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ABSTRACT: A polymer of partially de-N-acetylated β-1,6-
linked N-acetylglucosamine (dPNAG), also known as the
polysaccharide intercellular adhesin (PIA), is an important
component of many bacterial biofilm matrices. In Staph-
yloccocus epidermidis, the poly-N-acetylglucosamine polymer is
partially de-N-acetylated by the extracellular protein IcaB. To
understand the mechanism of action of IcaB, the enzyme was overexpressed and purified. IcaB demonstrates metal-dependent
de-N-acetylase activity on β-1,6-linked N-acetylglucosamine oligomers with a broad preference for divalent metals. Steady-state
kinetic analysis reveals the low catalytic efficiency (pentasaccharide kcat/KM 0.03 M−1 s−1) of the enzyme toward the oligomeric
substrates. While IcaB displays similar rates of de-N-acetylation with tri- through hexasaccharide PNAG oligomers, position
specific de-N-acetylation was only observed with penta- and hexasaccharides. The enzyme preferentially de-N-acetylates the
second residue from the reducing terminus in the pentasaccharide and second and third residues from the reducing terminus in
the hexasaccharide. The data described here represent an important step toward a detailed understanding of dPNAG biosynthesis
in S. epidermidis, an important nosocomial pathogen, as well as in other Gram-positive bacteria. The low catalytic activity of IcaB
is consistent with reports of other enzymes which act on biofilm-related polysaccharides, and this emerging trend may indicate a
common feature among this group of polysaccharide processing enzymes.

Biofilms are surface-attached cellular communities of
bacteria that surround themselves with a secreted

matrix.1,2 The formation of a biofilm significantly increases
bacterial tolerance toward antibacterial agents and the host’s
defenses.3 Estimates suggest that over 65% of human microbial
infections are biofilm related.4 Exopolysaccharides are often key
components of the biofilm matrix.1 Exopolysaccharides act as a
structural support, as an adhesin, as a barrier against the hosts
immune system and play a key role in bacterial self-
organization.5,6

A polymer of partially de-N-acetylated β-1,6-linked N-
acetylglucosamine (dPNAG) has emerged as a major biofilm
matrix exopolysaccharide in Staphylococcus epidermidis7 and
aureus8 as well as in many Gram-negative bacteria1,9−15 (Figure
1). The Gram-positive bacteria S. aureus and S. epidermidis are
the most frequent causes of nosocomial infections on
indwelling medical devices.16 In these bacteria dPNAG is likely
the most important biofilm matrix component.1 The proteins
responsible for dPNAG production in S. epidermidis are
encoded by the icaADBC genes.17−21 IcaA and IcaD are
membrane proteins and, together, are required for maximal
GlcNAc polymerization from UDP-GlcNAc.20 IcaC is predicted
to be an integral membrane protein responsible for the export
of the growing polymer.21 IcaB is predicted to contain a single
de-N-acetylase domain with characteristics of the family 4

carbohydrate esterases (CE4), as defined by the CAZy
database.22 CE4 family members are characterized by metal-
dependent deacetylase activity and a conserved His-His-Asp
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Figure 1. Reaction catalyzed by IcaB and the structure of PNAG.

Article

pubs.acs.org/biochemistry

© 2013 American Chemical Society 5463 dx.doi.org/10.1021/bi400836g | Biochemistry 2013, 52, 5463−5471

pubs.acs.org/biochemistry


metal ligating triad. Immunofluorescence microscopy has
shown that IcaB is associated with the bacterial surface, and
the protein has also been detected in cell culture medium.17,21

Transposon mutagenesis of IcaB supports its activity as a β-1,6-
linked N-acetylglucosamine (PNAG) de-N-acetylase which acts
on PNAG postpolymerization.21 Deletion mutants of IcaB in S.
epidermidis and S. aureus have dramatically reduced biofilm
formation in vitro as well as reduced pathogenicity in animal
models of biofilm infections, suggesting this enzyme is a
potential therapeutic target for antibiofilm therapies.8,21

Recent structural and biochemical analysis of the Escherichia
coli homologue of IcaB, PgaB, revealed a two domain protein
with an N-terminal de-N-acetylase domain and a putative C-
terminal carbohydrate binding domain.23,24 PgaB was most
active with Co2+, Fe2+, or Ni2+ metal cofactors. IcaB is
homologous (24% identity, 55% similarity) to the N-terminal
de-N-acetylase domain of PgaB. In the present study, we
demonstrate the activity of IcaB on PNAG substrates with
recombinant protein. While PgaB and IcaB both have de-N-
acetylase activity toward the oligomeric PNAG substrates they
differ in their metal cofactor preference and substrate
recognition. These differences reflect upon the activity
requirements of the two proteins in the extracellular matrix
(IcaB) and periplasm (PgaB), respectively.

