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poly-B-1,6-N-acetyl-p-glucosamine by PgaB.

the enzyme has been characterized.

(Background: Polysaccharide intercellular adhesin-dependent biofilm formation in E. coli requires the de-N-acetylation of
Results: Nickel- and iron-bound structures of PgaB have been determined, and the metal-dependent de-N-acetylase activity of

Conclusion: PgaB has low catalytic efficiency and shows preference for Co*>*, Ni**, and Fe?* ions.
Significance: The structure of PgaB will guide inhibitor design to combat biofilm formation.
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Exopolysaccharides are required for the development and
integrity of biofilms produced by a wide variety of bacteria. In
Escherichia coli, partial de-N-acetylation of the exopolysaccha-
ride poly-B-1,6-N-acetyl-p-glucosamine (PNAG) by the
periplasmic protein PgaB is required for polysaccharide inter-
cellular adhesin-dependent biofilm formation. To understand
the molecular basis for PNAG de-N-acetylation, the structure of
PgaB in complex with Ni** and Fe** have been determined to
1.9 and 2.1 A resolution, respectively, and its activity on
B-1,6-GIlcNAc oligomers has been characterized. The structure
of PgaB reveals two (f3/a), barrel domains: a metal-binding de-
N-acetylase that is a member of the family 4 carbohydrate
esterases (CE4s) and a domain structurally similar to glycoside
hydrolases. PgaB displays de-N-acetylase activity on f3-1,6-
GlcNAc oligomers but not on the B-1,4-(GlcNAc), oligomer
chitotetraose and is the first CE4 member to exhibit this sub-
strate specificity. De-N-acetylation occurs in a length-depen-
dent manor, and specificity is observed for the position of de-N-
acetylation. A key aspartic acid involved in de-N-acetylation,
normally seen in other CE4s, is missing in PgaB, suggesting that
the activity of PgaB is attenuated to maintain the low levels of
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de-N-acetylation of PNAG observed in vivo. The metal depend-
ence of PgaB is different from most CE4s, because PgaB shows
increased rates of de-N-acetylation with Co*>* and Ni** under
aerobic conditions, and Co?", Ni>* and Fe?>* under anaerobic
conditions, but decreased activity with Zn*>*. The work pre-
sented herein will guide inhibitor design to combat biofilm for-
mation by E. coli and potentially a wide range of medically
relevant bacteria producing polysaccharide intercellular adhe-
sin-dependent biofilms.

Bacterial biofilms are complex surface attached microbial
communities that are a significant medical problem because
once established they are difficult to eradicate (1, 2). A key fea-
ture of bacterial biofilms is that cellular aggregates grow within
a self-produced extracellular matrix (2, 3). The extracellular
matrix facilitates the adherence between bacteria and the sur-
faces they colonize while also providing protection against
environmental stresses, a diffusion barrier against antibiotics,
and isolation from the innate immune system (4, 5). The com-
position of the extracellular matrix can be quite diverse, but
exopolysaccharides are a key component for the development
and structural integrity of most biofilms (6, 7). A wide variety
of medically important biofilm-forming bacteria produce
partially de-N-acetylated poly-B-1,6-N-acetyl-pD-glucos-
amine (APNAG)® exopolysaccharides, also referred to as poly-
saccharide intercellular adhesin. dPNAG was first described in
Staphylococcus epidermidis (8) but has now been determined to
be a component of the biofilm matrices of Staphylococcus
aureus (9), Escherichia coli (10), Acinetobacter baumannii (11),

>The abbreviations used are: PNAG, poly-B-1,6-N-acetyl-D-glucosamine;
dPNAG, de-N-acetylated PNAG; SeMet, selenomethionyl; CE4, family 4 car-
bohydrate esterase; MBP, maltose-binding protein; ICP-AES, inductively
coupled plasma-atomic emission spectroscopy; SpHex, S. plicatus hex-
osaminidase; asu, asymmetric unit; RMSD, root mean square deviation;
SpPgdA, S. pneumoniae PgdA; GH, glycoside hydrolase; CtCE4, CE4 from
C. thermocellum.
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Bordetella bronchiseptica (12), Bordetella pertussis (13), Acti-
nobacillus pleuropneumoniae (14), Yersinia pestis (15), and
Burkholderia species (16).

In E. coli, dPNAG production is dependent on the four-gene
operon, pgaABCD (10, 17). PgaC, which is predicted to contain
multiple transmembrane domains and a large cytosolic domain
homologous to family 2 glycosyltransferases, is thought to be
responsible for the production of PNAG and its transportation
across the inner membrane (17). PgaD is a small integral inner
membrane protein required for PNAG biosynthesis (17). The
exact function of PgaD is unknown, but it has been predicted to
assist PgaC in polymerization and transport of PNAG across
the inner membrane (17) and in the regulation of PNAG pro-
duction, because levels of PgaD are controlled post-transcrip-
tionally by cellular concentrations of the bacterial second
messenger bis-(3'-5')-cyclic dimeric GMP (18). PgaB is a two-
domain outer membrane protein that contains a putative lipi-
dation site and is responsible for the partial de-N-acetylation of
PNAG (17). Partial de-N-acetylated PNAG, or dPNAG, is the
functionally relevant form of the exopolysaccharide because
deletion of pgaB results in the retention of the fully acetylated
polymer in the periplasm and abolishment of biofilm formation
(10, 17). The N-terminal domain of PgaB has been classified as
belonging to the family 4 carbohydrate esterases (CE4s) (19).
CEd4s are known for their metal-dependent deacetylation of O-
and N-acetylated polysaccharides such as chitin, peptidoglycan,
and acetylxylan (20). Characterization of several CE4s has
shown that deacetylation is dependent on a variety of divalent
metal ions (21-26), and it is proposed that the deacetylation
reaction proceeds through a metal stabilized tetrahedral oxy-
anion intermediate (23-25). The exact function of the C-termi-
nal domain of PgaB is unknown; however, it is required for
efficient de-N-acetylation of PNAG in vivo (17). The domain
shows sequence homology to COG1649 (27), a domain com-
mon to TIM barrel glycoside hydrolases (28), and has been sug-
gested to play a role in PNAG binding and/or hydrolysis (17).
PgaA is a two-domain outer membrane protein that is pre-
dicted to contain a C-terminal 16-stranded B-barrel domain
that likely acts as the porin for exporting dPNAG, and an N-ter-
minal periplasmic domain that carries multiple copies of the
tetratricopeptide repeat motif that has been implicated in pro-
tein-protein and protein-ligand interactions (17, 29 —35). PgaA
has been suggested to play a role as a periplasmic scaffold that
forms a complex with PgaB to facilitate transport of dAPNAG
across the outer membrane (17, 30). This is a hypothesis that is
supported by the interaction between HmsF and HmsH, the
PgaA and PgaB homologues in Y. pestis, which has been
observed in vivo (36).

