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SUMMARY

The oral pathogen, Aggregatibacter actinomycetemcomitans, uses pga gene locus for the
production of an exopolysaccharide made up of a linear homopolymer of B—1,6-N-acetyl-
D-glucosamine (PGA). An enzyme encoded by the pgaB of the pga operon in A.
actinomycetemcomitans is a de-N-acetylase which is used to alter the PGA. The full length
enzyme (AaPgaB) and the N-terminal catalytic domain (residues 25-290, AaPgaBN) from A.
actinomycetemcomitans were cloned, expressed and purified. The enzymatic activities of the
AaPgaB enzymes were determined using 7-acetoxycoumarin-3-carboxylic acid as the substrate.
The AaPgaB enzymes displayed significantly lower de-N-acetylase activity compared with the
activity of the deacetylase PdaA from Bacillus subtilis, a member of the CE4 family of enzymes.
To delineate the differences in the activity and the active site architecture, the structure of
AaPgaBN was determined. The AaPgaBN structure has two metal ions in the active site instead of
one found in other CE4 enzymes. Based on the crystal structure comparisons among the various
CE4 enzymes, two residues, Q51 and R271 were identified in AaPgaB, which could potentially
affect the enzyme activity. Of the two mutants generated, Q51E and R271K, the variant Q51E
showed enhanced activity compared to AaPgaB validating the requirement that an activating
aspartate residue in the active site is essential for higher activity. In summary, our study provides
the first structural evidence for a di-nuclear metal site at the active site of a member of CE4 family
of enzymes, evidence that AaPgaBN is catalytically active and that mutant Q51E exhibits higher
de-N-acetylase activity.
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INTRODUCTION

Bacteria in a biofilm are enmeshed together in a self-synthesized matrix that enables the
bacterial cells to firmly attach to the underlying surface. Biofilms significantly contribute
to immune evasion and to increased resistance to antibiotics (Mah & O’Toole 2001).
Exopolysaccharides, consisting of various sugars, are often a major component of the
bacterial biofilm matrix (Watnick & Kolter 2000). Exopolysaccharides ensure bacterial
survival by enabling abiotic surface attachment and intercellular adhesion (Agladze et
al., 2005; Heilmann et al., 1996; McKenney et al., 1998; Wang et al., 2004), providing
protection from host innate defenses including phagocytosis and antimicrobial peptides
(Vuong et al., 2004a; Vuong et al., 2004b), and increasing virulence (Kropec et al., 2005;
Rohde et al., 2010).

Among the oral bacteria, Aggregatibacter actinomycetemcomitans has been linked to
localized aggressive periodontitis LAP (Zambon 1985). Recently, accumulating evidence
has suggested that A. actinomycetemcomitans is required to initiate LAP, which occurs
with a higher frequency not only in children of African American descent (2%) but also
Hispanic (1%), Caucasian (0.1%) and Asian descent (Haubek et al., 1997; Shaddox et

al., 2010). A major component of the biofilm matrix of A. actinomycetemcomitansis the
exopolysaccharide, a linear homopolymer of N-acetyl-D-glucosamine (GICNAC) residues
in B-(1,6) linkage (PGA) (Kaplan et al., 2004b). This exopolysaccharide is functionally
and genetically related to extracellular polysaccharide produced by Escherichia coli,
Staphylococcus aureus, Staphylococcus epidermidis and Actinobacillus pleuropneumoniae
(Izano et al., 2007). The exopolysaccharides from these bacteria, usually referred to as PGA,
poly N-acetylglucosamine (PNAG) or polysaccharide intercellular adhesin (PIA), appear to
differ in their molecular weight, in the degree of deacetylation of the GICNAC residues,

and in the presence of O-succinate substituents (Joyce et al., 2003; Mack et al., 1996;
Maira-Litran et al., 2002; Sadovskaya et al., 2006).

The production of these exopolysaccharides is controlled by proteins encoded by a cluster
of four tightly linked genes, icaADBC in S. epidermidis (Gerke et al., 1998) and pgaABCD
in £. coli(Wang et al., 2004), A. actinomycetemcomitans and A. pleuropneumoniae
(Kaplan et al., 2004a). Among these four proteins, £. coli PgaB (£cPgaB) has been
previously suggested to possess a de-N-acetylase domain (Muong et al., 2004b), which

has been demonstrated experimentally to be a de-N-acetylase 7/ vivo (Itoh et al., 2008)

and /n vitro (Little et al., 2012). A recent report confirmed that the S. epidermidis |caB
(SelcaB) is also a de-N-acetylase by demonstrating the metal dependent enzyme activity on
N-acetylglucosamine oligomers (Pokrovskaya et al., 2013). However, the £cPgaB enzyme
is a two-domain protein possessing an additional C-terminal domain compared to SelcaB.
Unlike SelcaB though, the N-terminal domain of £cPgaB does not possess enzymatic
activity (Little et al., 2014). In this regard, the C-terminal domain of £cPgaB has been
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suggested to assist in the binding of the exopolysaccharide and either may be responsible in
guiding the polymer to the N-terminal domain or facilitate export through interaction with
PgaA (Little et al., 2014).

While most exopolysaccharides are known to be either neutral or polyanionic (Sutherland
2001), it is known that bacterial enzymes alter exopolysaccharides either during or after
secretion. Such changes significantly alter the physicochemical and structural properties of
the matrix (Mah & O’Toole 2001). One common mechanism is deacetylation of PGA. In
this regard, PGA from A. actinomycetemcomitans is deacetylated up to 10% (Izano et al.,
2007), whereas the degree of deacetylation varies in other bacterial PGA. For example, PGA
in S. epidermidis occurs in a deacetylated state up to 15 to 20% (Vuong et al., 2004b),
whereas £. coliPGA consists of 3-5% (Allignet et al., 2001; Darby et al., 2002; Parise et al.,
2007; Wang et al., 2004). It is unclear why deacetylation of exopolysaccharide is limited in
these bacteria; a possible scenario is a slowed metabolic activity in biofilms. In this regard,
the low level of deacetylation by AaPgaB might be necessary for A. actinimycetemcomitans
to cope with the conditions that it encounters during its life cycle in the oral biofilms. Firstly,
the biofilm-degrading enzyme from A. actinomycetemcomitans, Dispersin B, is an essential
enzyme for the survival of A. actinomycetemcomitans in the oral cavity to assist in the

