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Abstract

Alginate is known to prevent elimination of Pseudomonas aeruginosa biofilms. Alginate
lyase (AlgL) might therefore facilitate treatment of Pseudomonas aeruginosa-infected cystic
fibrosis patients. However, the catalytic activity of wild-type AlgL is not sufficiently high.
Therefore, molecular modeling and site-directed mutagenesis of AlgL might assist in
enzyme engineering for therapeutic development. AlgL, isolated from Azotobacter vinelan-
dii, catalyzes depolymerization of alginate via a B-elimination reaction. AlgL was modeled
based on the crystal structure template of Sphingomonas AlgL species A1-Ill. Based on this
computational analysis, AlgL was subjected to site-directed mutagenesis to improve its cat-
alytic activity. The k.o/Kn, of the K194E mutant showed a nearly 5-fold increase against the
acetylated alginate substrate, as compared to the wild-type. Double and triple mutants
(K194E/K245D, K245D/K319A, K194E/K245D/E312D, and K194E/K245D/K319A) were
also prepared. The most potent mutant was observed to be K194E/K245D/K319A, which
has a 10-fold improved k. value (against acetylated alginate) compared to the wild-type
enzyme. The antibiofilm effect of both AlgL forms was identified in combination with pipera-
cillin/tazobactam (PT) and the disruption effect was significantly higher in mutant AlgL com-
bined with PT than wild-type AlgL. However, for both the wild-type and K194E/K245D/
K319A mutant, the use of the AlgL enzyme alone did not show significant antibiofilm effect.

Introduction

Biofilms formed by adherent microorganisms are composed of a self-produced polymer
matrix, consisting of proteins, polysaccharides, and nucleic acids [1]. Polysaccharides play a
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Abbreviations: AFM, atomic force microscope; AlgL,

alginate lyases; AvAIgL, Azotobacter vinelandii
alginate lyase; CRPA, ciprofloxacin-resistant
Pseudomonas aeruginosa; DTT, dithiothreitol; EDTA,
ethylenediamine-N,N,N’,N*-tetraacetic acid; MD,
molecular dynamics; PA, Pseudomonas aeruginosa;
PaAlgL, Pseudomonas aeruginosa alginate lyase;
PBS, phosphate-buffered saline; PMSF,
phenylmethanesulfonyl fluoride; PT, piperacillin/
tazobactam; RMSD, root-mean square deviation;
SDS, sodium dodecylsulfate; SEM, scanning electron
microscope; TSB, tryptone soy broth.

crucial role in the formation of Pseudomonas aeruginosa biofilms. A number of previous stud-
ies have indicated that Pseudomonas aeruginosa mutants deficient in the ability to synthesize
exopolysaccharides (EPS) are unable to form biofilms [2]. The bacterium P. aeruginosa is an
opportunistic pathogen par excellence, which causes severe and life-threatening infections in
various organs of immune-compromised hosts, including the oral cavity [3], heart valves
(endocarditis) [4], lungs of patients with cystic fibrosis (CF; causing chronic bronchopneumo-
nia) [5], and the middle ear of patients with persistent otitis media [6]. Patients with chronic
rhinosinusitis [7], chronic osteomyelitis and prosthetic joint infections [8-10], and chronic
wounds [11, 12] are also affected. In these cases, the bacterium is transmitted via intravenous
catheters and stents [13]. Such infections are extremely difficult to control as P. aeruginosa
adopts a biofilm mode of growth, rendering the bacteria resistant to antibiotics and phagocytic
cells. During the course of infection, P. aeruginosa usually undergoes a phenotypic conversion
to a mucoid colony, characterized by the overproduction of the exopolysaccharide, alginate.
Nowadays, the prevalence antibiotic resistant P. aeruginosa such as ciprofloxacin-resistant P.
aeruginosa (CRPA) is increasing, especially in cases of chronic otitis media or keratitis due to
use of topical ciprofloxacin drops [14].