■ MATERIALS AND METHODS
Materials. Competent BL21 (DE3) and XL2-blue E. coli

cells were purchased from Strategene. Recombinant IcaB
(residues 30−289) was codon optimized and cloned into a
pET-16b expression vector between the NdeI and BamHI
restriction sites by BioBasic Inc. to yield plasmid UT032.
Superdex 75 gel filtration resin was from Amersham Pharmacia
Biotech, Ni(II)-nitrilotriacetic acid (NTA) agarose resin was
purchased from QIAGEN, and Chelex 100 resin was purchased
from BioRad. Most reagents used were purchased from Sigma-
Aldrich. Metal salts were a minimum of 99.9% pure. All buffers
for metal assays were treated with Chelex 100 to minimize trace
metal contamination. Milli-Q (Millipore) distilled deionized
water was used to prepare all buffers and growth media.
Overexpression and Purification of Recombinant His-

Tagged IcaBHis10. Competent BL21 (DE3) E. coli cells were
transformed using heat shock with the UT032 plasmid.
Overnight cultures were used to inoculate 1L of LB media
supplemented with 100 mg/L ampicillin, and the cultures were
grown at 37 °C to an OD600 of 0.5. The cells were cooled to 10
°C, allowed to grow until OD600 0.7−0.9, and induced with a
final concentration of 0.75 mM isopropyl β-D-thiogalactoside
(IPTG). Preliminary experiments demonstrated that the
addition of 1 mM Ni2+ or Zn2+ to the medium led to
significantly lower protein yields, so they were not added to
subsequent preparations. After 24 h at 10 °C, the cells were
harvested by centrifugation (3430g for 40 min at 4 °C). The
cell pellet from 1L of media was suspended in 20 mL of buffer
A (20 mM sodium phosphate, pH 7, 1 M NaCl, 5% (v/v)
glycerol) and subjected to sonication on ice (10 s pulses with a
10 s rest between pulses, eight times). The crude extract was
centrifuged to remove cell debris (16260g for 40 min at 4 °C).
The supernatant was gently mixed with 0.5 mL of Ni(II)-NTA
resin (QIAGEN) for 1 h before being loaded into a column (1
cm diameter). All purification steps were performed at 4 °C.
Unbound proteins were washed from the resin with 10 mL of
buffer A containing 20 mM imidazole. IcaBHis10 was eluted with
buffer A containing 150 mM imidazole. The purified protein

was dialyzed overnight against buffer A, washed with buffer B
(50 mM sodium phosphate, pH 8, 500 mM NaCl) by
centrifugation in an Amicon Ultra-15 10 000 Da MWCO
centrifugal filter (Millipore), and concentrated to 3 mg/mL.
The purity of the protein as analyzed by 15% sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS-PAGE) was
>95%. The protein was stored in buffer B at 4 °C. Protein mass
was confirmed by electrospray ionization mass spectrometry
(ESI-MS). The protein concentrations were determined using a
molar extinction coefficient of 39 400 M−1 cm−1 calculated
from a BCA assay on purified protein.

Preparation of IcaB. The purified IcaBHis10 was digested
with Factor Xa protease (New England Biolabs, Ipswich, MA)
according to the suggested protocol. Briefly, 1 mg of IcaBHis10
was incubated with 9 μg of Factor Xa at room temperature for 4
h in FXa reaction buffer (75 mM HEPES, pH 6.5, 75 mM
NaCl, 100 mM Na2SO4, 2 mM CaCl2). After protease
digestion, Factor Xa protease was removed from the reaction
mixture by affinity chromatography using Xarrest Resin. Xarrest
resin slurry (100 μL, pre-equilibrated with FXa reaction buffer)
was added to the cleavage reaction. The resin was resuspended
by gentle mixing and incubated for 10 min at room temperature
with slow rotation. The mixture was centrifuged for 5 min at
1000g and the supernatant collected. In order to remove
cleaved His-tag peptide, the sample was washed 4 times on 10
000 MWCO centrifugal filter with buffer B. The effectiveness of
the digestion was analyzed by SDS-PAGE.

