlgX may have a role in alginate
acetylation. To probe the in vivo function of AlgX, a series of
alanine chromosomal point mutant strains were constructed in
P. aeruginosa PAO1 by replacing a marked chromosomal copy
of algX with plasmid-borne algX mutant alleles through homol-
ogous recombination. Alginate production in these strains was
then constitutively turned on by disruption of mucA. mucA
encodes an anti-o factor, and its disruption leads to activation
of the algD operon and alginate production (33). In addition to
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FIGURE 5. Architecture of the active site. A, superposition of the Asp-His-Ser
triad and conserved Gly of AlgX (shown in red) and E. faecalis acylhydrolase/
lipase (in gray). Asn and Tyr residues of E. faecalis acylhydrolase/lipase and
AlgX, not used in the superposition, are shown in dark gray and brown,
respectively. Main chain atoms surrounding the residues of interest are col-
ored in pale gray and in light red/brown for the E. faecalis acylhydrolase/lipase
and AlgX structures, respectively. B, the bonds formed between the catalytic
triad residues are shown in yellow. C, 10 residues of AlgX were independently
mutated on the chromosome to alanine to probe their role in O-acetylation of
alginate. These residues, depicted in stick representations and colored in yel-
low, were selected for mutation based upon their location within the putative
active site. The residues found to be important for the acetylation of alginate
are boxed.

substitutions in the Ser-His-Asp triad, mutations were also
made in seven residues in close proximity to the putative active
site that could play a role in alginate binding (Fig. 5C). These
individual mutant AlgX strains were then tested for their ability
to produce polymeric alginate. The level of AlgX expression
was also assessed to ensure that any variations in alginate con-
tent were not due to reduced levels of protein production. All of
the mutant strains produced alginate at a level equivalent to
that of the P. aeruginosa PAO1 mucA:Gm"® algX+ strain and
had comparable levels of AlgX expression (Fig. 6, A and D).
Because all mutant strains expressed alginate, the polymer was
further analyzed to determine whether its acetylation state had
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been altered. Using a spectrophotometric assay and NMR anal-
ysis, it was found that the alginate produced by each of the
S269A, H176A, and D174A AlgX mutant strains was not acety-
lated (Fig. 6, B and E). When a plasmid expressing algX was
transformed into these three mutants, the acetylation of algi-
nate was restored (data not shown). Alginate acetylation was
observed to be reduced by ~50 and ~40% for the Y328A and
Y275A mutant strains, respectively (Fig. 6B). Mutation of resi-
dues Arg-115, His-175, Asn-270, Asp-300, and Ser-301 had no
effect on either alginate production or its acetylation (Fig. 6, A
and B). To determine if the lack of acetylation affected the sec-
ond postpolymerization modification that alginate undergoes,
epimerization, the alginate polymers produced were deacety-
lated and incubated with alginate G-lyase. This enzyme is only
able to cleave the alginate polymer if mannuronate residues
within the polymer have been epimerized to guluronate. Anal-
ysis of the hydrolyzed alginate revealed that the level of epimer-
ization in the mutant strains was equivalent to that observed in
the wild-type algX+ strain, regardless of whether the alginate
was acetylated in vivo or not (Fig. 6C). This suggests that the
lack of acetylation in the S269A, H176A, and D174A mutant
strains does not affect epimerization of the polymer.

Acetyltransferase activity has not yet been demonstrated in
vitro. However, acetylesterase activity (Fig. 7, A and B) can be
assayed using a pseudosubstrate, 3-carboxyumbelliferyl ace-
tate. Using a fluorometric assay, the ability of the wild-type
AlgX and D174A, H176A, and S269A AlgX mutant proteins to
remove the acetate group from this substrate was assessed. The
specific activity of wild-type AlgX was found to be low
(0.0068 =+ 0.00057 wmol min~' mg~ ') (Fig. 6F), although this
was not unexpected because 3-carboxyumbelliferyl acetate has
been substituted for the acetate donor that would be used in
vivo, the identity of which is currently unknown. Furthermore,
the inability to detect acetate release when AlgX was incubated
with alginate and the low specific activity suggest that AlgX is
not an acetylesterase because much higher in vitro activity
would have been expected, as has been observed for other
esterases assayed with similar, commercially available ana-
logues (78). The acetylesterase activity of each of the three
mutant proteins was found to be close to zero. The D174A and
H176A mutants had specific activities of 0.00032 * 0.00028
wmol min~* mg ! and 0.00027 * 0.00027 wmol min ' mg ™ *,
respectively, whereas the activity was completely abolished in
the S269A mutant (Fig. 6F). The catalytic activity of AlgX fol-
lowed Michaelis-Menten kinetics (data not shown). CD spec-
troscopy indicates that the differences in catalytic activity
observed are not due to structural changes in the protein vari-
ants and that the mutant proteins are folded (data not shown).
These data suggest that each of these residues is required for in
vitro removal of an acetate group from a donor. In addition, the
results corroborate our in vivo data, which indicate that the
Ser-His-Asp catalytic triad is required for acetylation of algi-
nate and add weight to the suggestion that AlgX is an
acetyltransferase.