Here we present the first structural and biochemical charac-
terization of a PNAG de-N-acetylase from the CE4 family. The
structure of E. coli PgaB reveals a unique arrangement of two
(B/a), domains. The N-terminal de-N-acetylase domain con-
tains an Asp-His-His metal coordination site and exhibits dif-
ferent metal-dependent activity compared with other Asp-His-
His containing CE4s. The active site metal of PgaB is tightly
coordinated in an octahedral arrangement, and the identity of
the metal depends on expression conditions. Structures of PgaB
have been solved in complex with both Ni** and Fe®". Struc-
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tural comparison with other CE4 members reveals that PgaB
contains a unique arrangement of the conserved CE4 motifs, is
missing a key conserved aspartate residue involved in de-N-
acetylation, and has a deep active site binding pocket. These
data may explain its specificity but poor catalytic efficiency
toward $-1,6-GIcNAc oligomers. Together the data provide
insight into the molecular basis for de-N-acetylation of PNAG
and will guide the development of inhibitors against PgaB to
prevent biofilm formation by E. coli.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of MBP-PgaB—To gen-
erate the maltose-binding protein (MBP) fusion expression
vector, a codon-optimized sequence for PgaB (synthesized by
Bio Basics Inc.) lacking its predicted signal sequence was ligated
into the pET16b vector (Novagen) between its Ndel and BamHI
restriction sites to yield plasmid UT031. The gene was subse-
quently excised from UT031 and inserted into the pIADL plas-
mid (37) to generate pIADL-PgaB. The resulting plasmid
encodes an N-terminal maltose-binding protein fused to
PgaB**~®"? via a 25-amino acid linker and will be referred to as
MBP-PgaB. E. coli BL21 (DE3) cells transformed with pIADL-
PgaB were grown in | liter of LB media with 100 pg/ml kana-
mycin at 37 °C to an A, of ~0.5—0.6, and protein expression
was induced by the addition of isopropyl-p-1-thiogalactopy-
ranoside to a final concentration of 0.5 mm. The cells were incu-
bated post-induction overnight at 10 °C and then harvested by
centrifugation at 3750 X g for 75 min. Nickel- or iron-loaded
enzyme was prepared by adding NiSO, or Fe(IlI) citrate to a
final concentration of 1 mm to the culture 30 min before induc-
tion. Cell pellets were subsequently resuspended in 15 ml of 50
mM HEPES, pH 7.5, supplemented with 300 mm NaCl and one
complete mini protease inhibitor mixture tablet (Roche
Applied Science). Resuspended cells were lysed by sonication,
and cell debris was removed by centrifugation for 1 h at
16,000 X g. The resulting supernatant was passed over a col-
umn containing 1.5 ml of amylose resin (Sigma-Aldrich) per
liter of culture that was pre-equilibrated with 50 mm HEPES,
pH 7.5. The column was washed with 10 column volumes of 50
mM HEPES, pH 7.5, and eluted with a 2— 8 mM maltose gradient.
The fractions containing MBP-PgaB were concentrated using
an ultrafiltration device (Millipore) and stored at 4 °C. The
purified MBP-PgaB was >95% pure as judged by SDS-PAGE
and stable for ~2 weeks. Anerobically isolated MBP-PgaB was
purified as described above except in a glove box under a N,
atmosphere using degassed buffers.

Expression and Purification of Hiss-PgaB—Native and
selenomethionyl (SeMet)-incorporated PgaB**~°> for struc-
tural studies were expressed and purified as described previ-
ously (38) with the following modifications: for iron- and nick-
el-loaded PgaB, the bacterial cultures were grown in 1 liter of
M9 minimal media (Bio Basics Inc.), pH 7.4, supplemented with
0.4% (w/v) glucose, 0.1 mm CaCl,, 2 mm MgSO,, and 1 mm
NiSO, or FeSO, was added to the culture 30 min before induc-
tion with isopropyl-p-1-thiogalactopyranoside.

Crystallization, Data Collection, and Structure Solution—
For crystallization, purified PgaB**~®>> was concentrated to 15
mg/ml at 3000 X gin an ultrafiltration device (Millipore). Crys-
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tals were grown using hanging drop vapor diffusion in 48-well
VDX plates (Hampton Research) by streak seeding a 4-ul drop
with equal amounts of protein and precipitant equilibrated
against 200 ul of precipitant solution (10-16% (w/v) PEG 8000,
0.2 M calcium acetate, 0.1 M MES, pH 6.0). The crystals were
cryoprotected for 10 s in reservoir solution supplemented with
10% (v/v) glycerol and 10% (v/v) ethylene glycol prior to vitrifi-
cation in liquid nitrogen. Native and SeMet single-wavelength
anomalous diffraction data were collected on nickel- and iron-
loaded crystals, respectively, on Beamline X29 of the National
Synchrotron Light Source (see Table 1). The data were indexed
and scaled using HKL2000 (39). The SeMet single-wavelength
anomalous diffraction data were used in conjunction with
HKL2MAP (40) to locate 24 (of 26) selenium sites, and density
modified phases were calculated using SOLVE/RESOLVE (41).
The resulting electron density map was of high quality and
enabled PHENIX AutoBuild (42) to build ~90% of the protein.
The remaining residues were built manually in COOT (43).
Refinement was carried out using PHENIX.REFINE (42). The
structure of the nickel-loaded protein was determined using
molecular replacement with PHENIX AutoMR (42). Manual
model building and refinement was carried out as described
above for the iron-loaded SeMet protein. Structure figures were
generated using the PyMOL molecular graphics system
(DeLano Scientific), quantitative electrostatics were calculated
using the PDB2PQR (44, 45) and APBS (46) software packages,
and the topology diagram was constructed using TOPDRAW
47).