distal site colonization (Stacy et al., 2014). Because Dispersin B uses a substrate assisted
hydrolytic mechanism (Ramasubbu et al., 2005), absence of the acetate group in PGA

will render the enzyme ineffective. Thus, fully deacetylated or highly deacetylated PGA
(highly efficient AaPgaB) may not be beneficial for bacterial survival under conditions with
limited nutrients, a common environment in the oral cavity. At a low level of deacetylation,
the chains are sufficiently charged to bind to extracellular DNA that is present in the A.
actinomycetemcomitans biofilm matrix and assisting the planktonic cells to bind to the
matrix. In addition, the charged PGA molecules could also bind to other bacterial cells in the
matrix and enhance the aggregation of cells. This intercellular interaction is commonly
observed in biofilms, especially in A. actinomycetemcomitans. Our earlier studies in

biofilm growth characteristics of mutant strains of A. actinomycetemcomitans lacking PGA
synthesis have shown that aggregation is abolished (lzano et al., 2007). Higher electrostatic
interactions in highly charged PGA due to efficient deacetylation might affect membrane
permeability and could become toxic to the bacterial cells. While it has not been shown that
fully deacetylated PGA is either bacteriostatic or bactericidal, chitosan, the B(1,4)-linked
polymer of GIcNAc has been shown to be antibacterial for several bacteria (Liu et al., 2004).
Also, a mutant strain of S. aureus producing the fully acetylated polymer of PIA is shed

into the medium and not retained on the cellular surface resulting in deficiencies in biofilm
formation and surface attachment (Vuong et al., 2004a).

The importance of PGA in bacterial biofilms is well established; PGA could provide a
mechanism to improve fitness in many pathogenic organisms (Cywes-Bentley et al., 2013;
Shanmugam et al., 2015; Whitfield et al., 2015). Recent studies support this suggestion
by demonstrating that pga mutant strain was outcompeted by the wild type strain of £.
coliin a urinary tract infection model (Subashchandrabose et al., 2013), and that in A.
actinomycetemcomitans, lack of PGA production affected its colonization efficiency in a
rat model (Shanmugam et al., 2015). While there have been studies highlighting the genes
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involved in the production of PGA in A. actinomycetemcomitans (Kaplan et al., 2004a),
structural or functional information about the de-N-acetylase activity of PgaB from A.
actinomycetemcomitans (AaPgaB) is lacking. In the present study we investigated AaPgaB,
which is a single chain polypeptide consisting of 638 amino acids and has a predicted
molecular mass of 73 kDa. The AaPgaB enzyme is classified as a member of CE4 enzymes
as defined by the CAZY database [http://www.cazy.org/(Coutinho & Henrissat 1999)],
which includes several members that share the primary structure assigned as the “NodB
homology domain” (Caufrier et al., 2003). The focus of the present report is several fold: 1)
to determine whether or not the N-terminal domain of AaPgaB (AaPgaBN) exhibits catalytic
activity; 2) to determine whether or not the presence of the C-terminal domain has any
effect on the activity displayed by the full-length enzyme AaPgaB; and 3) to determine

the three dimensional structure of AaPgaBN and to test whether or not structure-guided
mutagenesis could be utilized to enhance the catalytic efficiency of the AaPgaB. Such an
enhancement would partially validate the mechanism of deacetylation proposed earlier for
family 4 carbohydrate esterases (CE4) enzymes (Blair et al., 2005), but also improve our
understanding of the poor catalytic efficiency exhibited by the de-N-acetylases, in general.

MATERIALS AND METHODS

Cloning, expression and purification of AaPgaBN, AaPgaB and BsPdaA.

The AapgaB gene (73-1914 bp corresponding to residues 25-638 of the mature PgaB
enzyme) and AapgaBN gene (73-870 bp corresponding to residues 25-290 of the mature
PgaB enzyme) were amplified from the genomic DNA of A. actinomycetemcomitans (strain
JP2 (Haubek et al., 1996)) using a forward primer, which inserts a Nde/ restriction site

at position 73 of pgaB, and a reverse primer with a Xho/ restriction site (Table 1).

The amplified PCR products were digested with AMde/and X#ho/ and ligated into the
corresponding sites of the pET29b vector to yield plasmid pSM48 (AaPgaBN) and subjected
to DNA sequence analysis. The plasmid was transformed into Rossetta™ cells (Novagen).
We also cloned and expressed the de-N-acetylase enzyme BsPdaA from Bacillus subtilis
(Strain 168) which has the critical aspartate for comparison to the enzyme activities of Aa
enzymes. The BspaaA gene (70-789 bp corresponding to residues 24-263 of the mature
PdaA enzyme) was cloned into pET29b using In-Fusion™ PCR Cloning method (Clontech)
to generate plasmid pCP1 and transformed into Stellar competent cells (Clontech). The
restriction sites (Mdel and Xhol) were introduced in the primers to facilitate cloning into
PET29b vector (Novagen) and to utilize the polyhistidine tag in the vector, although two
non-native amino acids will be present at the C-terminal end of the expressed proteins.
Transformants were inoculated into 100 mL of Luria-Bertani broth supplemented with