Size Exclusion Chromatography. 50 μL of 1 mg/mL
IcaBHis10 (IcaB) was run at 0.25 mL/min on Superdex 75
column (Amersham Pharmacia Biotech) equilibrated with
buffer B. Gel filtration standards (BioRad) were used to
calculate protein molecular weight (thyroglobulin (bovine), 670
kDa; γ-globulin (bovine), 158 kDa; ovalbumin (chicken), 44
kDa; myoglobin (horse), 17 kDa; vitamin B12, 1.35 kDa).

PNAG Substrate Preparation. Oligomers of β-1,6-N-
acetylglucosamine were synthesized and purified as described
previously.25 The identity of the oligosaccharides was
confirmed by MALDI-MS and 1H NMR spectroscopy.
Oligosaccharides were stored as lyophilized powders at room
temperature and dissolved with deionized water or buffer as
required. The concentrations of the PNAG oligomers were
determined by 1H NMR spectroscopy with an internal standard
of dimethylformamide (DMF).

Assay Methods for Enzyme Activity. The enzymatic
activity of IcaB was measured with a fluorescamine
discontinuous assay with PNAG substrate (a mixture of
GlcNAc tetramer and pentamer)26 or a continuous fluorogenic
assay with 3-carboxyumberlliferyl acetate (ACC) as a
substrate.27 Standard reactions for the fluorescamine assay
consisted of 30 μM enzyme in buffer B, 30 μM CoCl2, and 50
mM PNAG substrate in a total volume of 25 μL. Purified
IcaBHis10 or IcaB and CoCl2 were preincubated at room
temperature for 1 h. PNAG oligomer was then added to a final
concentration of 50 mM, and immediately after mixing, 10 μL
of sample was removed and frozen (t = 0). The remaining assay
mixture was incubated at 37 °C for 24 h prior to removal of a
second 10 μL of sample. The pH of all samples was adjusted to
pH 9 by adding 20 μL of 0.5 M borate buffer, and the samples
were reacted with 10 μL of fluorescamine solution (20 mg/mL
in DMF). After incubation for 10 min at room temperature, 40
μL of deionized water was added, and the samples were
transferred to a Corning 3686 half-area 96-well black plate.
Fluorescence was quantified by using a TECAN Safire2 plate
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reader with excitation and emission wavelengths of 360 and 460
nm, respectively. The production of free amine was quantified
using a glucosamine standard.
For the steady-state initial velocity kinetics purified GlcNAc

trimer and pentamer were used as substrates, and the substrate
concentrations were varied from 10 to 200 mM. The
fluorescence intensity data were analyzed by using nonlinear
regression analysis with Grafit,28 with the default equations for
first-order reaction rates and Michaelis−Menten steady-state
kinetics. All measurements were performed in triplicate.
For the continuous fluorogenic assay 30 μM purified

IcaBHis10 in buffer B and 30 μM CoCl2 were incubated at
room temperature for 30 min. The mixture was then incubated
with the corresponding concentration of 3-carboxyumberlliferyl
acetate (ACC) substrate at room temperature for 9 min in a
total volume of 50 μL. Dimethyl sulfoxide (10% v/v) was
included to dissolve the substrate. For the steady-state initial
velocity kinetics the substrate concentrations were varied from
0.01 to 5 mM. The sample was excited at 386 nm and
continuously monitored for the increase in fluorescence
emission at 446 nm. The production of phenol was quantified
using 7 hydroxycoumarin-4-carboxylic acid as a standard. The
fluorescence intensity data were analyzed as above by using
nonlinear regression analysis with Grafit.28 All measurements
were performed in triplicate.
pH Dependence of IcaB. The pH dependence of the

enzyme reaction was measured between pH 5.0 and 9.0 at 37
°C using the fluorescamine assay described above with a PNAG
oligomer mixture of tetramer and pentamer GlcNAc using a
100 mM phosphate buffer system (37 °C) containing 250 mM
NaCl. The substrate and the enzyme concentrations in the
assay were as follows: 10 μM IcaBHis10, 10 μM of CoCl2, 50
mM substrate.
PNAG Oligomer Length Dependent IcaB Activity. The