Generally, the polysaccharide lyases (PL) can be classified into 14 families (PL-1 to PL-14)
based on their primary structures [15]. The Azotobacter vinelandii alginate lyase (AvAlgL) and
the Pseudomonas aeruginosa alginate lyase (PaAlgL) belong to the subfamily 7 (PL-7). Alginate
functions as an extracellular matrix material, enabling the formation of differentiated biofilms.
These reduce the diffusion of clinical antibiotics and protect the embedded cells against human
antibacterial defense mechanisms [16, 17]. Nivens et al. [16] suggested that alginate contributes
to biofilm architecture. Hay et al. [18] reported that the finger-like micro-colonies present in
mucoid strain biofilms were completely absent in the alginate-negative mutant biofilms, indi-
cating that alginate is essential for the formation of these biofilm structures. Other studies have
shown that further increase in the levels of alginate production leads to formation of extremely
large micro-colonies. This demonstrates the important role of this exopolysaccharide in micro-
colony formation.

Alginate can be degraded by alginate lyases (AlgLs), which catalyze B-elimination of the
4-0O-linked glycosidic bond, resulting in formation of unsaturated uronic acid-containing oli-
gosaccharides. Therefore, AlgLs catalyze the removal of EPS from the surface of mucoid strains
of Pseudomonas aeruginosa [19] and reduce their attachment ability [20]. Alkawash et al. [21]
reported that co-administration of AlgL with antibiotics significantly increased the killing of in
vitro mucoid P. aeruginosa biofilms, grown in conditions similar to those found in the CF
respiratory tract. Bayer et al. [19] also discovered that co-administration of AlgL with amikacin
caused negation of a larger amount of vegetative culture, compared to administration of amika-
cin alone. Therefore, AlgL, which degrades alginate produced by the mucoid strains of P. aeru-
ginosa, may be used in the treatment of antibiotic-resistant bacteria. Structurally, alginate is a
simple, unbranched polysaccharide with a very high molecular weight. It is composed of two
uronic acids: B-D-mannuronic acid (M) and its C5 epimer, o.-L-guluronic acid (G). P. aerugi-
nosa alginates are observed as random blocks of MM and MG residues, and not as repeating
disaccharides [22, 23]. The alginate produced by CF isolates, which include P. aeruginosa, is O-
acetylated at the C-2 and/or C-3 positions in mannuronic acid residues [24-26].

Acceleration of the alginate degradation process by administration of AlgL has been recog-
nized as a promising pharmacokinetic approach for the treatment of biofilm infections. How-
ever, the catalytic activity of wild-type AlgL against alginate and acetylated alginate is not
sufficiently high. Therefore, Algl. must be engineered for therapeutic purposes, and a possible
mutant with improved catalytic activities against alginate and acetylated alginate needs to be
identified. Here we report the first effort towards engineering the protein (enzyme) AlgL for
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improved activity, based on molecular modeling and rational design. Initially, the algL gene
was amplified (for mutagenesis) from Azotobacter vinelandii, using the plasmid pET28A(+).
This combined computational and experimental approach has led to the identification of a
number of AlgL mutants exhibiting significantly improved catalytic efficiencies against alginate
and acetylated alginate. Leid et al. [27] suggested that the therapeutic use of AlgL in combina-
tion with ciprofloxacin or gentamicin is beneficial for combating PA biofilm infection. How-
ever, CRPA is not sensitive to ciprofloxacin or gentamicin, but is sensitive to piperacillin/
tazobactam (PT) and ceftazidime. Previously, we reported the preventive effect of PT coated
silicone against CRPA biofilms [28]. So far, to the best of our knowledge, there has been no
report on antibiofilm activity of either chemical or biological compounds against CRPA biofilm
formed silicone. The aim of this study was to increase the catalytic efficiency of AlgL toward
alginate by means of site-directed mutagenesis based on computational modeling. Addition-
ally, it examined the synergistic antibiofilm-antimicrobial activity of combined PT and AlgL
administration, and compared the efficacy of AlgLw with ALgLm using a silicone biofilm in
vitro.