DISCUSSION

In this study, we have presented the crystal structure of AlgX
and have demonstrated that this protein plays a role in the
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mutant strains for alginate production (A), O-acetylation of the produced

alginate (B), and epimerization (C). The absorbance at 535 nm s directly related to the guluronate content of alginate. D, algX was expressed at equivalent levels
in all of the mutants, as indicated by Western blotting analysis. PilF, from the Type IV pilus system of P. aeruginosa, was used as a loading control. E, NMR spectra
of the alginate produced by the wild-type algX+ strain and D174A, H176A, and S269A variants. The peak at ~2.1 ppm in the algX+ spectrum indicates the
presence of acetyl groups on the alginate. F, in vitro activity assay showing the specific activities of the recombinant AlgX protein and the D174A, H176A, and

S269A protein variants.

O-acetylation of alginate in vivo and that a Ser-His-Asp triad
governs this activity. Our in vitro enzymatic analyses also sup-
port the hypothesis that AlgX is catalytically active and func-
tions as an acetyltransferase. AlgX contains two domains, an
N-terminal SGNH hydrolase-like domain and a C-terminal
carbohydrate-binding module. This combination is not unex-
pected because CBMs are commonly appended to enzymatic
domains, including SGNH hydrolases, where they function to
bring the relevant polysaccharide into close proximity to the
active site (68, 79). The CBM domain of AlgX does not share
sequence homology with any of the 67 CBM families currently
assigned in the CAZy database, but it does have structural
homology with other CBMs. Superposition of the CBM of AlgX
and a cellulose-binding domain-mannohexaose complex indi-
cates that the binding region of the AlgX CBM comprises a
pinch point containing a conserved tryptophan, a threonine,
and two arginine residues and that the proposed path for poly-
mer binding includes two conserved lysines (Fig. 3, B and C).
Crystal contacts between Trp-400 and Leu-214 of neighboring
molecules occur near the pinch point region of the CBM.
Because CBMs are often appended to catalytic domains to
enhance substrate binding, our efforts to co-crystallize the pro-
tein with the substrate may have been hindered by these
occluding crystal contacts. However, the arrangement of polar,

AUGUST 2,2013+VOLUME 288-NUMBER 31

positively charged, and aromatic residues at the pinch point of
the CBM is consistent with the hypothesis that this domain
binds a single chain of alginate. Furthermore, the surface poten-
tial of AlgX is such that the negatively charged alginate chain
could conceivably bind along a readily apparent path that joins
the conserved residues of the pinch point in the CBM to a pos-
itively charged region on the surface of the N-terminal domain,
which is in close proximity to the active site residues (Fig. 2).
The N-terminal domain of AlgX has an SGNH hydrolase-like
fold with some additional structural features. Although the
importance of these additional features is not known, it is
believed that they are relevant for the function of AlgX as part of
the alginate biosynthetic complex, as potential binding sites for
the known interaction partners AlgK and MucD (30, 31) or
other members of the acetylation machinery, Algl/J/F. Mem-
bers of the SGNH hydrolase superfamily are primarily esterases
and lipases, although enzymes with transferase activity and
dual activity enzymes have also been identified (74, 80— 85).
The canonical description of the SGNH hydrolase fold includes
the presence of particular residues, Ser, Gly, Asn, His, and Asp/
Glu, in conserved blocks (74). However, the superfamily now
encompasses members with atypical or missing blocks, sug-
gesting that sequence divergence has occurred within this
superfamily, whereas the tertiary structure has been closely
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FIGURE 7. Proposed mechanism of action of AlgX. The Ser-269 nucleophile
attacks the carbonyl carbon of an ester-linked acetate group on the substrate
acetyl donor (A), leading to the formation of a tetrahedral intermediate (B).
His-176 abstracts the hydroxyl proton of a mannuronate residue, and the
nucleophilic hydroxyl oxygen of the mannuronate residue attacks the car-
bonyl carbon, forming an acyl-enzyme intermediate (C). This may involve the
C2 or C3 hydroxyl group on the mannuronate residue. The carbonyl double
bond is reformed, releasing the acetyl group from the donor (D), and the
residues revert to their resting state (E). During the reaction, the amide nitro-
gens of Ser-269 and Gly-296 stabilize the oxyanion of the tetrahedral inter-
mediate. His-176 acts as a base, increasing the nucleophilic properties of Ser-
269, and Asp-174 neutralizes the charge that develops on His-176 in the
course of the reaction. R represents the, as yet unidentified, acetyl donor.