GlcNAc length dependence of IcaBHis10 was measured using the
fluorescamine assay described above with the following
substrates: N-acetylglucosamine, (GlcNAc)2, (GlcNAc)3,
(GlcNAc)4, (GlcNAc)5, and (GlcNAc)6. The oligosaccharide
concentrations were determined using 1H NMR and DMF as
an internal standard. The samples contained 30 μM IcaBHis10,
30 μM CoCl2, and 50 mM substrate.
Metal Dependent Activity. The enzyme (30 μM) in

buffer B was preincubated in the presence of various divalent
metals as chloride or sulfate salt solutions (30 μM) or metal
chelators (1 mM) at room temperature for 30 min. The
mixture was then incubated at 37 °C for 24 h with 50 mM of
the PNAG GlcNAc tetramer and pentamer oligomer mixture,
and the amount of de-N-acetylation quantified using the
fluorescamine assay described above. All Fe(II) assay steps were
performed in a glovebox with degassed buffers for the Fe(II)
salt until the end of the incubation.
To analyze metal dependence of the apo-IcaB, the purified

protein (30 μM) was incubated with 3 mM dipicolinic acid
(DPA) for 1 h at room temperature in buffer B. The protein
solution was then desalted with a PD-10 column pre-
equilibrated with Chelex treated buffer B. The fractions were
concentrated with a 10 000 MWCO centrifugal filter. The
apoenzyme (20 μM) in buffer B was preincubated in the
presence of various divalent metals as chloride or sulfate salt
solutions (20 μM) at room temperature for 30 min. The
mixture was then incubated at 37 °C for 24 h with 50 mM
PNAG GlcNAc tetramer−pentamer oligomer mixture. The
activity of the enzyme was measured in triplicate using the

fluorescamine assay described above. The assays with Fe(II)
were carried out anaerobically in a glovebox as described above.

Metal Analysis. Inductively coupled plasma−atomic
emission spectroscopy (ICP-AES) was carried out at the
Analytical Lab for Environmental Research and Training at the
University of Toronto. ICP-AES samples were prepared by
diluting concentrated enzyme samples to 5 μM in 5 mM
phosphate buffer, pH 7.5. Control samples were prepared using
5 mM phosphate buffer, pH 7.5, and were subtracted from the
signals acquired from the enzyme samples during ICP-AES
analysis.

Determination of the De-N-acetylation Position by
IcaB on PNAG Oligomers. The position of de-N-acetylation
within the PNAG oligomers was determined by using ESI-MS/
MS analysis. GlcNAc oligomers (50 mM) were incubated with
IcaBHis10 (100 μM) in buffer B with 1 mg/mL bovine serum
albumin (BSA) for 48 h at 37 °C in a total volume of 100 μL.
The mixture was then diluted to 1.5 mL and dialyzed against
deionized water by using a 100 MWCO membrane
(Spectrapor). The resulting mixture was lyophilized and
redissolved in 500 μL of deionized water. To separate
deacetylated PNAG oligomer from the non-deacetylated
material, the samples were purified on a small (∼500 μL)
Dowex 50Wx2-100 column equilibrated with deionized water.
The sample solution was loaded onto the column, and the
column was washed with 3 mL of deionized water. The de-N-
acetylated products were eluted with 1.5 mL 10% (v/v)
NH4OH and lyophilized. The resulting solid was redissolved in
deionized water (100 μL) and analyzed by ESI-MS/MS.
To simplify the fragment deconvolution of de-N-acetylated

GlcNAc pentamer and hexamer, the reducing end of the
oligosaccharides was reduced prior to ion exchange purification.
The enzyme reaction was diluted to 1 mL with water and
treated with sodium borohydride (1−3 mg) for 12 h at room
temperature. The reaction was quenched with acetic acid (∼20
μL) and treated as described above.
Tandem MS was performed on the samples in positive mode

using an AB Sciex QSTAR instrument with a TurboIonSpray
source.