50 pg of kanamycin per mL for 16 h. A 2-liter Erlenmeyer flask containing 500 mL of
Luria-Bertani broth supplemented with 30 pg of kanamycin per mL was inoculated with 10
mL of an overnight culture. The flask was incubated at 37 °C with agitation (200 rpm) until
the optical density at 600 nm reached 0.6 (1.5 h). IPTG was added to a final concentration
of 0.1 mM and the flask was further incubated for an additional 4 h with agitation. The cells
were harvested by centrifugation for 15 min at (6000 x g, 4°C) and the cell pellet was stored
at —80°C until further use.
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The cell pellet was thawed at room temperature and resuspended in 20 mL of 20 mM
Tris-HCI, pH 8.5, 500 mM NaCl, 5 mM imidazole (Buffer A). The cell suspension was
then sonicated on ice for 20 min (30 s pulse and 30% duty cycle) by using a Branson

model 450 sonicator equipped with a microprobe to lyse the cells. The cell debris was
pelleted by centrifugation at 15,000 x g for 20 min at 4°C. The supernatant containing the
recombinant protein was filtered through a 0.45 um membrane filter (Corning) and purified
by immobilized metal affinity chromatography using an AKTA FPLC system controlled

by UNICORN™ software version 5.1 (GE Healthcare). Briefly, a 5 mL HisTrap chelating
HP column (GE Healthcare) prepacked with Ni2* Sepharose was equilibrated with Buffer
A prior to sample injection. Clarified supernatant (2 mL) was loaded on the column via

a sample loop at a flow rate of 1.0 mL/min. Unbound proteins were eluted with a 5

column volume of Buffer A. The bound proteins were eluted with a gradient of imidazole
(5-200 mM in Buffer A, achieved in 40 column volumes). Fractions (1 mL) of the

eluate were collected and assayed for the presence of proteins by SDS-PAGE. Fractions
containing protein of the appropriate molecular mass were pooled and dialyzed against

20 mM Tris-HCI, pH 8.5 by using a 10 kDa cutoff dialysis membrane at 4°C (3x buffer
exchange with 1000 mL each). The dialyzed solution was concentrated using Amicon
CentriPlus YM-10 (Millipore) membranes, aliquoted and stored at —80°C. To incorporate
selenium to generate Se-Met derivative for structural analysis, bacteria were cultured in

M9 medium supplemented with 50 mg/L SeMet, lysine, threonine, phenylalanine, leucine,
and isoleucine. The Se-Met derivative (AaPgaBN25-2%0) was also expressed and purified as
above. For kinetic experiments, full-length enzyme AaPgaBN25-638 and two mutants (Q51E
and R271K) were also generated. Primers used for the mutations are given in Table 1.
Mutant proteins and the BsPdaA enzyme were expressed and purified as per the procedure
used for the wild type enzyme AaPgaB with some modifications: the R271K mutant

and BsPdaA enzymes were expressed at 18°C and 25°C, respectively. For R271K, the
kanamycin concentration was reduced to 20 pg per mL and induced with 0.05 mM of IPTG
to obtain soluble protein. Molecular weight and purity of the proteins were characterized by
mass spectrometry analysis and gel electrophoresis (data not shown).

Crystallization and data collection of AaPgaBN.

Initial crystallization trials were carried out with the Mosquito robot using 100 nL of

the protein (AaPgaBN25-29 or Se-MetAaPgaBN25-290) at 10 mg/mL and 100 nL of

the reservoir solution from crystallization screens from Hampton Research, Molecular
Dimensions and Qiagen. Several attempts to crystallize these variants or other shorter
variants were otherwise unsuccessful. However, one diffraction quality crystal was obtained
using the Se-Met derivative with the following condition: 20% PEG 6000, 0.01 M ZnCl,
and 0.1 M HEPES at pH 7.0. Although the Se-Met variant was successfully crystallized
once, further attempts were unsuccessful. The lone Se-Met crystal was mounted on a

loop (Hampton Research) and flash frozen to 100°K in liquid nitrogen. Diffraction data
were collected using in house Rigaku R-axis IV** at liquid nitrogen temperatures with an
imaging plate. A total of 540 frames were collected with an exposure time of 3 minutes
and an oscillation interval of 0.5° to give a 99% complete data set to 2.0 A. Intensity data
were integrated, scaled and reduced to structure factor amplitudes using HKL2000 suite of
programs (Otwinowski & Minor 1997). Data collection and processing statistics are given
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in Table 2. The crystal is orthorhombic and belongs to the Space Group F212121 with
two molecules in the asymmetric unit and the following cell parameters: 4=65.2, 6=67.1,
c=101.0 A.

Structure solution.

Structure was solved by molecular replacement method using £.co/i N-terminal domain
(PDB entry 3VUS) as the template. Before performing molecular replacement, side-chains
of the template model were removed and supplied as poly-ala model to minimize any model
bias. Molecular replacement was carried out using AutoMR and subsequent automated
model building by AutoBuild in PHENIX software suite (Adams et al., 2010). After the
initial rounds of rigid body refinement, the model consisting of two copies of AaPgaBN
(Chain A, residues Met25 to Asp288 and Chain B, residues Asp26 to Leu287) could

be clearly traced in the electron density maps. The model from AutoBuild produced

465 residues out of which 457 residues had electron density corresponding to the A.
actinomycetemcomitans sequence with a starting Ryork and Rree 0f 25% and 31%,
respectively. Unlike the £. coli N-terminal domain structure (EcPgaBN; PDB Code: 3VUS)
or the full length structure (EcPgaB; PDB Code: 4F9J), there were no breaks in the
electron density map. To further minimize any model bias, a composite omit map was
computed and used to trace the chains A and B corresponding to the two molecules of

the asymmetric unit. Residue Met25 of the B chain, the C-terminal residues from 288 to
290 (Chain A) and 287 to 290 (Chain B) and the six His residues of the His-tag from

both chains were not modeled in the refinement since no clear density was present in

the 2Fo-Fc omit maps for these residues. These regions were assumed to be disordered
and are not reported in the final structure. COOT (Emsley & Cowtan 2004) was used for
manual model building and refinement was carried out by REFMAC (Murshudov et al.,
2011) in CCP4 suite (Winn et al., 2011). Water molecules were added and the densities

of these water molecules were carefully evaluated before being included in the refinement.
XAS experiments were not attempted due to our inability to reproduce the crystallization
condition that generated the crystal used in the data collection. ldentity of the metal ion
was deduced from difference electron density maps and anomalous difference maps. When
necessary, the occupancy of the metal ions was refined and the coordination geometry

was evaluated during the refinement process. Final refined model had Ryyork and Rree

of 16.2% and 22.1%, respectively. PyMOL (DeLano 2002) was used to generate figures.
The stereochemical quality of the structure was verified using ProCheck (Laskowski et al.,
1993).