Materials and Methods
Homology Modeling and Simulation of Molecular Dynamics

In order to explore the binding mode of AlgL with its substrate (alginate), we constructed an
Algl -alginate binding structure through homology modeling prior to performing molecular
dynamics (MD) simulations. Homology modeling was performed using the Protein Modeling
module of the Discovery Studio software (version 2.5.5; Accelrys, Inc., San Diego, CA). MD
simulations were carried out using the Sander module of the Amber 12 software package [29].
The computational procedures used in this study were similar to the protocols employed in
our previous studies on molecular modeling of protein structures and protein-ligand binding
interactions [30, 31]. In brief, the X-ray crystal structure of Sphingomonas AlgL species A1-III
(PDB entry code 4F13 of the Y246F mutant, with a resolution of 2.21 A) [32] was used as a
template to model the AlgL-alginate complex. The amino acid sequences of the Azotobacter
vinelandii alginate lyase (GeneBank # AAC32313.1) and Pseudomonas aeruginosa AlgL (PalgL,
GeneBank # AAA91127.1; from PL-7 subfamily) were directly extracted from the NCBI pro-
tein database. Sequence alignment was generated for all amino acid sequences using ClusterW
with the Blosum scoring function [33, 34]. The best alignment was selected based on the align-
ment score and the reciprocal positions of conserved residues in all three proteins, particularly
those of the conserved residues on the binding interface (as revealed in the template structure).
The coordinates of the conserved residues of all three proteins were directly copied from the
template. The coordinates of non-conserved residues were generated with the least geometrical
variations using the Protein Modeling module of the program. The substrate alginate, compris-
ing of a minimum length of 4 B-D-mannuronic acid (M) units (MMMM), was initially placed
at a site similar to that of the special substrate for the template ALYIIL. The geometry of the
substrate molecule was optimized by ab initio electronic structure calculation at the HF/6-
31G* level, using the Gaussian03 program [35]. The HF/6-31G* calculation was also performed
to determine the restrained electrostatic potential (RESP)-fitted charges for the substrate mole-
cule. Following construction of the initial AlgL-alginate binding structure, all ionizable residues
were set to their standard protonated or deprotonated states. Subsequently, the entire structure
was solvated in an orthorhombic box comprising of TIP3P water molecules, keeping a minimal
distance of 10 A between the protein and the boundary of the box. The whole system was neu-
tralized by the addition of 6 sodium counter ions, until a size of 78 A x 90 A x 77 A was
achieved. Following the set-up of the whole system, a series of energy minimizations were
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performed using a conjugate gradient energy-minimization method in the Sander module of
the Amber 12 program [29], with a non-bonded cutoff of 10 A. Finally, the entire system was
energy-minimized to obtain a convergence criterion of 0.001 kcal/(mol A).

In order to further relax the energy-minimized structure of the AlgL-alginate complex, MD
simulations were performed using the Sander module of the Amber 12 program [29]. In partic-
ular, the Amber ff03 force field [36] was used for all amino acid residues of AlgL and the gen-
eral Amber force field (gaff) [37] was used for the substrate alginate. MD simulations (0.5 ns)
were initially performed on water molecules and counter ions using the NTV ensemble (at
T =300 K), in order to better solvate and equilibrate the complex. Energy minimization was
repeated for the entire system, and the same convergence criterion was obtained. The whole
system was gradually heated to 300K using a weak-coupling method [38] and equilibrated for
1.0 ns. A 10 A non-bonded interaction cutoff was utilized throughout the MD simulations, and
the non-bonded list was updated at every 25 steps. The particle mesh Ewald (PME) method
[39] was applied to treat long-range electrostatic interactions. The lengths of covalent bonds
involving hydrogen atoms were fixed using the SHAKE algorithm [40], enabling the use of a 2
fs time step to numerically integrate the equations of motion. Finally, the production MD was
allowed to run for approximately 10 ns with a periodic boundary condition (PBC) ata NTP
(constant temperature and pressure) of T = 300 K (maintained using Berendsen temperature
coupling) and P = 1 atm (using anisotropic molecule-based scaling).

Experimental Materials

Sodium dodecyl sulfate (SDS), alginate (A7003), phenylmethylsulfonylfluoride (PMSF), imid-
azole, and dithiothreitol (DTT) were obtained from Sigma Aldrich (St. Louis, MO), whereas
cloned pfu DNA polymerase was purchased from Stratagene (La Jolla, CA). Dpnl endonucle-
ase, protein A-horseradish peroxidase (HRP), polyvinylidene fluoride, and pET28A(+) expres-
sion vector were obtained from New England BioLabs (Ipswich, MA), BD Transduction
Laboratories (BD Biosciences, Franklin Lakes, NJ), EMD Millipore (Billerica, MA), and Invi-
trogen (Waltham, MA), respectively. The QIAprep Spin Plasmid Miniprep Kit and Ni-nitrilo-
triacetic acid (NTA) agarose beads were purchased from Qiagen (Venlo, Netherlands). The
ECL Plus Western blotting detection system RPN 2132 was obtained from Amersham Life Sci-
ence (GE Healthcare, Cleveland, OH). The oligonucleotide primers were synthesized by Bio-
neer (Daejeon, Korea) and the analysis facility of Chosun University. Acetylated alginate was
purified from Pseudomonas as previously described, using an alginate-overproducer, P. alkyl-
phenolia E1 (pAlgG). Purified acetylated alginate was converted to a Na-form by treating with
50 mM ethylene diamine tetraacetic acid (EDTA), and dialysis using 0.5 M NaCl and double
distilled water [41].