maintained. AlgX contains the Ser, His, Asp, and Gly residues
orientated and in the same tertiary positions as the equivalent
residues in canonical SGNH hydrolases. However, these resi-
dues in AlgX do not follow the primary sequence conservation
of the consensus blocks. The increasing number of proteins

22310 JOURNAL OF BIOLOGICAL CHEMISTRY

with SGNH hydrolase-like tertiary architecture that lack some
of the canonical residues suggests that the definition of the
SGNH hydrolase superfamily may need to be broadened or that
subgroups within the superfamily need to be defined based on
activity, substrate preference, and structure of the protein.

AlgX residues Asp-174, His-176, and Ser-269 comprise the
catalytic triad common to SGNH hydrolases, and we propose
that these three residues mediate transfer of an acetyl group to
alginate (Figs. 7 and 8). Ser-269 is believed to have dual func-
tionality, with a direct role in the catalytic mechanism and also
acting, with Gly-296, to form an oxyanion hole. The donated
acetyl group sits in the oxyanion hole, and the Ser and Gly
residues act to stabilize the negative charges on the acetyl oxy-
anion during the formation of the tetrahedral intermediates in
the reaction (Fig. 7). In the majority of SGNH hydrolases, a
conserved asparagine is also important for oxyanion hole sta-
bility, but AlgX has Tyr-328 located at this position instead.
Examination of the structure suggests that it is perhaps more
likely that Tyr-328 as well as Tyr-275, which when mutated to
alanine reduce acetylation by 40 and 50%, respectively, are
important for the correct positioning of the alginate polymer
across the putative active site. These residues are located on
either side of the catalytic triad, and aromatic residues fre-
quently bind to sugar molecules via hydrophobic interactions
(70). If Tyr-328 is involved in substrate binding and not oxyan-
ion stabilization, this suggests that AlgX may use a chymotryp-
sin/trypsin-like serine protease mechanism in which the oxy-
anion hole is formed by just the serine and glycine residues (76,
86) (Fig. 7).

AlgX is the fourth protein in the algD operon that has now
been implicated in alginate acetylation as previous studies have
suggested that Algl, Alg], and AlgF are all essential for this proc-
ess to occur (23-25, 87). Algl and Alg] are proposed to be a
membrane-bound MBOAT family O-acetyltransferase and a
periplasmic O-acetyltransferase, respectively (25, 88). The
function of AlgF is currently not known. Franklin and Ohman
(24) showed that Alg] and AlgX share ~69% similarity and 30%
identity. It is predicted that Alg] is also an SGNH hydrolase-like
protein but differs from AlgX in that Alg] does not have a CBM
domain and is anchored to the inner membrane by a single
N-terminal transmembrane helix (25). It is not apparent why
four proteins are required for alginate acetylation and in partic-
ular why two periplasmic acetyltransferases would be needed.
Homologues of Algl and Alg] have been identified in a number
of different bacteria (88), including the peptidoglycan acetyla-
tion proteins PatA and PatB in Neisseria gonorrhoeae (81) and
the bidomain proteins OatA and OatB in Gram-positive bacte-
ria, each of which have domains resembling both Algl and Alg]
(80). Homologues of AlgF and AlgX are less common, but the
acetylation of cellulose during the formation of the P. fluore-
scens pellicle also requires four proteins that are located
together in the wss operon (12, 89). WssGHI are homologous to
AlgFIJ, with amino acid sequence identities of 24, 46, and 33%,
respectively. WssF shares no sequence homology with any of
the Alg proteins but is structurally predicted to belong to the
SGNH hydrolase superfamily and has the three residues com-
prising the catalytic triad as well as the Gly residue required for
oxyanion hole formation. WssF may therefore have a role sim-
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FIGURE 8. Model for O-acetylation of alginate and other bacterial polysaccharides. A, Algl receives an acetyl group from a cytoplasmic acetyl donor. From
Algl, the acetyl group is transferred to AlgJ and/or AlgX and then on to the alginate polymer. AlgJ and AlgX may be able to pass the acetyl group between
themselves. The role of AlgF is currently unknown. B, the four proteins of the P. fluorescens Wss system acetylate cellulose and may act in a similar manner to
the four Alg proteins. C, proposed mechanism of peptidoglycan acetylation in Gram-negative bacteria as presented by Moynihan and Clarke (81). This
mechanism requires two proteins, an Algl homologue, PatA, which transports the acetate across the cytoplasmic membrane to the periplasm, and an AlgJ
homologue, PatB, which transfers the acetate to the sugar. D, in Gram-positive bacteria, the N-acetyl muramic acid residues of the peptidoglycan are O-acety-
lated by the two-domain protein, OatA (80, 94). The N-terminal domain of OatA is homologous to Algl, and the C-terminal domain is homologous to AlgJ (80).
More recently, a second protein, OatB, has been identified in Lactobacillus plantarum, which O-acetylates N-acetylglucosamine peptidoglycan residues (80).
OatB also has two domains homologous to Algl and AlgJ. Ac, acetate. Dotted lines, potential movement of the acetate after transport across the inner
membrane. Proteins with similar predicted structure and function are colored the same.