■ RESULTS

Overexpression and Purification of Recombinant
IcaB. Residues (30−289) of S. epidermidis IcaB were expressed
in E. coli from a pET16b plasmid to give IcaBHis10, which lacked
the native N-terminal signal peptide and carried an N-terminal
ten histidine tag. To minimize the formation of inclusion
bodies, protein expression was induced at 10 °C with IPTG.
Homogenous protein (IcaBHis10), as judged by Coomassie
stained SDS-PAGE analysis, was achieved after purification on a
Ni(II)-NTA column (Figure S1A). It was necessary to maintain
a high ionic strength in all buffers (>500 mM NaCl) to prevent
protein aggregation and precipitation. After dialysis the protein
was supplemented with 5% (v/v) glycerol and could be stored
at 4 °C for up to 10 days with no significant loss of activity. The
typical yield of purified enzyme was ∼5 mg/L. Gel filtration
analysis showed one predominant species with apparent
molecular mass of 33 kDa, suggesting that the protein is
monomeric at the concentrations evaluated (Figure S2). The
calculated molecular mass of the recombinant His-tagged
protein (33 113 Da) was confirmed by ESI-MS (data not
shown). The His-tag could be cleaved from the construct with
FactorXa protease to yield IcaB (Figure S1B).
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Activity of IcaB. Previous studies have shown deletion
mutants of IcaB in S. epidermidis result in the formation of fully
acetylated PNAG, suggesting that IcaB is responsible for PNAG
de-N-acetylation.21 To assess IcaB’s de-N-acetylase activity in
vitro recombinant IcaBHis10 was incubated with synthetic PNAG
oligomers and de-N-acetylation was monitored using a
fluorescamine assay.29 Time dependent de-N-acetylation of
the PNAG oligomers was observed (data not shown). No de-
N-acetylation activity was observed against chitotetraose (β-1,4-
linked GlcNAc) under similar conditions, suggesting IcaB has
specificity for PNAG de-N-acetylation (data not shown).
Using the fluorescamine assay with the oligomeric PNAG

substrates, the metal and pH dependence of IcaB activity was
evaluated. The pH dependence of IcaBHis10 was consistent with
observations for other CE4 members showing increasing de-N-
acetylase activity with pH up to approximately pH 8 (Figure
2).26 Incubation of IcaB or IcaBHis10 with metal chelators

(EDTA or DPA) dramatically reduced the de-N-acetylase
activity, supporting the metal dependence of the enzyme

(Figure 3). Analysis of the as-isolated protein by ICP-AES
showed the predominant metal copurifying with the enzyme to
be zinc although nickel, manganese, calcium, and magnesium
were also present (data not shown). The addition of divalent
metals to as isolated IcaBHis10 or IcaB did not provide
substantial increases in de-N-acetylation activity, with the
exception of Co2+, which gave a 4-fold increase over the as
isolated protein (Figure 3). Significant decreases in activity
were observed for Ni2+, Mn2+, and Fe2+ for IcaBHis10 but not
IcaB, suggesting metal chelation to the His-tag effects de-N-
acetylation activity. Apo-IcaB was isolated by incubation with
the chelator DPA followed by size exclusion chromatography.
The isolated apoenzyme, in the absence of metal chelator,
retained approximately 15% of the activity of the as isolated
enzyme, likely due to low level divalent metal contamination
(Figure 4). Addition of stoichiometric metal to the apoenzyme

resulted in the recovery of activity with the highest activity
observed for Co2+, Zn2+, and Mn2+ (Figure 4). The metal
loading of the enzyme was confirmed by ICP-AES analysis,

Figure 2. pH activity profile of IcaB. IcaBHis10 (10 μM), CoCl2 (10
μM), and PNAG substrate (50 mM mixture of tetramer and
pentamer) were incubated 24 h in an sodium phosphate buffer (100
mM with 250 mM NaCl). The amount of de-N-acetylation was
determined using a fluorescamine assay. Bars represent standard
deviation of triplicate experiments.

Figure 3. Metal dependence of IcaB activity. IcaBHis10 (30 μM) was incubated at 37 °C for 24 h with PNAG substrate (50 mM mixture of tetramer
and pentamer) and either metal ion (30 μM) or metal chelator (1 mM) in buffer B. All metals were added as chloride or sulfate salts. Control is
purified as isolated IcaBHis10 (black) or IcaB (white). Bars represent standard deviation of triplicate experiments.

Figure 4. Metal dependent activity of apo-IcaB. Apo-protein (20 μM)
was incubated at 37 °C for 24 h with PNAG substrate (50 mM
mixture of tetramer and pentamer) and metal ion (20 μM) in buffer B.
Control is DPA treated apo-protein prior to additional metal ions. All
metals were added as chloride or sulfate salts. IcaBHis10 (black) or IcaB
(white). Bars represent standard deviation of triplicate experiments.
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where enzyme incubated with Zn2+ or Co2+ showed 80% and
50% metal loading, respectively, after extensive dialysis (data
not shown).
As an alternative to the fluorescamine end point assay it was