Preparation of Substrate—Oligomers of 3-1,6-GlcNAc were
prepared and purified as outlined previously (48). Oligosaccha-
ride identities were confirmed by MALDI-MS and '"H NMR
spectroscopy. Oligosaccharide mass was analyzed on a Waters
MALDI micro MX in positive reflectron mode. The samples
were deposited on a stainless steel plate with a matrix contain-
ing a combination of a-cyano-4-hydroxycinnamic acid and
3-aminoquinoline. Oligosaccharides were stored as lyophilized
powders at room temperature and dissolved with deionized
water or buffer as required.

'H NMR Analysis of Enzyme Activity—Spectra were acquired
on a 400-MHz Varian spectrometer. NMR samples were deu-
terium-exchanged by lyophilizing 3-1,6-(GlcNAc); and resus-
pending in D,O three times. Similarly, 500 ul of 50 mMm sodium
phosphate buffer, pH 8.0, was deuterium-exchanged and was
used to dissolve the deuterium-exchanged B-1,6-(GlcNAc), to
give a final concentration of ~10 mm. MBP-PgaB in 50 mm
phosphate buffer, pH 8.0, was then added to the substrate solu-
tion to a final concentration of 10 uM. The 'H NMR spectrum
was acquired immediately after the addition of the enzyme and
again after incubation at 37 °C for 24 h.

Fluorescamine Enzyme Activity Assays—Rates of de-N-
acetylation were determined using a fluorescamine-based assay
(49). Briefly, each sample was prepared in duplicate to a final
volume of 10 ul in 50 mm HEPES, pH 7.5, with 10 um MBP-
PgaB and 10 mM substrate (unless otherwise specified). To cor-
rect for the presence of free amines on the enzyme, MBP-PgaB
was added to control samples at a final concentration of 10 um
just prior to reaction with fluorescamine. The reaction was per-
formed by adding to each 10-ul sample, 20 ul of 0.5 M borate
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buffer, pH 9.0, and 10 ul of a freshly prepared 20 mg/ml fluo-
rescamine solution in dimethylformamide and mixed by
pipetting. The reaction was then allowed to stand at room tem-
perature for ~10 min before adding 80 ul of deionized water.
An 80-pul aliquot of the solution was removed from each sample
and transferred to a Corning 3686 half-area 96-well plate for
measurement in a TECAN Safire2 plate reader (360-nm exci-
tation, 460-nm emission, 5-nm slit widths). Rate of substrate
de-N-acetylation was determined at 37 °C, and a minimum of
four time points were taken at intervals so that the de-N-acety-
lation did not exceed 30% of the substrate. Glucosamine solu-
tions were used as standards to calculate amine concentration.
Metal-dependent PgaB activity assays were conducted with
molar equivalents of metal chloride or sulfate salt solutions,
added to the samples prior to substrate addition. PgaB length-
dependent 3-1,6-GlcNAc oligomer activity assays contained 10
M nickel-loaded MBP-PgaB, 200 mm NaCl, and 50 mm HEPES
buffer, pH 7.5, and were incubated at 37 °C for 20 h. Less than
30% substrate conversion occurred over the incubation.
B-1,6-GlcNAc oligosaccharide concentrations were deter-
mined using 'H NMR and dimethylformamide internal
standards.

Metal Analysis—Inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES) was carried out at the Analyt-
ical Lab for Environmental Research and Training at the
University of Toronto. ICP-AES samples were prepared by
diluting concentrated enzyme samples to 50 uM in 5 mMm
phosphate buffer, pH 7.5. Control samples were prepared
the same way but using 50 mm HEPES, pH 7.5, and were
subtracted from the signals acquired from the enzyme sam-
ples during ICP-AES analysis.

Determination of De-N-acetylation Position—The position
of de-N-acetylation within 3-1,6-GIcNAc oligomers was deter-
mined using a protocol adapted from Withers and co-workers
(50). B-1,6-(GlcNAc), (4.2 mg) and B-1,6-(GlcNAc), (5.7 mg)
were treated with 10 um nickel-loaded PgaB in 5 mm HEPES
buffer, pH 7.5, at 37 °C for 48 h. The samples were centrifuged
at 13,000 X g for 10 min, before adding 25 mm phosphate and
citrate buffer, pH 4.5, giving a substrate concentration of 5 mm.
Purified Streptomyces plicatus hexosaminidase (SpHex) was
added to a final concentration of 10 uM, and the solutions were
incubated for 24 h at 37 °C. The resulting solutions were lyoph-
ilized, and B-1,6-GIlcNAc oligosaccharides were treated with
Ac,0O in MeOH for 2 h to reacetylate glucosamine residues
before being separated by length using HPLC on a Grace Prevail
Carbohydrate ES column (4.6 X 250 mm, 5 um) using an ace-
tonitrile/H,O gradient from 80/20 to 50/50 over 50 min at 0.5
ml/min and were identified by retention time standards and
MALDI-MS. For analysis by electrospray ionization MS, to aid
in fragment deconvolution of multiply de-N-acetylated species,
the PgaB-treated substrates were reduced with NaBH,, followed
by neutralization with acetic acid and subsequent dialysis
against double distilled H,O using a 100-Da molecular mass
cutoff membrane (Spectrapor). Tandem MS was performed on
the samples in positive mode using an AB Sciex QSTAR instru-
ment with a TurbolonSpray source.
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TABLE 1
Summary of data collection and refinement statistics
The values in parentheses correspond to the highest resolution shell.