De-N-acetylation activity using a continuous assay.

The chromogenic acetyl ester, 3-carboxyumbelliferyl acetate, was used as a substrate to
characterize kinetic parameters of enzymatic activity (Chibba et al., 2012). Typically, the
enzyme concentration was set at 1 pM and the final substrate concentration varied from 0.16
to 1.25 mM. The substrate was solubilized using DMSO with the final concentration at 20%.
The reaction mixtures were incubated with 10 uM CoCl, for 1h before adding the substrate.
Typically, the reaction mixture consisted of the substrate and enzyme in a total volume of
100 pL in PBS buffer, pH 7.4 containing 10 uM of CoCl,. We also tested the AaPgaB

with ZnCl, as counter ion for comparison purposes. For the BsPdaA enzyme, the reaction
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mixture consisted of 10 uM CdCl,. The reaction was monitored for 10 minutes with an
excitation wavelength of 386 nm and the emission wavelength of 446 nm. A standard curve
was generated using the product of the reaction, 7-hydroxycoumarin-3-carboxylic acid. Full
kinetic characterization of the enzymes was carried out in triplicate (technical) and repeated
twice (biological) with similar results between the biological replicates. Kinetic parameters
were calculated using GraphPad Prism software (\ersion 6) using a non-linear regression
analysis. The enzymes, AaPgaBN and AaPgaB, purified from the affinity column, were
incubated separately with 10 mM EDTA (10,000 fold excess) for 1 h at room temperature as
well as at 50°C. Enzymes with no addition of EDTA at room temperature and at 50°C were
also prepared as controls. After incubation with EDTA, different metal ions (Co2*, Zn2",
NiZ* as chlorides at 10 pM, final concentration) were added to the reaction mixture and
incubated for 1 h. When necessary, the enzyme solution was dialyzed before metal ions were
added using freshly prepared metal-free 20 mM Tris.Hcl buffer, pH 8.5. Using the EDTA
treated enzymes, the de-N-acetylation activity was determined.

Expression of soluble de-N-acetylase domain of AaPgaB.

The sequence homology among PgaB proteins and the crystal structure of the £cPgaB
(Nishiyama et al., 2013) was used to assign the sequence to the N-terminal domain of
AaPgaB (Fig. 1). The N-terminal domain of AaPgaBN exhibits 25% identity to SelcaB

and the full length enzyme, AaPgaB shows 39% identity to £cPgaB (40% with £cPgaB
N-terminal domain) suggesting that AaPgaB might also possess a de-N-acetylase domain.
We chose this region to test whether or not the N-terminal domain alone exhibits catalytic
activity. In this study, the pgaB gene corresponding to AaPgaB and the variant AaPgaBN
were cloned and expressed in £. coli. The gene sequences of AapgaBN constructs were
confirmed by nucleotide sequencing and suggested that the deduced amino acid residue at
position 128 of AaPgaBN is an Asp residue instead of a Glu compared to the PgaB sequence
from strain HK1651 of A. actinomycetemcomitans. After purification using Ni2* affinity
chromatography, the yield of the expressed AaPgaBN protein and that of the corresponding
Se-Met derivative was estimated to be 30 mg per liter of culture. N-terminal sequence
analysis was confirmed with the mature sequence with a Met at the N-terminus from the
engineered Ndel restriction site. The mutants of the full-length enzyme were also expressed
in a similar manner and purified to yield up to 10 mg per liter of culture. Further, to compare
the kinetic parameters, the de-N-acetylase enzyme PdaA from B. subtilis (a well-studied
member of the CE4 enzyme family) was also purified with yields up to 20 mg/L.

Overall structure of AaPgaBN.

The Se-Met derivative of AaPgaBN, encompassing residues 25—-290 was expressed, purified
and crystallized. Initial molecular refinement methods using crystal structures of several
CE4 enzymes (Example: PDB Code 2C1G; Blair et al., 2005) were unsuccessful. Later,

the crystal structure of AaPgaBN was solved using the £cPgaBN structure (Nishiyama et
al., 2013) using molecular replacement. The primary structure of AaPgaBN shares 40%
identity with £cPgaBN (Nishiyama et al., 2013) and this level of homology is reflected in
the three dimensional structures of both enzymes being similar (rmsd 1.1 A). Model bias
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was minimized using the molecular replacement procedure as described in the Methods
section. Like EcPgaBN (Nishiyama et al., 2013), and the corresponding full-length enzyme
(Little et al., 2012), the structure of AaPgaBN adopts (B/a) barrel fold (Fig. 2a) as observed
in other family 4 esterases (CE4 enzymes) and contains two molecules (chains A and B,
respectively) in the asymmetric unit. The chains A and B of AaPgaBN fit well with each
other (rmsd 0.27 A) except for the loop region Val37 to Thr52 (Fig. 2b). Ordered density
was missing for residue 25 (Se-Met of chain B) and few residues at the C-terminal end
including the His-Tag residues.

The final refined model consists of 526 amino acid residues (from chains A and B), 258
water molecules, three metal ions and a chloride ion for each chain and a fourth metal

ion associated with only chain B. There are also 5 Se-Met residues in chain A (one at the
N-terminus is highly disordered; <B2> = 100 A2) and 4 in chain B. While most of the
residues behaved well stereochemically, as evident from the Ramachandran plot (Laskowski
et al., 1993), six residues were observed in the disallowed regions. These were, His34,
Asp99, Alal39, Thr169 and Asn195 from Chains A and B. Repeated fitting and refinement
of these residues did not improve their status. At least two of them are at the active site
(His34 and Asp99) and one (Thr169) follows an active site residue (His168). Unlike the
disordered loop region between the residues 196 and 200 in Chain A of £cPgaBN (PDB
Code: 3VUS; data not shown), the corresponding loop in AaPgaBN is clearly visible in

the difference electron density maps and has been fitted and refined in the AaPgaBN. The
overall structure was refined to a crystallographic Ryork and Rgree 0f 16.2% and 22.1%,
respectively, at 2.0 A resolution.

Active site region.