found that IcaB also hydrolyzes the fluorogenic substrate 3-
carboxyumberlliferyl acetate (ACC).27 This ester provides a
useful substrate for comparison to other CE4 enzymes, which
recognize other saccharide amide or ester substrates. Similar
patterns of metal dependent activity were observed for the
enzyme with ACC, suggesting a similar mechanism for ester
cleavage (data not shown).
De-N-acetylation of PNAG Oligomers. dPNAG isolated

from S. epidermidis on average contains one de-N-acetylation
every 4−5 GlcNAc residues.7 Digestion analysis of isolated
dPNAG has found no defined pattern of de-N-acetylation along
the polymer, and there are likely spans of low de-N-acetylation
as well as regions of higher de-N-acetylation.7 Despite no
defined pattern of de-N-acetylation being observed in the global
analysis of the dPNAG polymer, the de-N-acetylation positions
may be biased by the substrate recognition of IcaB influencing
the local de-N-acetylation positions in the polymer. To evaluate
the size of the PNAG polymer recognized at the IcaB active
site, the length dependence of the de-N-acetylation activity was
evaluated with a panel of synthetic oligomeric PNAG
substrates.25 It was necessary to carefully standardize the
oligomer concentrations using 1H NMR as the oligomer
samples contained varying amounts of water after lyophiliza-
tion. Using the fluorescamine assay, the PNAG oligomers were
incubated with IcaBHis10 and the extent of de-N-acetylation was
evaluated (Figure 5). No de-N-acetylation activity was observed

with the mono- or disaccharide substrates, while longer
oligomers from trisaccharide up to a hexasaccharide showed
equivalent levels of de-N-acetylation. These results suggest that
the occupancy of a minimum of two subsites in addition to the
active site are required for productive de-N-acetylation.
To further refine the model of IcaB activity, the position of

de-N-acetylation within PNAG oligomers were determined by
ESI MS/MS analysis (Figure 6 and Figures S3−S5). Because of
the low catalytic activity of IcaB (see below), only small a small
fraction of the oligomers were de-N-acetylated. Thus, it was
necessary to separate the non-de-N-acetylated oligomers from
the products of the reaction using cation exchange chromatog-

raphy prior to analysis. Regardless of the oligomer length only
mono-de-N-acetylated products were observed. The mono-de-
N-acetylated tri- and tetrasaccharide substrates (ions of m/z
586.3 or 789.3, respectively) were fragmented to give masses
consistent with de-N-acetylation at all possible positions within
the oligomers (Figures S3 and S4). In order to simplify the
analysis of the de-N-acetylated penta- and hexasaccharide
substrates, the oligosaccharides were reduced prior to analysis
with sodium borohydride. The ions that correspond to mono-
de-N-acetylated products of the penta- and hexasaccharide were
fragmented (ions of m/z 994.4 or 1097.5, respectively) (Figure
6 and Figure S5). Interestingly, it was found that PNAG
pentasaccharide was de-N-acetylated only at the second
GlcNAc residue from the reducing terminus (Figure 6A).
MS/MS analysis of the partially de-N-acetylated PNAG
hexasaccharide gave two main de-N-acetylation positions at
the second and third GlcNAc residues from the reducing
terminus (Figure 6B and Figure S5). These results are
counterintuitive given the similar levels of de-N-acetylation
activity across the tri- through hexasaccharide substrates
(Figure 5). IcaB may have an extended active site, which
recognizes the larger oligomers but contributes no net
difference toward the overall de-N-acetylation catalysis beyond
a trisaccharide.
Given the similar levels of de-N-acetylation observed for the

tri- through hexasaccharide PNAG oligomers and differences in
regiochemistry of de-N-acetylation observed with the
oligomers, the tri- and pentasaccharide substrates were
subjected to further kinetic analysis. Following the de-N-
acetylation of the oligomers with 6 time points over 24 h
showed a linear increase in de-N-acetylation while the total
amount of de-N-acetylation remained under 1%. The initial
velocity was determined at substrate concentrations from 10 to
200 mM, and the Michaelis−Menten parameters were
calculated by direct curve fitting (Figure 7). The values
obtained for the trisaccharide and pentasaccharide were the
same within experimental error, consistent with the substrate
length de-N-acetylation dependence described above.