SeMet-Iron complex Native-Nickel complex

Data collection

Beamline . NSLS X29 NSLS X29
Wavelength (A) 0.979 1.075
Space group P2,2,2, P2,2,2,
Unit-cell parameters (A) a=91.1,b=1024, a=90.7,b=102.8,
. ¢=150.9 ¢=150.9
Resolution (A) 50.00-2.10 (2.18-2.10) 50.00—1.90 (1.93—1.90)
Total no. of reflections 1,108,638 804,755
No. of unique reflections 82,493 111,639
Redundancy 13.5 (12.6) 7.2(7.1)
Completeness (%) 99.9 (99.3) 100.0 (100.0)
Average I/o(]) 7.5 (2.8) 24.1 (4.2)
Rinerge (%) 11.7 (59.7) 7.8 (49.1)
Refinement

Ryori/ Reree” 16.5/19.8 16.8/19.3
No. of atoms

Protein 9528 9520

Acetate 8 8

MES 24 24

Calcium 2 2

Iron 2

Nickel 2

Water . 661 1009
Average B-factors (A%)°

Protein 379 37.6

Acetate 26.6 25.2

MES 43.1 38.7

Calcium 30.3 27.7

Iron 21.2

Nickel 21.0

Water 359 38.4
Root mean square deviations

Bond lengths (A) 0.007 0.007

Bond angles (°) 1.04 1.03
Ramachandran plot®

Total favored (%) 98.0 98.2

Total allowed (%) 99.8 99.9
Coordinate error (A)? 0.20 0.17
Protein Data Bank code 4F9] 4F9D

“Rinerge = SYNI(k) — <I>|/X I(k), where I(k) and <I> represent the diffraction

intensity values of the individual measurements and the corresponding mean
values. The summation is over all unique measurements.

" Ryork = 2l Fobsl = MFoaicll/|Fopsl, where F, and F,y are the observed and calcu-

lated structure factors, respectively. Ry, is the sum extended over a subset of
reflections (5%) excluded from all stages of the refinement.

¢ As calculated using MolProbity (73).

4 Maximum likelihood-based coordinate error, as determined by PHENIX (42).

RESULTS

PgaB Has a Unique Two-domain Structure— A stable core of
PgaB, encompassing residues 42— 655 was expressed, purified,
and crystallized (38). Diffraction data were collected to 1.9 and
2.1 A on native and SeMet protein crystals, respectively, and the
structure was solved using the SeMet single-wavelength anom-
alous diffraction technique (51). Refinement produced final
models with good geometry and R factors of 16.8% (R =
19.3%) and 16.5% (R = 19.8%) for the native and SeMet
derivative, respectively (Table 1). Residues 42, 62, 610620,
and 647—- 655 for the native structure, and 42, 61-63, 612— 616,
and 650 — 655 for the SeMet structure, were not included in the
final models because there was no interpretable electron den-
sity present for these residues. PgaB crystallized in the
orthorhombic space group P2,2,2; with two molecules in the
asymmetric unit (asu). The two molecules are very similar, with
root mean square deviations (RMSDs) of 0.22 A over 584 equiv-
alent Ca atoms. Although two molecules of PgaB are present in
the asu, the protein elutes from a calibrated analytical size
exclusion column (data not shown) at a molecular weight that is
consistent with PgaB being a monomer in solution.

SEPTEMBER 7, 2012 +«VOLUME 287+NUMBER 37

PNAG De-N-acetylase PgaB from E. coli

The structure of PgaB consists of two domains that both
adopt (B/a), barrel folds (Fig. 1, A and B). The domains are
arranged in tandem with the C-terminal domain tilted ~45°
away from the N-terminal domain. The N-terminal domain
(residues 42-310) has an even distribution of surface charge
and has a large pocket at the top of the distorted (/). barrel
(Fig. 1C). Structural alignment of the N-terminal domain with
the CE4 peptidoglycan deacetylase PgdA from Streptococcus
pneumoniae (SpPgdA) (25) shows strong conservation of both
the canonical (8/a), fold and the active site, with RMSDs of 2.6
A (over 141 equivalent Ca atoms) and 0.6 A (over 11 equivalent
Ca atoms), respectively (Fig. 2, A and B). However, topological
differences occur between PgaB and other CE4 structures.
Although not described originally in the NodB homology
domain (20), CE4s often contain a “capping” helix that seals the
bottom of the (B/«a), barrel (52) and are generally encoded at
the beginning or end of the sequence. In PgaB, this helix (a2
colored purple in Fig. 1, A and B) occurs internally in the
sequence when compared with previously reported structures
(21-26, 52). Another difference for PgaB is the presence of four
B-hairpins, B2-3, B6-7, B9-10, and B11-12 (Figs. 1, A and B,
and 2C). These structural elements appear to be unique to PgaB
because they are not present in any of the other CE4 structures
determined to date (Fig. 2C). Hairpins B6-7, B9-10, and
B11-12 carry a number of surface-exposed hydrophobic resi-
dues (Phe-154, Tyr-190, Ile-192, Leu-200, Tyr-209, and Tyr-
216) that lie along o7 (supplemental Fig. S1). These residues
along with Trp-387 (from «12) form a hydrophobic groove
leading into the de-N-acetylase active site (supplemental
Fig. S1).

The C-terminal domain (residues 311-655) has a (3/a)g
TIM barrel fold. Because the C terminus of PgaB was truncated
to facilitate crystallization, the eighth helix of this fold, «26, is
missing. Analysis of the crystal packing reveals that al from
molecule two in the asu packs tightly against 323 from mole-
cule one, where @26 would be located. This suggests the PgaB
dimer seen in the asu is most likely an artifact of crystallization
because of the truncation of PgaB. Likewise, this packing also
occurs for the second PgaB molecule in the asu, resulting in a
head-to-toe orientation (supplemental Fig. S2). In addition to
the canonical (B/a) fold characteristic of Tiny TIM (53), eight
short a-helices are present on one face of the barrel, creating a
pronounced electronegative groove ~45 A long and 10 A wide
(Fig. 1C). A structural similarity search using the DALI fold
recognition server (54) indicates that the C-terminal domain of
PgaB has structural similarity to a large number of glycoside
hydrolases. The top structural hits have Z-scores ranging from
~15 to 18 and include a variety of glycoside hydrolase (GH)
families. The most predominantly occurring GH families were
GH5, GH14, GH18, and GH20 (19). Families GH5, GH18, and
GH20 contain proteins that bind or hydrolyze GlcNAc sub-
strates, such as gangliosides, chitin, or PNAG (19). The top hit,
a member of GH14, was -amylase from Bacillus cereus (Pro-
tein Data Bank entry 1J10) (55), with an RMSD of 3.7 Aover278
equivalent Cas (Fig. 3A4). The pronounced C-terminal groove
(Fig. 1C) contains predominantly negatively charged and aro-
matic residues that are well conserved among PgaB homo-
logues (Fig. 3B) and are common to glycoside hydrolase active
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als al8 a2l a23 a25