All CE4 enzymes studied thus far, through sequence alignment analysis, have been
suggested to have five conserved motifs, MT1 through MT5 (Blair et al., 2005). These
conserved motifs present critical amino acids in the active site pocket. Although the active
site architecture of the AaPgaBN resembles that of other CE4 enzymes (Fig. 3a), AaPgaBN
and £cPgaBN (Nishiyama et al., 2013) exhibit significant differences. Most important
difference being the order in which residues comprising the conserved motifs MT1 through
MT5 occurs (Blair et al., 2005). For example, MT5, which normally is located on the last -
strand of the TIM-barrel, is present on the first -strand. This leads to motifs in AaPgaBN to
be circularly permuted (also observed in £cPgaBN) (MT1 through MT5 (for CE4 enzymes)
vs. MT5-MT1 through MT4 (for AaPgaBN)); nevertheless, such a permutation does not
alter the spatial location of critical active site residues. As noted elsewhere in other studies
describing the £cPgaB enzymes (Little et al., 2012; Nishiyama et al., 2013), a critical
aspartate that is necessary to activate the general acid His34/56/417 (Andres et al., 2014;
Blair et al., 2005; Little et al., 2012) is also absent in AaPgaBN. While this aspartate is
conserved in many CE4 enzymes, its function is not clear. In a recent study, using crystal
structures of apo, as well as saccharide complexes of the de-N-acetylase from Vibrio cholera
(VeCDA), the mechanistic aspect of CE4 enzymes has been further clarified (Andres et

al., 2014). Unlike the SpPgdA (Blair et al., 2005), the conserved aspartate in VcCDA does
not interact with the His34 equivalent. In any case, in AaPgaB, like £cPgaB, the role of
protonating His34, instead is taken up by a water molecule (Fig. 4a). Two other motifs,
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MT1 and MT2 are well conserved in sequence as well as in structure with other known CE4
enzymes. In MT3, a critical arginine that should coordinate with the conserved active site
residue Asp98 is absent and is replaced with a valine. However, Arg271, which is located on
a different p-strand of the barrel, provides a salt bridge to Asp98 and projects into the active
site from the opposite side of the active site pocket (Fig. 4b). Such subtle changes in the
active site architecture render the active site of AaPgaBN to be deeper than found in SpPgdA
but retain the metal binding site intact (Fig. 3a). Altogether, the permutation in the position
of MT5 motif, missing or misplaced active site residues in other motifs appears to play a
role in lowering the enzyme activity compared to classical CE4 enzymes (see below).

Metal binding sites.

Three large peaks were observed in the difference density maps (two of which were at 24

o and the third at 12 o) around the active site and were assumed to be metal ions (Fig.

3a). After the initial successful attempt for crystallization of the Se-Met AaPgaBN, further
attempts failed. Because of the paucity/non-availability of crystals in the condition from
which Se-Met crystals were obtained, EXAFS analysis of these crystals could not be carried
out to identify the bound metal ion. Nevertheless, the metal binding site in AaPgaBN,
involving residues His34, Asp98, Asp99, His168 and His173, is highly conserved among
the various de-N-acetylase enzymes (Fig.3b). Unique to the structure of AaPgaBN, is the
presence of an additional metal ion located in the space occupied by the leaving acetyl group
(as deduced in the structure of £cPgaB) during de-N-acetylation (Little et al., 2012). Thus,
two of the large difference density peaks at the active site were modeled as metal ions and
the third with lower difference density peak (12 o) was modeled as a chloride ion (anion
used in the crystallization buffer). The chains A and B of AaPgaBN also contain a third
metal ion at a distal site (Site Al and B1; Fig. 2a), which were included in the refinement
with partial occupancy. Difference density peaks were further analyzed in the maps and one
additional peak was assigned as a metal ion (site A2, chain A; not shown) and was included
in the refinement. Since the identity of the metal ion is unclear, the refined structure was
analyzed using the metal binding site validation server (www.csgid.org) (Zheng et al., 2014)
and the metal was assigned as zinc (see discussion below).

Structure-guided mutagenesis to probe the mechanism of action of CE4 enzymes.

Structural superposition of SgPgdA, AaPgaBN and EcPgaB were analyzed to identify an
aspartate that has been suggested to activate the catalytic acid (Blair et al., 2005). In both
SpPgdA and AaPgaBN, the His417/His34 residue occurs in a loop connecting a p-strand
and an a-helix (Fig. 4a). The helix harboring the activating residue though is conspicuously
absent in AaPgaBN. We noted that residue GIn51 in AaPgaB is located in close proximity to
His34. Manual modeling using COOT revealed that replacing GIn51 by a Glu would place
the side chain at an optimal distance to activate His34. To test this hypothesis, a full-length
mutant protein (Q51E) was expressed in E. coli and purified.

In the proposed mechanism of deacetylation (Blair et al., 2005), an aspartate is the acid
base (Asp98 in AaPgaB), which has one of its oxygen atoms involved in the electrostatic
interaction with an Arg residue. This renders the second oxygen atom to be involved in the
catalytic process. However, in the structure of AaPgaBN and EcPgaB, the equivalent Asp
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(Asp98 in AaPgaB) is involved in two electrostatic interactions, which prevents either of the
oxygen atoms to participate in the catalysis (Fig. 4b). In AaPgaB, because Arg271 residue is
part of MT5 motif rather than MT3 motif, the Asp98 is forced to enter into two stabilizing
salt bridge interactions with Arg271. We reasoned that mutating Arg271 into a Lys residue
would only allow for one electrostatic interaction while approximating the length of the side
chain of Arg. The mutant R271K was expressed and purified. The mutants generated were
subjected to full kinetic characterization using the continuous assay and compared against
the wild type enzyme (see below).

Enzymatic assay using chromogenic acetyl ester.