Site-directed mutagenesis

All site-directed mutagenesis on AlgL. cDNA (GeneBank # AAC32313.1) were performed
using the QuikChange site-directed mutagenesis method [42]. Ten primer pairs were used for
the polymerase chain reaction (PCR). The sequences of the oligonucleotides used for mutagen-
esis were: for the mutagenesis of Lys-194 to Ala-194 (K194A), 5'-AGC GAC CTG CCG CTC
GCT CGG ATC AAC AAC CAC-3"and 5'-GTG GTT GTT GAT CCG AGC GAG CGG CAG GTC
GCT-3'; for Lys-194 to Glu-194 (K194E), 5'~AGC GAC CTG CCG CTC GAA CGG ATC AAC
AAC CAC-3'and 5'-GTG GTT GTT GAT CCG TTC GAG CGG CAG GTC GCT-3'; for Asn-198
to Ala-198 (N198A), 5'-CTC AAG CGG ATC AAC GCG CAC TCC TAC TGG GCG-3 and 5'-
CGC CCA GTA GGA GTG CGC GTT GAT CCG CTT GAG-3'; for His-199 to Ala-199 (H199A),
5'-AAG CGG ATC AAC AAC GCC TCC TAC TGG GCG GCC-3"and 5'-GGC CGC CCA GTA
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GGA GGC GTT GTT GAT CCG CTT-3'; for Lys-245 to Asp-245 (K245D), 5'-CTG CCC AAC
GAA CTC GAC CGC CGC CAA CGT GCG-3"and 5'-CGC ACG TTG GCG GCG GTC GAGTTC
GTT GGG CAG-3'; for Arg-246 to Ala-246 (R246A), 5'-AAG GCC TTC CGC ACC GCT ACC
GCG CCGATC ACC-3'and 5'-GGT GAT CGG CGC GGT AGC GGT GCG GAA GGC CTT-3'; for
Tyr-253 to Ala-253 (Y253A), 5'-CAA CGT GCG CTG GCC GCC CAC AAC TAC AGC TTG-3'
and 5'-CAA GCT GTA GTT GTG GGC GGC CAG CGC ACG TTG-3'; for Tyr-253 to Phe-253
(Y253F), 5'~CAA CGT GCG CTG GCC TTC CAC AAC TAC AGC TTG-3' and 5'-CAA GCT GTA
GTT GTG GAA GGC CAG CGC ACG TTG-3'; for Glu-312 to Asp-312 (E312D), 5'~GAG GAT
CAG GAC ATG GAT GAT CTG GAG ACC GAC-3’and 5'-GTC GGT CTC CAG ATC ATC CAT
GTC CTG ATC CTC-3'; and for Lys-319 to Ala-319 (K319A), 5'-CTG GAG ACC GAC GCC
GCA TTC TCC TGG CTG GAA- 3"and 5'-TTC CAG CCA GGA GAA TGC GGC GTC GGT CTC
CAG-3'. In these sequences, the underlined bases indicate the mutations in the bases. Double
mutants K194E-K245D and K245D-K319A were prepared using the template cDNA of
K245D, and the above-mentioned K194E and K319A primers. Triple mutants
K194E-K245D-E312D and K194E-K245D-K319A were prepared using the template cDNA of
the K194E-K245D mutant and the E312D or K319A primers. The PCR process was carried out
using Pfu DNA polymerase. The PCR product was treated with Dpnl endonuclease to digest
the parental DNA template. The mutant DNA sequences were confirmed by DNA sequencing.