FIGURE 1. PgaB structure. A and B, overall structure of PgaB shown in cartoon (A) and topology (B) representations with the secondary structural elements
labeled. The canonical (B/a), folds are colored blue (B-strands) and red (a-helices), respectively. Additional secondary structure elements are colored green,
except the CE4 capping helix, which is shown in purple. Residues not modeled in the topology diagram are colored cyan. C, electrostatic surface representation
of PgaB (generated in PyMOL using APBS) shown in the same orientation as in A. The face of the C-terminal domain contains a pronounced electronegative
groove that extends toward the N-terminal domain. Quantitative electrostatics are colored from red (—20 kT) to blue (+20 kT).

sites (56). This groove is large enough to accommodate a PNAG
octamer in an extended conformation. Interestingly, examina-
tion of the |F, — F,| electron density maps revealed a large
positive peak (4 o) in the groove that could be confidently mod-
eled as a MES molecule (Fig. 3B). The presence of a MES mol-
ecule in the active site groove has also been observed for the
chitinase Chialb from Oryza sativa (Protein Data Bank entry
3IWR) (57).

The De-N-acetylase Domain Has a Unique Arrangement of
the Canonical CE4 Motifs—CE4s generally contain five con-
served motifs, numbered MT1 through MT5 as they occur in
the sequence. These motifs form the active site and are required
for enzymatic activity (21, 23-25). Superposition of the PgaB
and SpPgdA active sites (Fig. 2B) reveal that PgaB contains ele-
ments from each of the five conserved motifs with six signifi-
cant differences. PgaB has the canonical MT1 and MT2 motifs.
MT1 contains the catalytic base, Asp-114, and the first metal
coordinating residue, Asp-115, and MT2 contains the metal
coordinating residues, His-184 and His-189. Interestingly
though, PgaB has four residues separating His-184 and His-189
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in MT2, as opposed to a three-residue spacer as seen in previous
CE4 structures (21, 23-25). The MT3 motif is well conserved;
however, the buried arginine, Arg-289, responsible for coordi-
nating the catalytic base, Asp-114, occurs later in the sequence
in MT5, and spans the base of the active site in a different
orientation (Fig. 2B). MT4 has the most significant differences.
Most notably, PgaB has a water molecule in place of the con-
served aspartic acid Asp-391 in SpPgdA. This aspartic acid is
believed to be responsible for activating the catalytic acid His-
417 in SpPgdA. We hypothesize that this water molecule would
not be able to activate His-55 in the same manner that an aspar-
tic acid residue would, thus reducing the catalytic efficiency of
PgaB. Next, Trp-392 in SpPgdA, which is responsible for form-
ing the active site groove along with Tyr-367 from MT3 (25), is
replaced with Met-67 in PgaB (Fig. 2B). Furthermore, Leu-274
in PgaB replaces Trp-385 in SpPgdA, and these residues form
one side of the N-acetyl hydrophobic binding pocket. The MT5
motif is conserved in PgaB; however, the catalytic histidine,
His-55, is found at the beginning of the sequence after (1,
instead of occurring two residues after the second N-acetyl
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FIGURE 2. Conservation of the CE4 fold. A, superposition of the PgaB N-ter-
minal domain (green) with SpPgdA C-terminal domain (magenta) in cartoon
representation shows the structural similarities between the de-N-acetylase
domains. B, active site residues of PgaB and SpPgdA shown in stick represen-
tation and colored as in A show differences in the canonical CE4 motifs.
C, superposition of the PgaB N-terminal domain with other CE4 structures
shown in cartoon representation reveals four B-hairpins, 32-3, B6-7, B9-10,
and B11-12, that are unique to PgaB. The structures and corresponding
RMSDs to the PgaB N-terminal domain (green) are: SpPgdA C-terminal
domain (magenta), 2.6 A over 141 equivalent Ca atoms; CE4 from Streptomy-
ces lividans (blue), 2.8 A over 141 equivalent Ca atoms; CDA from C. linde-
muthianum (orange), 2.9 A over 146 equivalent Ca atoms; and PgdA from S.
mutans (yellow), 3.3 A over 141 equivalent Ca atoms.
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FIGURE 3. The C-terminal domain of PgaB has structural similarity to gly-
coside hydrolases. A, superposition of the C-terminal domain of PgaB (green)
and B-amylase from B. cereus (blue) shown in cartoon representation. B, resi-
dues lining the electronegative groove with a bound MES molecule (orange)
shown in stick representation, and calcium ion (gray) with the |F, — F | elec-
tron density map contoured at 3.0 o. The residues indicated with an asterisk
are =90% conserved among PgaB homologues for bacteria that have been
shown to produce dPNAG in their biofilms.

hydrophobic binding pocket residue Leu-291. Together, the
differences in MT4 and MT5 create a substrate-binding pocket
that is deeper and wider in PgaB as compared with SpPgdA
(supplemental Fig. S3).