For kinetic characterization of the enzymes, a continuous assay using a chromogenic
substrate 3-carboxyumbelliferyl acetate (Chibba et al., 2012) was used (Fig. 5). For AaPgaB,
we used both Co2* and Zn2* as co-factors. The kinetic parameters for the various AaPgaBN
enzymes and the full-length variants are given in Table 3. Interestingly, although the
N-terminal variant, AaPgaBN has a lower efficiency compared to the full-length enzyme,
this N-terminal variant is active unlike the N-terminal domain of £cPgaB (Nishiyama et

al., 2013). Compared to AaPgaBN, the full-length enzyme has a two-fold higher catalytic
efficiency. The kinetic efficiency of mutant Q51E of AaPgaB is 22% higher than that of
AaPgaB. Thus, the presence of an acid group (corresponding to Asp391 of SpPgdA) in the
vicinity of His34 could aid to carry out the acid/base catalysis in the mechanism proposed
for de-N-acetylases (Blair et al., 2005). In addition, our results show that when the buried
arginine, R271 is replaced with Lys (R271K), the catalytic efficiency of the mutant changed
only by 5% compared to AaPgaB. Interestingly, for comparison, the efficiency of another
enzyme that has the key aspartate at the active site (BsPdaA) is >300% higher than the
full-length AaPgaB enzyme (Table 3; Fig. 5). In addition, the kinetic parameters are virtually
unchanged when zinc is used as the cofactor (Table 3). Experiments using EDTA incubated
enzymes, at room temperature or at 50°C, did not alter the activity of either the AaPgaBN or
AaPgaB enzymes. Incubation with various metal ions after incubation with EDTA also did
not change the enzyme activity (data not shown).

DISCUSSION

De-N-acetylase domain of AaPgaB.

Biosynthesis of PGA in A. actinomycetemcomitans requires a set of four gene products,
PgaA, PgaB, PgaC and PgaD. Based on multiple sequence alignment (Fig. 1) and recent
structural evidence (Little et al., 2012), AaPgaB sequence can be considered to possess

two domains: an N-terminal domain consisting of about 290 amino acid residues (of

which the first 24 correspond to a signal sequence) and the C-terminal domain of about

350 residues. Since PGA from E. coli, S. epidermidis, A. pleuropneumoniae and A.
actinomycetemcomitans have been shown to contain deacetylated GIcCNAc residues (l1zano
etal., 2007; Mack et al., 1996; Wang et al., 2004), we hypothesized that AaPgaB might
also function as a de-N-acetylase. It is evident from the results reported here that the protein
AaPgaB is enzymatically active and could be considered to be a de-N-acetylase. What

is interesting is that the N-terminal domain of AaPgaB (AaPgaBN) is also active. This
observation is in sharp contrast to the results obtained for £cPgaB (Little et al., 2014), which
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required both the N- and C-terminal domains to be present. In a recent study, the N-terminal
domain of BpsB (B6BpsB), the PgaB equivalent from Bordetella bronchiseptica, was shown
to be catalytically active (Little, et al., 2015). Significant and unique structural features were
ascribed to the activity of the N-terminal domain of B&6BpsB; no such difference exists
between AaPgaB and £cPgaB suggesting that subtle changes in the sequence between the
two enzymes could come into play in the exhibition of activity.

Another interesting feature of the de-N-acetylase enzymes is the use of a metal cofactor
for catalysis. The nature of the divalent metal appears to be enzyme-dependent. Previously,
the structures of £cPgaBN and EcPgaB were crystallized with Ni2*, Co2*, Fe3* (Little et
al., 2012) or Zn%* (Nishiyama et al., 2013). The activity of the £cPgaB is enhanced in the
presence of Co2*, Ni2* or Fe2* jons at the active site but is attenuated in the presence of
Zn2* (Little et al., 2012). The enzyme VCDA on the other hand has affinity to Zn2* and
is somewhat less active when bound to other divalent metals (Andres et al., 2014). In a
recent study it was shown that biofilm formation in A. pleuropneumoniae, E. coli, S. aureus
and S. suis was slightly inhibited by zinc ion (Wu et al., 2013). In contrast, the SelcaB has
been shown to be promiscuous in its metal dependence since addition of divalent metals to
the apo-IcaB enzyme lead to similar increase in activity across a range of divalent metals
(Pokrovskaya et al., 2013).

The identity of the metal ion in the Se-Met crystal of AaPgaBN could not be deduced

from an analysis of the atomic force microscopy due to difficulty in getting of AaPgaBN
crystals. Since AaPgaB is more akin to the £cPgaB, we considered the following ions to

be likely present in AaPgaBN: Fe2*, Co?*, Ni2* or Zn?* (due to the crystallization buffer).
To deduce the identity, we first considered the strength of the anomalous peaks; with f”
values of 3.2 e~ and 3.61 e™, respectively for Fe2* and Co2, the strength of the peaks
would be expected to be greater. Secondly, the coordination geometry of the metal ions was
considered; tetrahedral with M ... O/N distance of 2.1 A for Zn%* vs. octahedral with M

... O/N distance of 2.3-2.4 A for Ni2*; Fig. 6). With no additional support from the atomic
force microscopy, we have tentatively assigned the metal ions to be zinc.

Thus, our analysis of the crystal structure of AaPgaBN shows that although there is high
structural conservation between AaPgaBN and EcPgaBN, there are significant differences
between the structures: 1) in the number of metal ions bound to the molecule AaPgaBN; 2)
in the absence of an acetate moiety at the active site in AaPgaBN. In AaPgaBN, a zinc ion
is observed at the site occupied by the acetate in N-terminal domain of £c¢PgaB (PDB Code:
3VUS and PDB Code: 4F9D). The absence of acetate in AaPgaBN appears to be due to the
counter ion (CI7) used during crystallization trials. Both the full length and the N-terminal
domain of EcPgaB used acetate in the buffer (0.2 M calcium acetate and 0.18 M sodium
acetate, respectively) whereas we used chloride (0.01 M); and 3) the chains are complete
with no breaks in the middle of the chain in AaPgaB.

Mechanistic aspects of de-N-acetylation.