Expression and purification of AlgL and its mutants

A recombinant plasmid was used for the transformation of Escherichia coli BL-21(DEj;) cells.
The cells were grown in 500 mL Luria-Bertani (LB) medium supplemented with 100 pug/mL
kanamycin, at 37°C in a shaker incubator (250 rpm) until an ODgg of 0.6 was achieved. At this
OD, isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1
mM, and the cells were allowed to grow for an additional 12 h at 20°C. The cells were then har-
vested by centrifugation at 6000 x g for 15 min at 4°C. The cell pellet was resuspended in 20
mL cold cell lysis buffer [50 mM Tris, 300 mM NaCl, 5 mM imidazole buffer (pH 8.0), contain-
ing 1 mM PMSF and 1 mM DTT]. The cells were ruptured by sonication. The cell lysate was
cleared by centrifugation at 10,000 x g for 20 min. The extract was slowly loaded onto the Ni-
NTA agarose bead column, which was equilibrated at 4°C with a column lysis buffer [50 mM
Tris, 300 mM NaCl, 5 mM imidazole buffer (pH 8.0), containing 1 mM PMSF and 1 mM
DTT]. The column was washed using a column buffer [50 mM Tris, 500 mM NaCl, 20 mM
imidazole buffer (pH 8.0)] until an OD,g, of below 0.005 was achieved. The AlgL was then
eluted from the Ni-NTA agarose bead column by incubation with the elution buffer [50 mM
Tris, 300 mM NaCl, 300 mM imidazole buffer (pH 8.0) containing 1 mM PMSF and 1 mM
DTT] at room temperature for 5 min. The concentration of the purified enzyme was deter-
mined, and its purity was assessed by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS/PAGE).

AlgL assay

All biochemical characterization assays were performed using the purified enzyme resus-
pended in 50 mM Tris-HCl buffer (pH 7.5). An aliquot (0.2 mL) of the enzyme solution was
added to 2.8 mL of previously incubated substrate solution (at 37°C), comprised of 0.2%
sodium alginate dissolved in 50 mM Tris-HCI buffer (pH 7.5). The enzymatic reaction was ter-
minated by heating the mixture in boiling water for 5 min. Lyase activity was quantitatively
measured using the thiobarbituric acid method [43]. One unit of the enzyme activity was
defined as 1 pmol liberated product per min.

PLOS ONE | DOI:10.1371/journal.pone.0156197 June 2,2016 5/18



@’PLOS ‘ ONE

Molecular Modeling and Mutagenesis of AlgL

Biofilm formation and treatment in vitro

Silicone sheets (0.5 cm x 0.5 cm) were prepared in 16-well plates. Each isolate was grown to the
logarithmic phase in tryptone soy broth (TSB) at 37°C for 24 h, harvested by centrifugation,
resuspended in a volume of TSB, and monitored spectrophotometrically to yield approximately
5 x 10° colony-forming units (CFU) per milliliter. Before each experiment, several colonies
were used to inoculate 5 mL TSB at 37°C for 24 h in ambient air. Subsequently, 100 pL of this
culture was used to inoculate 50 mL of medium, from which biofilms were grown on silicon
introduced by suspension from a stainless steel hook. After a total incubation period of 2 days,
the silicone sheets were collected, dipped once in sterile 0.9% NaCl, and gently dried by a mini-
mal touch with a soft tissue to wash off planktonic microorganisms as well as any remaining
TSB. After separation of the CRPA biofilm-formed silastic sheets, they were transferred to six
new sets of 12-well plates with TSB. Six different treatments were performed: control (no treat-
ment; Group I), 1 mL PT (Tazocin, 4%) with 1 mL phosphate-buffered saline (Group II), 1 mL
PT (Tazocin, 4%) with 1 mL wild-type AlgL (Group III), 1 mL PT (Tazocin 4%) with 1 mg
mutant K197D/K321A AlgL (Group IV), 1 mg wild-type alone (Group V), and 1 mL mutant
K197D/K321A alone (Group VI). All groups were incubated for 1 d. All experiments were car-
ried out in triplicate, and the mean of results was reported.