PgaB  Exhibits Length-dependent De-N-acetylation of
B-1,6-GlcNAc Oligomers—Previous in vivo characterization of
the pgaABCD operon showed that deletion of pgaB or D115A
or H184A mutations in a AcsrA hyper-biofilm-forming strain
produced fully acetylated PNAG that was retained in the
periplasm (17). To confirm and characterize this activity in
vitro, suitable substrates were needed. Although the natural
polymer has poor solubility, short synthetic oligomers of
defined length have improved solubility characteristics (48) and
were used to examine the activity of PgaB. The de-N-acetyla-
tion activity was first confirmed by 'H NMR and MALDI-MS.
MBP-PgaB-treated 3-1,6-(GlcNAc), developed a triplet at 2.88
ppm in the "H NMR spectrum (supplemental Fig. S4, A and B).
This signal is consistent with a proton at C2 of a glucosamine
residue and agrees well with the signal observed in 'H NMR
from isolated dPNAG (8, 10). Further confirmation of de-N-
acetylation was obtained through MALDI-MS, which indicated
the presence of a compound with a molecular weight 42 m/z
lower than that of 3-1,6-(GlcNAc),, corresponding to the loss
of an acetate group (supplemental Fig. S4C). To characterize
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FIGURE 4. Substrate dependence of PgaB. Fluorescamine assay for
Ni-loaded MBP-PgaB incubated with varying length 8-1,6-GlcNAc oligomers
showing increased rates of de-N-acetylation with increasing oligomer
lengths (A) and B-1,6-(GIcNAc), oligomer or B-1,4-(GlcNAc), chitotetraose
showing de-N-acetylation specificity for the 8-1,6-(GIcNAc),, oligomer (B). The
bars represent duplicate experiments with standard deviations.

de-N-acetylation on specific-length B-1,6-GIcNAc oligo-
mers, a discontinuous fluorescamine assay was used to quan-
tify the production of free amines (49). Using this assay, we
observed a positive correlation between substrate length and
de-N-acetylase activity. The de-N-acetylation rate increased
as the length of the 8-1,6-GIcNAc oligomer increased up to
B-1,6-(GIlcNAc),, with no further increase in de-N-acetylation
rate with 3-1,6-(GIcNAc), (Fig. 4A). The observed k_,,/K,, for
B-1,6-(GlcNAc), and B-1,6-(GlcNAc), are 0.057 £ 0.01 and
025 * 0.01 M ' s, respectively (supplemental Fig. S5).
Michaelis-Menten kinetic parameters could not be determined
because of the limited solubility of the substrates, which pre-
vented saturation of the de-N-acetylase activity. However,
based on the solubility-limited kinetic profiles of PgaB, the K,
values for 8-1,6-(GIcNAc), and B-1,6-(GlcNAc), are estimated
to be greater than 100 and 25 mm, respectively. To determine
whether PgaB was specific for B-1,6-linked GlcNAc oligomers,
substrate specificity was evaluated using chitotetraose, a
B-1,4-(GlcNAc), oligomer. Fluorescamine assays showed no
increase in free amine concentration for chitotetraose over a
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24-h period, suggesting that PgaB has specificity for
B-1,6-GlcNAc oligomers (Fig. 4B).

PgaB Activity Is Metal-dependent—Previously characterized
CE4s that contain an Asp-His-His metal coordination site
exhibit metal-dependent de-N-acetylase activity with a prefer-
ence for Co®" and Zn>" (21, 23-25). To probe the metal-de-
pendent activity of PgaB, the fluorescamine assay was used to
conduct an activity-based metal screen. MBP-PgaB was used to
eliminate any bias that may occur from scavenging metals from
immobilized metal affinity chromatography. MBP-PgaB (as
isolated) showed ~3- and 6-fold higher activity with Ni** and
Co*", respectively (Fig. 54). The fold increase in activity varied
slightly between protein purifications, but Co** and Ni** con-
sistently increased activity. In contrast, the addition of Zn>"
consistently resulted in a reduction in activity. As observed pre-
viously with the chitin deacetylase CDA from Collectotrichum
lindemuthianum, lengthy incubations of PgaB with 100-fold
excess of the metal chelator EDTA did not completely abolish
activity (24). Complete inhibition of PgaB was achieved with 50
mMm of the metal chelator dipicolinic acid (data not shown).
Dipicolinic acid is smaller then EDTA and has been shown to
inhibit enzymes by forming a ternary complex with the metal
ion, whereas EDTA inhibition is dependent on the diffusion of
the metal from the metal-enzyme complex (58 — 60).

PgaB Expression Conditions Determine the Identity of the
Active Site Metal—Examination of SeMet PgaB difference elec-
tron density maps revealed two large 21 and 33 o peaks for each
molecule in the asu, suggesting the presence of two metal ions
per PgaB molecule. The 21 o peak, found in the C-terminal
domain, is hepta-coordinate with contributions from the side
chains of Asp-358, Asp-360 (bidentate), and Asp-362, a back-
bone carbonyl contribution from Leu-362, and two water mol-
ecules (Fig. 3B). This metal is likely Ca>" because 0.2 M calcium
acetate was present in the crystallization solution. The N-ter-
minal de-N-acetylase domain contains the 33 o peak, which is
coordinated in an octahedral manor by the side chains of Asp-
115, His-184, and His-189, an acetate molecule (bidentate), and
a water molecule (Fig. 5B). The arrangement of the Asp-His-
His residues is characteristic of the metal coordination found in
other CEds (21, 23-25).

To determine the identity of the metal, anomalous diffrac-
tion data were collected on the SeMet PgaB**~*° crystal above
and below the absorption edge for the transition metals iron
through zinc. A significant decrease in anomalous signal was
observed for the 33 o peak for the data collected below the iron
absorption edge (1.77 A) (supplemental Fig. S64), suggesting
the presence of significant amounts of iron. This is the first
structure of a CE4 family member that has been determined
with iron coordinated in the active site. To confirm the metal
bound was not the result of the cytosolic expression of SeMet
PgaB in iron-rich (0.5 mM) minimal media, native sulfur-con-
taining protein was prepared using LB media, which has ~0.1
mM iron and zinc (61). Anomalous diffraction data were subse-
quently collected as described previously on crystals grown
from this protein and again suggested that PgaB was predomi-
nantly loaded with iron. These data suggest that PgaB binds
iron under these expression conditions because its availability
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assay comparison of MBP-PgaB (as isolated), nickel-loaded MBP-PgaB, and iron-loaded MBP-PgaB under aerobic and anaerobic conditions. The bars represent

duplicate experiments with standard deviations.

is higher than that of nickel or cobalt and that PgaB maintains
metal ion coordination throughout purification.