■ DISCUSSION
The importance of IcaB in dPNAG dependent biofilm
formation makes it an attractive target for the design of
inhibitors targeting Staphylococcal biofilms. Recent structural
and functional characterization of the IcaB homologue from E.
coli, PgaB, provides perspective on the differences between
these important de-N-acetylases in Gram-positive and Gram-
negative systems. Although these proteins perform the same
reaction, the proteins differ in both size and cellular localization.
PgaB is a two-domain periplasmic lipoprotein, with an N-
terminal de-N-acetylase domain and a C-terminal domain that
is proposed to be a carbohydrate-binding domain. IcaB is
homologous to the N-terminal domain of PgaB (24% identity
and 55% similarity). IcaB was found to have a low catalytic
efficiency (kcat/KM 0.03 M−1 s−1 for PNAG pentamer) against
the synthetic oligomers consistent with our previous kinetic
analysis of PgaB (kcat/KM 0.26 M−1 s−1 against the PNAG
pentamer). These catalytic parameters are poor in comparison
with the majority of other characterized enzymes which on
average have kcat (s

−1) values greater that unity and kcat/KM
values greater that 104 (M−1 s−1).30 Other CE4 de-N-acetylases
are also considerably better catalysts (e.g., Streptococcus
pneumoniae peptidoglycan de-N-acetylase (SpPgdA) kcat 0.6
s−1, kcat/KM 150 M−1 s−1 against chitotriose) than the PNAG

Figure 5. Substrate length dependence of IcaB. PNAG oligomers (50
mM) of varying length were incubated with IcaBHis10 (30 μM) and
CoCl2 (30 μM) in buffer B. Substrate concentrations were
standardized using 1H NMR. Amount of de-N-acetylation was
determined using the fluorescamine assay. Bars represent standard
deviation of triplicate experiments.
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de-N-acetylases IcaB and PgaB.26 However, when IcaB’s kinetic
parameters (kcat 0.0007 s−1) are compared with other enzymes
that act on biofilm matrix polysaccharides such as the alginate
epimerase AlgG (kcat ∼ 0.02 s−1), the parameters are more
consistent.31 The low catalytic proficiencies of these biofilm
matrix enzymes may be related to the slowed metabolic activity
and the extended doubling times of bacteria residing in biofilms
and the incomplete de-N-acetylation or epimerization found on
these biofilm matrix polysaccharides. Also, given the extrac-
ellular nature of IcaB, the enzyme likely has extended exposure
to the PNAG polymer substrate in comparison with PgaB and
AlgG which act as the polysaccharide transits the periplasm;
thus, the extended exposure time to the polysaccharide
substrate would require further reductions in catalytic activity
to maintain low levels (∼20%) of PNAG de-N-acetylation
observed.
The poor activity of PgaB in comparison with other CE4 de-

N-acetylases was rationalized based on the structure of the
active site, which showed the absence of a key Asp residue.23 In
the SpPgdA Asp391 is hydrogen bonded to the catalytic His417
residue (Figure 8C). His417 is proposed to protonate the
tetrahedral intermediate leading to amide bond hydrolysis.26

We have hypothesized that the lack of this important acidic
residue in the PgaB de-N-acetylase active site attenuates the
enzyme’s activity.23 Homology models of IcaB were built using
Phyre2 to evaluate the similarity of IcaB to PgaB and other
structurally characterized CE4 de-N-acetylases.32 The best
models generated were based on the structures of PgaB
(PDB: 4F9D) as well as the putative polysaccharide deacetylase
bc0361 (PDB: 4HD5) from Bacillus cereus with alignment
coverage over 90% of the IcaB sequence.23,33 Both of these
models indicate that the catalytic His47 residue of IcaB does
not have an acidic hydrogen-bonding partner, suggesting IcaB’s
activity may be attenuated for similar reasons to PgaB (Figure

8A,B). Overlays of the active site of IcaB and the highly active
CE4 de-N-acetylase SpPgdA show the conservation of the other
active site residues (Figure 8C).
In contrast to previous studies on PgaB, it was possible to