Quantitative assessment of biofilm development

Each of the four silicone sheets in the six different treatment groups was carefully washed five
times with sterile phosphate-buffered saline (PBS) to remove non-adherent bacteria. Silicone
sheets were transferred into 15-mL conical tubes containing 5 mL of PBS. The tubes were vig-
orously vortexed for 2 min to free the bacteria attached to the surface of each silicone sheet and
sonicated at low power (45 kHz) for 3 min (Microson Ultrasonic Cell Disruptor XL, Misonix
Inc., NY, USA) to disperse the bacterial cells. This regimen has been found to remove all adher-
ent bacteria without affecting viability [44]. Samples of 200 mL from the sonicated biofilms
were serially diluted in 0.9% saline solution and were plated onto TSB to determine the total
number of viable cells. The plates were incubated for 24 h at 37°C and the colonies were
counted manually. Statistical differences between independent groups were assessed using one-
way analysis of variance (ANOVA). A Mann-Whitney U test was performed to compare
between two groups. Statistical significance was defined as p < 0.05.

Evaluation of the silicone sheet surface

Each of the four silicone sheets from four different treatment groups (I, I1, III, and IV) was
immersed overnight in fresh 2% glutaraldehyde and post-fixed by OsO, solution. Groups E
and F were not included because of the absence of antibiofilm effect. After the dehydration pro-
cess, the films were prepared by critical point drying and platinum sputter coating. All the pre-
pared specimens were investigated for 30 min each to determine CRPA biofilm formation on
the surface of the silicon sheet. The surface of the CRPA biofilm on each silicone sheet was
examined by scanning electron microscopy (SEM, FE-SEM, Hitachi, Tokyo, Japan), atomic
force microscopy (AFM, XE-100, Park System co., Suwon, Korea) and the surface roughness of
three different groups I, III, and IV was determined by a nanosurface 3D optical profiler
(NV-E1000; Nano System Co Ltd).

Antibiofilm test by live/dead staining

Each of the four silicone sheets from four different treatment groups (I, I1, III, and IV) intended
for imaging was subjected to a LIVE/DEAD BacLight™ Bacterial Viability Kit (ThermoFisher
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Scientific Co., Waltham, MA, USA) and staining kits for CRPA. In this study, we omitted the
groups E and F, because SEM and AFM showed no effect of AlgL-only treatment groups.
Directly after the silicone sheets were removed, they were stained for 15 min in the dark at
room temperature with both the live/dead viability stains containing SYTO 9 dye (3.34 mM)
and propidium iodide (20 mM). A series of about 20 images was generated for each biofilm on
the silicone sheets using confocal laser scanning microscopy (laser scanning confocal micro-
scope, TCS SP5/AOBS/Tandem, Leica, Germany).

Results and Discussion
AlgL structure and AlgL-alginate binding

Fig 1 depicts the aligned sequences between the template ALYTII and two members of the sub-
family PL-7 (AlgL and PalgL). An overall high homology (55.3%) among the three proteins
suggested high conservation of the residues at the substrate binding cleft (e.g. N198, H199, and
Y253). The binding structure of the AlgL-alginate complex, derived from the trajectory of 10
ns MD simulation is depicted in Fig 2. Compared to the X-ray crystal structure of the template
(PDB code 4F13) [32], the geometrical root-mean square deviation (RMSD) for the Co. atoms
of the modeled AlgL structure was very low (1.03 A), suggesting the high fidelity of the mod-
eled structure. As seen in Fig 2, the substrate alginate is located at a similar cleft, as observed in
the X-ray crystal structure of the template ALYIII. According to the X-ray crystal structure of
ALYIII [32], the loop (formed by residues 64 to 85; ALYIII numbering) was induced to move
to the binding cleft and cover the substrate binding site. The corresponding loop (created out
of residues 57 to 78) of AlgL is located immediately above the bound substrate alginate (Fig 2).
For convenience, the entire substrate consists of four structural units (M1 to 4), as indicated in
Fig 2. The substrate unit M1 is closely packed with the side chains of the residues K194, N198,

AvAlgL ———-MHRTRLALSCLLGSLLLSGAVHAAEALVPPRGYYAPVDIRKGEAPACPVVPEPFTGELVFRSKYEGSD 68
PaAlgL -MRTSHLIRTALPGALAAALLASQVSQAADLVPPPGYYAAVGERRGSAGSCPAVPPPYTGSLVFTSKYEGSD 71

AvAlgL AARSTLNEEAERAFRTKTAPITQIERGVSRMVMRYMERGRAGDLECTLAWLDAWAEDGALLTTEYNHTGRSM 140

PaAlgL SARATLNVRAERTFRSQTRDITDMERGATKLVTQYMRSGRDGDLACALNWMSAWARAGALOSDDFNHTGRSM 143
ALYITT HG—————] PVNPDYEPVVTLYRDFEK I SATLGNLYVAT GRPVYATCLLNMILDKNARADALLNYDPRSQSWYQ 138