A mechanism for the de-N-acetylation was proposed for the enzyme SpPgdA, a
representative of the CE4 enzymes, based on structural, mutagenesis and molecular
modeling data (Blair et al., 2005). The bound metal ion plays a central role in this
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mechanism that holds the water molecule from which a proton is abstracted by the

catalytic base. A nearby arginine residue in turn stabilizes the catalytic base. The incipient
nucleophile would attack the carbonyl carbon of the acetate moiety of the substrate to
produce a tetrahedral oxyanion intermediate. A histidine, which acts as the catalytic acid,
would protonate the intermediate on the amino nitrogen generating a free amine and acetate.
The product acetate would be stabilized by the metal ion. In many CE4 enzymes hitherto
solved by crystal structure analysis, this acetate group is bound to the metal ion at the active
site.

In SpPgdA, residue Asp391 has been suggested to activate His417 (catalytic acid), but

an equivalent residue is absent in AaPgaBN. In order to identify the residue that is
occupying the space that should have been occupied by Asp391, we superposed the two
structures. We noted that the residue GIn51 in AaPgaB, in place of Trp392 in SpPgdA,

is located in close proximity to His34 in AaPgaB. The corresponding residues in £cPgaB
and in PgaB of Ammonifex degensii (Little et al., 2014), at position equivalent to Q51

in AaPgaB, are Met and Tyr, respectively. In both SpPgdA and AaPgaBN, the His417/
His34 residue occurs in a loop connecting a p-strand and an a.-helix (Fig. 4a). This loop
has been named Loop 6 when comparing the loop geometries of CE4 enzymes active

on N-acetylglucosaminyl-oligosaccharides (Andres et al., 2014). The helix harboring the
activating residue is conspicuously absent in AaPgaBN. Manual modeling using COOT
revealed that replacing GIn51 by a Glu places the side chain at an optimal distance to
activate His34. Clearly, the kinetic analysis (Table 3) showed that there is an increase in the
activity only in the Q51E mutant. The second mutant, R271K, did not show an increase as
expected. The higher efficiency of the full-length enzyme could be rationalized using the
structure of EcPgaB (L.ittle et al., 2012). In this structure the N- and C-terminal domains of
the enzyme are juxtaposed in close proximity, which could affect the kinetic parameters. It
has been suggested that the C-terminal domain might play a part in the deacetylating activity
when oligomers of N-acetylglucosamine are used as substrates. While the substrate used in
this study is a smaller molecule unlike oligomers of N-acetylglucosamine, it is unclear how
the binding would be affected to exhibit a higher activity for the full-length enzyme.

Biological significance of de-N-acetylation.

Biologically and functionally, the low deacetylase activity of these enzymes is also not
completely understood. Structurally, it is possible that circular permutation observed in the
sequence of AaPgaB could also contribute to the low level of activity. Interestingly, many
artificial circular permutations have been previously studied to enhance the function of an
enzyme (Yu & Lutz 2011). In the case of AaPgaB, and possibly in SelcaB and E£cPgaB,
this circular permutation has a lowering effect in the enzyme activity. The de-N-acetylase
enzymes in AaPgaB and £cPgaB appear to be an offshoot of the other CE4 enzymes with
markedly different properties due to the circular permutation: the position of the motif
MTS5 at the N-terminal end and the absence of the activating Asp residue in MT4. Recent
studies have provided some structural evidence for the limited activity. Comparison of the
crystal structure of £cPgaB with other de-N-acetylase enzymes showed the absence of a
critical Asp residue in the £cPgaB enzyme (L.ittle et al., 2014) which also could account for
the reduced activity. Further, it has been suggested that poor catalytic activity might be a
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common feature of enzymes that act on exopolysaccharide. In comparison, the presence of
an Asp residue at the active site in BsPdaA leads to higher catalytic efficiency (Table 3).

For S. pneumoniae, however, high degree of deacetylation appears to be essential since

this bacterium uses the enzyme SpPgdA to modify the peptidoglycan as a defense

against mammalian enzymes (Vollmer & Tomasz 2000). Interestingly, fully acetylated
PNAG is a protective mechanism for bacteria including S. pyogenes, S. pneumoniae, L.
monocytogenes, and N. meningitidis serogroup B since naturally occurring antibodies to

the acetylated PNAG could not induce deposition of complement opsonins (Cywes-Bentley
et al., 2013). In the case of BsPdaA, absence of deacetylation leads to muramic &-lactam
deficient cell wall and the spore cannot germinate (Fukushima et al., 2005; Fukushima et al.,
2002).

Our demonstration of an increase in the /n vitro enzyme activity in AaPgaB does raise a
question about its effect in biofilm formation in a strain that harbors such mutation. The
strains possessing mutations in the genomic DNA leading to either Q51E or R271K PgaB
are expected to form biofilm as efficiently as the wild type strain since we have shown
earlier that a mutant lacking the pga operon itself does form biofilm (lzano et al., 2008;
Shanmugam et al., 2015). It should be noted that unlike £. coli, A. actinomycetemcomitans
forms a complex biofilm matrix that contains capsular polysaccharide, eDNA, proteins and
lipids. Therefore, drastic changes in biofilm formation is unlikely when these mutations

are introduced in the genome. While enhancement of enzymatic activity has been noted
through circular permutation, such an enhancement has been suggested to play a role in the
evolution of calcium-dependent carbohydrate binding modules involved in xylan recognition
(Montanier et al., 2010). To our knowledge, this is the first instance in which natural circular
permutation has been utilized by organisms to attenuate the enzyme activity, in the case of
de-N-acetylase enzymes.
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ABBREVIATIONS
AaPgaBN N-terminal domain of PgaB from A. actinomycetemcomitans
ACC 7-acetoxycoumarin-3-carboxylic acid
CE4 family 4 carbohydrate esterase
EcPgaB PgaB enzyme from E. coli
GlcNAc , N-acetyl-D-glucosamine
IPTG Isopropyl B-D-1-thiogalactopyranoside
PGA homopolymer of B-(1,6)-N-acetyl-D-glucosamine
SpPgdA de-N-acetylase from S. pneumoniae
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BsPdaA de-N-acetylase from B. subtilis
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Distal site A1

Figure 2.
Structure of AaPgaBN. a) Cartoon representation of the structure of AaPgaBN. Chains A