Although our initial metal-based activity screen had shown
no increase in de-N-acetylation activity in the presence of addi-
tional Fe** (Fig. 5A4), we wanted to test whether Fe** could
increase activity. To determine whether Fe?>*-loaded PgaB may
have increased catalytic activity, MBP-PgaB was expressed and
purified under aerobic and anaerobic conditions in LB media
with the addition of 1 mM iron citrate or nickel sulfate prior to
induction to increase cellular levels of the respective metal.
Cobalt could not be assessed using this procedure because of
toxicity effects of the metal on E. coli growth. ICP-AES analysis
of the purified proteins revealed ~70% iron or nickel loading
(data not shown), respectively. The activity of the iron-loaded
enzyme under anaerobic conditions was similar to that of
nickel-loaded enzyme (Fig. 5C). However, in the aerobically
prepared and incubated samples, the activity of the iron-loaded
enzyme was significantly lower, suggesting that Fe>"-loaded
PgaB is the more active species (Fig. 5C).

To determine whether there are any structural differences
that occur when the protein is loaded with different metals,
nickel-loaded PgaB**~>® was expressed, purified, and crystal-
lized. Diffraction data were collected to 1.9 A, and the structure
was solved using the molecular replacement technique. Analy-
sis of the difference electron density maps revealed a 43 o peak
coordinated by Asp-115, His-184, His-189, an acetate, and a
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water molecule (Fig. 5B). Anomalous diffraction data were col-
lected above (1.47 A) and below (1.51 A) the nickel absorption
edge, and a significant decrease in the anomalous signal was
observed below the nickel absorption edge (supplemental Fig.
S6B), indicating the presence of significant amounts of nickel.
No significant differences were observed in the nickel- and
iron-complexed PgaB structures (RMSD of 0.12 A over 587
equivalent Ca) or their active sites, where both metals were
observed to have octahedral coordination geometries (Fig. 5B).

Determination of De-N-acetylation Position—The position of
PgaB-catalyzed de-N-acetylation within the 3-1,6-(GIcNAc); and
B-1,6-(GlcNAc), oligomers was determined by treatment of
the partially de-N-acetylated oligomers with SpHex prior to
reacetylation and HPLC analysis (Fig. 6). SpHex is an exoglyco-
sidase that cleaves N-acetyl-B-glucosaminyl oligosaccharides
from the nonreducing terminus but does not cleave glucosami-
nyl residues (50). Analysis revealed a combination of GIcNAc,
(GlcNAc),, and (GlcNAc); cleavage products for the B-1,6-
(GlcNAc), oligomer, implying that de-N-acetylation occurred
at the second or third residue from the nonreducing terminus
(Fig. 6B). For the B-1,6-(GIcNAc); oligomer, only two major
cleavage products were observed, GIcNAc and (GlcNAc),, indi-
cating that de-N-acetylation occurred predominantly at the
third or central residue (Fig. 6C).

Using electrospray ionization MS analysis of the de-N-acety-
lated substrates, it was possible to observe di-de-N-acetylated
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FIGURE 6. HPLC analysis of the de-N-acetylation position. A, analysis of 3-1,6-GIcNAc standards with arrows indicating elution time of GIcNAc through
(GIcNAc)s. AU, absorbance units. B and C, analysis of re-N-acetylated SpHex degradation products of MBP-PgaB treated (B) 3-1,6-(GlcNAc), and (C)
B-1,6-(GIcNAC)s. The peaks were identified by comparing elution time to the 3-1,6-(GIcNAc),, standards and confirmed by MALDI-MS. D, representation of
productive binding mode of 3-1,6-(GIcNAc)s to PgaB, showing de-N-acetylation preference for the central or O-subsite GIcNAc.

B-1,6-(GlcNAc),. Electrospray ionization MS-MS analysis was
performed to determine the location of the de-N-acetylated
residues. Analysis of the single de-N-acetylated B-1,6-
(GIcNACc), oligomer indicated that de-N-acetylation occurred
on the central residue (supplemental Figs. S7A and S8A4), in
agreement with the results of the SpHex digestion assay. Anal-
ysis of the di-de-N-acetylated B-1,6-(GIcNAc); oligomer
revealed the presence of more than one species, corresponding
to de-N-acetylation of the central residue and a reducing termi-
nal residue (supplemental Figs. S7B and S8B).

DISCUSSION

Previous in vivo studies have shown that PgaB is required for
de-N-acetylation of PNAG in E. coli, and impairment of this
function prevents polymer export and abolishes biofilm forma-
tion (17). PgaB belongs to the CE4 family, members of which
are responsible for the de-N- and O-acetylation of various poly-
saccharides. However, limited structural or mechanistic data
are available for this family of enzymes, and no PNAG de-N-
acetylases have been characterized to date. To further under-
stand the mechanism of PNAG de-N-acetylation, we have
determined the structure of PgaB and characterized its metal-
dependent activity on short 3-1,6-GIcNAc oligomers.
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The N-terminal domain of PgaB shows structural features
common to other CE4s, including a distorted (B8/a),, barrel fold
and the conserved Asp-His-His metal coordinating triad. The
similarity of the PgaB and SpPgdA active sites (Fig. 2B) suggests
that PgaB may utilize a catalytic mechanism comparable with
that proposed for SpPgdA (25). Despite the similarity of the
active site residues, PgaB shows no de-N-acetylase activity on
chitotetraose (Fig. 3B), a pseudosubstrate for SpPgdA. The
preference of PgaB for 3-1,6-linked GIcNAc oligomers is likely
due to its active site architecture. The active site of PgaB is
situated in a deep bowl-shaped binding pocket. In contrast,
SpPgdA has a shallow elongated pocket that is narrower on one
end (supplemental Fig. S3). The deep active site pocket found in
PgaB is likely better suited to accommodate the PNAG polymer
because of the inherent flexibility of the -1,6-linkage, which
allows for compact oligosaccharide conformations (62) that
could extend into the deep pocket, unlike the more rigid linear
B-1,4-linked polymers found in chitin and peptidoglycan.