saturate the activity of IcaB with the PNAG oligomers allowing
calculation of the Michaelis−Menten parameters. The KM (20−
30 mM) of IcaB for the oligomeric substrates is significantly
lower than the KM of PgaB (>50 mM) which could only be
estimated as the enzyme activity was not saturated at the
solubility limit of the PNAG oligomers. One explanation for
this difference is that IcaB lacks the putative carbohydrate
binding domain present in PgaB, and thus the active site of IcaB
requires higher substrate affinity. In PgaB the full length PNAG
substrate may span the domains allowing the C-terminal
domain to provide affinity for the polymer; the PNAG
oligomers assayed are not of sufficient length to span the
domains. From the models of IcaB it is evident that PgaB has
two extended loops that lie on one side of the active site, which
are absent in IcaB (Figure 8). These differences in structure
flanking the active site are consistent with different recognition
in the binding subsites that result in altered positional
preferences for de-N-acetylation and the differential depend-
ence on oligomer length observed between the two enzymes
with the PNAG oligomers. It is important to note that the PgaB
active site is also found in close proximity to the C-terminal
domain which may contribute to substrate recognition. One
model of substrate recognition consistent with the data would
be dominant recognition by IcaB of the nonreducing terminal
portion of the polymer by the region flanking the active site
that lacks homology to PgaB. This would explain the preference
for de-N-acetylation close to the reducing terminus of the larger
oligomers by IcaB as well as the IcaB’s lower KM in comparison
with PgaB. As PgaB is found to preferentially de-N-acetylate the
central residue in a PNAG pentasaccharide and have a weaker

Figure 6. (A). Structure and calculated molecular weights of each fragment of mono-de-N-acetylated GlcNAc pentasaccharide observed in tandem
ESI-MS/MS analysis. (B) Structures of GlcNAc oligomers analyzed with the sites of deacetylation shown with arrows.
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oligomer affinity, the subsite binding energy must be more
evenly distributed across the reducing and nonreducing
terminal subsites.
Using an unnatural coumarin-based fluorogenic substrate

ACC, it is possible to compare the kcat parameters of PgaB

(0.013 s−1) and IcaB (0.0007 s−1) as the KM values of this
substrate can be determined for both enzymes.27 These values
are consistent with the differences in kcat/KM seen with the
oligomeric PNAG substrates. The kcat values of the ester and
natural amide substrates for IcaB are similar (0.0013 vs 0.0007
s−1). This is counterintuitive given the electronic differences
between esters and amides, but similar observations have been
made with other metaloamidases.34 The activity of SpPgdA
with a similar unnatural substrate to ACC, 4-methylumbelliferyl
acetate, shows 1000−10 000 times higher kcat and kcat/KM

values, further emphasizing the attenuated catalysis of PNAG
de-N-acetylases for not only unnatural but also the native
substrate.35

The metal dependence of IcaB was analyzed with and
without the N-terminal His tag. The activity of the as-isolated
enzyme was not dramatically affected by the addition of
divalent metals, suggesting the recombinant IcaB consistently
copurified with metal cofactors, predominately zinc (data not
shown). Addition of divalent metals to apo-IcaB gave similar
increases across a range of divalent metals with the highest
activity being observed with Co2+. Optimal deacetylase activity
is often observed with Co2+ in CE4 enzymes, although it is
unlikely to be the naturally occurring cofactor due to its low
bioavailability.23,26,36−38 Interestingly, in contrast to the
observations for PgaB, significant increases in activity, above
other divalent ions, was not observed on addition Ni2+ or Fe2+,
but a general increase in activity was observed with all the
divalent metal ions evaluated (Figure 4).20 The promiscuous
metal dependence of IcaB suggests the enzyme can use a variety
of metals depending on their availability. This is consistent with
IcaB being an extracellular protein that can use the divalent
metal available in a range of environmental conditions.
In conclusion, we have demonstrated that IcaB exhibits de-N-

acetylase activity on PNAG oligomers. IcaB has poor catalytic
activity consistent with the results observed for its E. coli
homologue, PgaB, as well as the alginate epimerase AlgG,
suggesting this may be a common feature of enzymes that act
on biofilm matrix polysaccharides.23,31 The observed substrate
recognition and metal dependence of the enzyme will facilitate
the design of biofilm inhibitors targeting IcaB.

Figure 7. Steady-state kinetics for IcaBHis10 using (A) PNAG
(GlcNAc)3 and (GlcNAc)5 or (B) ACC as substrates. Initial velocities
were calculated after 10 h ((GlcNAc)3 or (GlcNAc)5) or 9 min (ACC)
of incubation with 30 μM IcaBHis10 and 30 μM CoCl2 in buffer B at
indicated substrate concentrations.

Figure 8. Structural comparison of the Phyre2 generated model of IcaB and E. coli PgaB and SpPgdA. (A) Cartoon representation of the IcaB model
(green) and its superposition with the N-terminal domain of PgaB (PDB: 4F9D, magenta). Black arrows indicate loops with substantial predicted
structural differences. Superposition of the active site residues of (B) IcaB (green) and PgaB (magenta) and (C) IcaB and SpPgdA. In all panels the
active site metal ion is shown as a gray sphere.
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