ilar to that of AlgX (12). Interestingly, like AlgX, examination of
the Phyre2 model of WssF (90) reveals that the conserved Asn
residue that is found in most SGNH hydrolases is missing and is
replaced with a Thr, suggesting that the oxyanion hole of WssF
is formed by the Ser and Gly residues only. This provides
another example of an putative SGNH hydrolase that may have
a role in acetylation and that uses the chymotrypsin/trypsin-
like oxyanion stabilization mechanism.

Phenotypic characterization of site-specific mutants of both
AlgX and Alg] suggest that each protein plays a role in the acety-
lation of the nascent alginate polymer (88). AlgX and Alg] are pre-
dicted to be structurally similar to PatB and the SGNH hydrolase
domains of OatA and OatB (80, 81). Although PatB acetyltrans-
ferase activity has been demonstrated in vivo (81), like us, the
authors of this study were unable to develop an in vitro assay to
demonstrate full transferase activity. Instead, comparable with our
use of 3-carboxyumbelliferyl acetate, Moynihan and Clarke (81)
used p-nitrophenyl acetate to characterize the first part of the reac-
tion in vitro and, comparable with our results, found that PatB has
only weak esterase activity. OatA and OatB acetyltransferase activ-
ity has also been shown in vivo (80). The functional equivalency
and similarity of the predicted structures of PatB, OatA, and OatB
reinforce our hypothesis that AlgX and Alg] are also acetyltrans-
ferases. The resemblance of alginate acetylation to the OatA/B and
PatA-PatB systems supports the theory that the integral inner
membrane protein Algl receives an acetyl group from a cytoplas-
mic acetyl donor. This is then passed to Alg] and/or AlgX. These
proteins may pass the acetyl group between themselves or acety-
late the nascent polymer. The role of AlgF has not been elucidated
(Fig. 8) but is known through mutational analysis to be an impor-
tant part of the acetylation process (23, 25). The alginate model can
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also be used to illustrate a potential method of cellulose acetylation
by WssFGHI, in which the acetyl group is received from an acetyl
donor and transported to the periplasm by WssH. WssI and/or
WssF receive the acetyl group, and one or both of the proteins
transfer it to the growing cellulose chain (Fig. 8). Like AlgF, no role
has been attributed to WssG in this model.

We have described the structure of AlgX, a two-domain protein
that we propose binds to alginate via its C-terminal CBM and is
then able to add acetyl groups to the nascent polymer through the
catalytic triad in the N-terminal SGNH hydrolase-like domain.
This is the first structure of a probable polysaccharide acetyltrans-
ferase with SGNH hydrolase-like architecture, which could serve
as a prototype for other proteins that have been shown to be
involved in the acetylation of peptidoglycan (12, 80, 81). The
hypothesis that AlgX is an acetyltransferase and the acetylation
model presented provide avenues for future studies aimed at bet-
ter understanding this key polysaccharide modification.
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