(green) and B (red) are superposed to show the overall fit and the location of various metal
ions. Three distal metal ion sites are shown; b) Superposition of residues Val37-Thr52 in
chains A and B.
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Figure 3.
Stereoview of the metal binding site in AaPgaBN. a) The critical residues in three de-N-

acetylases, AaPgaBN (red, chain A), EcPgaB (grey) and SpPgdA (blue) are superposed; b)
The anomalous difference density map (red contours) superposed with the 2Fo-Fc map (light
blue) around the active site (Motifs MT1 and MT2) in chains A (left) and B (right) showing
the metal ions (brown) and chloride (aqua). The nucleophilic water molecule is shown as a
red sphere.
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Figure 4.
Active site architecture in AaPgaBN. a) Part of the structure of AaPgaBN and SpPgdA

showing MT5 motif and how the residues His34/His417 are presented into the active site.
The red sphere represents the activating water molecule in the structure of AaPgaBN. The
SpPgdA structure has a longer, more elaborate ordered region to project H417 and D391
whereas the AaPgaBN has a shorter less ordered segment to project His34 and GIn51 into
the active site. The inset shows details of the interaction with residues and water molecule;
b) Stereoview of the orientation and interaction of Arg271 to the catalytic base, Asp98
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in AaPgaBN. Note the two electrostatic bonds between Arg271 and Asp98 (catalytic base
shown in red) whereas the equivalent residues of SpPgdA, Arg364 and Asp275 (shown in
blue), only have one. The direction of the interaction in AaPgaBN is altered and a Val231 is
located at the position where Arg364 (SpPgdA) is present.
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Figure 5.

AaPgaBN enzymology. Steady-state Kinetics using ACC as the substrate at different
substrate concentrations (0.16 —1.25 mM). Data presented were obtained from three

technical replicates. AaPgaBN (A), AaPgaB (O0), AaPgaB (M; Zn?*), Q51E AaPgaB (@),
R271K AaPgaB (*), BsPdaA (O).
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Identity of the metal ion. Coordination geometry around the active site metal ions showing

the tetrahedral geometry with the ligand distances between 1.9 and 2.2 A, which are

normally observed for zinc ions.
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Primers used in the study to generate various deactylase constructs. The underlined segment corresponds to the
restriction sites.

S.No Primer Primer sequence (5’ to 3°) Type
1 AaPgaBN25-290 GGA ATT CCA TAT GGA TAG ATA CGG CGT GCCG CTC GAG CAC ACC ATC AAG Forward
GAAATT TTT AAT G Reverse
2 AaPgaBN25-638 GGA ATT CCA TAT GGA TAG ATA CGG CGT GCCG CTC GAG TGG TTT ACC TGC Forward
TTGAGTATTC Reverse
3 Q51D (Mutation)  GAA AAA CAG TAT TTC CCG GAT ACC ATT TCC GCC AAT TTG Forward
CAA ATT GGC GGA AAT GGT ATC CGG GAAATACTGTTT TTC Reverse
4 Q51E (Mutation) GAA AAA CAG TAT TTC CCG GAA ACC ATT TCC GCC AAT TTG Forward
CAA ATT GGC GGA AAT GGT TTC CGG GAA ATACTGTTTTTC Reverse
5 R271K (Mutation) GGT GAT AGA TAC GTC GGT AAA TTA TTA ATT GAC ACG GAA ACC Forward
GGT TTC CGT GTC AAT TAATAATTT ACC GAC GTA TCT ATC ACC Reverse
6 BsPdaA AAG GAG ATA TAC ATA TGG TGC CGA ATG AGC CGATTAATT G Forward
GGT GGT GGT GCT CGA GCA AAG ACG GCAGCC TCATTTCTTTC Reverse
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Table 2.

Data collection and refinement statistics

Data collection statistics

Space group P21242,
Unit-cell parameters (A) &=65.2, b=67.1, c=101.0
Resolution range (A) 50.0-2.05(2.12-2.05)
Reflections (measured/unique) 268119/28980
Crystal to detector distance 150 mm
Completeness (%) 99.9(100.0)
Rmerge " (%) 10.1(58.1)
Multiplicity 9.4(7.8)

Vo (l) 34.1(4.7)
Refinement statistics

Resolution range (A) 42.5-2.05
Ruwork/Réree (%) 16.2/22.1
Estimated coordinate error (R/Rree) 0.21/0.18
No. of atoms

Protein 4248

Zinc 7

Chloride 2

Water 258
Average B-factor (A2)

Protein 232

zZinc 16.4
Chloride 16.9

Water 26.4
R.m.s.d. bond lengths (A) 0.017
R.m.s.d. bond angles (°) 1.75
Ramachandran plot, residues in (%)

Most favorable regions 87.4
Additional allowed regions 10.7
Generously allowed regions 0.4
Disallowed regions 15

Values in parentheses are for the outer shell.
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*
Rmerge= Zhki 2i [li(hkl) - <I(hk)>//Znki Zj [1(hk1), where <1j(hkl)>is the intensity of an observation, </(hk{/)>in the mean value for that
reflection and the summations are over all equivalents.
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Table 3.

CE4 de-N-acetylase enzyme kinetics values with ACC as substrate. The values in parentheses are standard
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1duosnuen Joyiny

deviations.

Enzyme Keat 571) Km (MmM) kecat/Km (s"t mM™1) Reference
AaPgaBN WT 0.039 (+0.007) | 2.289 (+ 0.532) 0.017 This study
AaPgaB WT 0.056 (+ 0.005) | 1.442 (+0.185) 0.039 This study
AaPgaB Q51E 0.079 (£ 0.005) | 1.646 (+0.152) 0.048 This study
AaPgaB R271K 0.047 (+ 0.003) | 1.124 (+0.117) 0.042 This study
AaPgaB WT (with Zn2*) | 0.042 (+0.003) | 1.368 (x0.131) 0.031 This study
BsPdaA 0.144 (+ 0.003) | 0.867 (+0.038) 0.164 This study

SIAXeA 118 1 118 (Taylor et al., 2006)

EcPgaB 0.013 1.2 0.011 (Little et al., 2012)

SelcaB 0.0013 0.5 0.0025 (Pokrovskaya et al., 2013)
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