PgaB demonstrates activity against 3-1,6-GlcNAc oligomers
with increasing rates up to -1,6-(GIcNAc),, with catalytic
efficiency ~4-fold greater for B-1,6-(GIcNAc); than for
B-1,6-(GIcNAc), and dramatically reduced activity with
shorter oligomers (Fig. 3A4). The flanking subsites that recog-
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nize the longer B-1,6-GlcNAc oligomers are likely formed by
residues in B-hairpins 86-7, B9-10, and B11-12, which are
not present in other CE4 structures (Fig. 2C). However, the
catalytic efficiency (k_,/K,,) of PgaB relative to other amide
bond cleaving CE4s is markedly lower. PgaB has a 350,000 —
1,000,000-fold reductionin k_,,/K,,, relative to CDA from C. lin-
demuthianum, which has rates of 56,000 and 89,000 M s~ ! for
B-1,4-(GlcNAc), and 3-1,4-(GlcNAc),, respectively (50). Sim-
ilarly, PgaB has a 2000-fold reduction in rates relative to
SpPgdA, which has a rate of 150 M~ " s~ for 8-1,4-(GlcNAc),
(25). The low catalytic efficiency may be related to the in vivo
function of PgaB. The structure suggests that the reduced effi-
ciency of the enzyme may be the consequence of the water
molecule that is found in place of the conserved aspartic acid
residue in the M T4 motif of other CE4 enzymes. This aspartic
acid is believed to be responsible for tuning the pK, of the cat-
alytic histidine in MT5 (Fig. 2A4), because the mutation D391N
in SpPgdA completely inactivates the enzyme (25). The
reduced activity correlates with the biological process of PNAG
biosynthesis. Only low levels of de-N-acetylation (22%) are
observed in the secreted dPNAG polymer (17), whereas the
level of de-N-acetylation of peptidoglycan can reach 80% (63)
and can by even higher for chitin (64), suggesting that PgaB may
be designed for low catalytic efficiency. Despite the low levels of
de-N-acetylation, comparable activity was observed between
B-1,6-(GlcNAc); and B-1,6-(GlcNAc),, suggesting that there
are four subsites flanking the active site (Fig. 6D). The enzyme
also shows a de-N-acetylation preference for the central sugar
of B-1,6-(GlcNAc); (Fig. 6C). Di-de-N-acetylation of
B-1,6-(GIcNAc); was detected showing subsequent de-N-
acetylations occurring to the reducing terminal side of the first
de-N-acetylation site (supplemental Figs. S7 and S8). However,
considering that the native substrate for PgaB is PNAG, other
factors including the C-terminal domain may play role in cata-
Iytic efficiency, and increased rates may be seen with much
longer 3-1,6-GlcNAc oligomers that could span both domains.
This hypothesis is supported by the observation that the C-ter-
minal domain is required for the efficient de-N-acetylation of
PNAG in vivo, because the rate of de-N-acetylation decreases
from ~22% to ~1% when the domain is removed (17). How-
ever, the exact role this domain plays in de-N-acetylation
remains unclear. Structurally, the domain is similar to a vast
number of glycoside hydrolases including DspB, a well studied
glucosaminidase that cleaves PNAG polymers and can disperse
biofilms produced by a wide range of bacteria (65-67).
Although glycoside hydrolases typically show activity with arti-
ficial substrates such as para-nitrophenyl glycosides (68), no
hydrolase activity could be observed for PgaB with para-nitro-
phenyl GIcNAc or any of the synthetic 8-1,6-GlcNAc oligo-
mers used in the de-N-acetylation assays (data not shown).
Together these data suggest that this domain may play a role in
PNAG binding and may guide the polymer to the de-N-acety-
lase domain; this hypothesis is supported by the large number
of conserved residues that form a negatively charged groove
that would be able to accommodate a PNAG octamer in an
extended conformation (Figs. 1Cand 3B). Similarly, the domain
could also bind the polymer after de-N-acetylation to initiate an
interaction with PgaA to facilitate export of dPNAG across the
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membrane. Further studies involving this domain will be
required to understand the exact role it plays in the biosynthesis
and export of dPNAG.

The majority of CE4s characterized to date catalyze deacety-
lation using a divalent metal cofactor, predominantly Co”>* or
Zn>" (21, 23-25). The studies presented herein indicate PgaB
as a metal-dependent de-N-acetylase with a preference for
Co®", Ni*", and Fe** (Fig. 5, A and C). The preference of Ni>"
rather than Zn>" for a CE4 enzyme has only been previously
documented for the xylan de-O-acetylase CE4 from Clostrid-
ium thermocellum (CtCE4) (23). Interestingly, CtCE4 is also
missing important CE4 motifs, including a metal coordinating
histidine from MT2. The preference of Ni*" over Zn*" for
PgaB and CtCE4 does not appear to be from altered coordina-
tion chemistry, because Zn**-bound CE4 structures also have
octahedral arrangements. In addition to PgaB and CtCE4, two
other CE4s, PdaA from Bacillus subtilis and ECU11_510 from
Encephalitozoon cuniculi, also contain significant deviations to
the canonical CE4 motifs (22, 52). PdaA has modifications in
MT1 and MT3, whereas ECU11 510 has modification in
MT1-MT4 (22, 52). This comparison suggests that modifica-
tions to CE4 motifs may provide a means to alter substrate
specificity, metal preference, or the reaction mechanism.
Despite the variety of metal ions CE4s use for catalysis, the
ability of PgaB to use Fe>" as the metal cofactor is a first for the
CE4 family. However, it is possible that other CE4s are also
active with Fe**, because a number of zinc-dependent deacety-
lases, such as LpxC and histone deacetylase 8, have recently
been reclassified as non-heme Fe?" hydrolases (69-72). The
oxidation of Fe*" under aerobic conditions during purification
and enzymatic assays may have prevented the iron dependence
of other CE4s from being observed. The identity of the endog-
enous metal that PgaB binds in vivo is difficult to assess. How-
ever, the promiscuity that has been observed for PgaB suggests
that the bound metal ion will most likely change depending on
cellular availability and environmental conditions. It is perhaps
not surprising that proteins involved in biofilm formation are
able to adapt to perform their function, because biofilms are an
important process for bacterial survival under stress or low
nutrient conditions.

The structures of PgaB reported here will help facilitate
further studies into the biosynthesis of this important bio-
film exopolysaccharide, dPNAG. Further characterization of
both the de-N-acetylase and C-terminal domains of PgaB
will help guide the development of novel inhibitors to com-
bat biofilm formation in E. coli and the broad range of med-
ically relevant bacteria that produce the same conserved
dPNAG polysaccharide.
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