AvAlgL RRRALGSLAGAYLRIKFSSSQPLAAYPEQARRIESWFARVGDOV IKDNSDLPLKRINNHSYWAANAVMAAGY 212
PaAlgL. RRNALGSLSGAYMRLKFSSSRPLAAHAEQSRE IEDWNFARLGTQVVRDNSGLPLRKRTNNHSYWAANSVMSTAV 215
ALYIII VEWSAATAAFALSTMMAEPN-——-VDTAQRERVVRNLNRVARHQTSFPGGD-TSCCNNHSYWRGQEATIIGV 205

HoE P T L ARRAAE . . -*
AvAlgL ATNRRPLFDRAVEQFHIAAGQOVDSNGFLPNELKRRORALAYHNY SLPPLMMVAAFALANGVDLRGD-—NDGA 282
PaAlgL VTNRRDLFDRAVSEFRVAANQVDEQGFLPNELRKRRORALAYHNYALPPLAMTAAFAQVNGVDLRQOE-—NHGA 285
ALYITI ISKDDELFRWGLGRYVQAMGLINEDGSFVHEMTRHEQSLHFQONY AMLPLTMIAETASROGIDLYAYRENGRD 277
HH RS Gt B IEGIE D CWCOEODITE CIRRID RR ACK X JAIAR x
AvAlgL LGRLAGNVLAGVERPEPFAERAGDED(QDMEDLETDAKF SNLEPYCALYSCSPALRERKAEMGPFRNFRLGGD 354
PaAlgL LORLAERVMRGVDDEETFEEKRTG-EDQDMTDLRKVDNKY AWLEPY CALYRCEPRMLEARRDREPFNSFRLGGE 356

ALYITT ITHSARKFVFAAVRNPDLIRRYASEPQDTRAFKPGRGDLNWIEYQRARFGFADELG———-FMTVPIFDPRTGGS 346
- xE Wou BOEE g o . X% x 2 8 LI B L
AvAlgL VTRIFDPAERSPRSTVGKRD 374
PaAlgL VTRVFSREGGS-———————— 367
ALYIIT ATLLAYRPQGAAAQAPVS—— 364
x = -

Fig 1. Sequence alignment of Azotobacter vinelandii alginate lyase (AvAlgL) with Pseudomonas
aeruginosa alginate lyase (PaAlgL), and with the template Sphingomonas alginate lyase species A1-lll
(ALYII). Stars, colons, and semicolons represent the conserved residues among these three proteins,
revealing an overall homology of 55.3% among these three proteins.

doi:10.1371/journal.pone.0156197.g001
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i

Fig 2. MD-simulated structure of the AlgL-alginate complex. The top panel: AlgL is represented as a
ribbon in golden color, and the substrate alginate is shown in the stick style with four units labeled as M1 to 4.
Residues within 5 A around the substrate are represented in the stick style and colored according to atom
type. The bottom-right panel: the atomic details of intermolecular interactions on the binding interface of AlgL
and the M1 unit of the substrate alginate. The atom names of M1 are labeled, and the intermolecular
hydrogen bonds are represented as dashed lines with distances labeled (in A units). The bottom-left panel:
local intermolecular interactions between AlgL and the M2 unit of the substrate alginate are shown.

doi:10.1371/journal.pone.0156197.g002

H199, R246, and Y253, through extensive electrostatic and hydrogen-bonding interactions. In
particular, the substrate M1 unit formed strong hydrogen-bonding interactions with the -NH,
group on the N198 and H199 side chains, the positively charged group on the R246 side chain,
and the hydroxyl hydrogen atom on the Y253 side chain. The negatively charged oxygen atoms
in the carbonyl group of the M1 unit of the substrate also interact with the positively charged
group of the R246 side chain via electrostatic interactions. The hydroxyl group present in the
M1 unit of the substrate is connected via a hydrogen bond with the positively charged head
group in the K194 side chain of AlgL. The Y253 residue forms a strong hydrogen bond with
the oxygen atom connecting the M1 and M2 units of the substrate, which may initiate the cata-
lytic reaction of substrate degradation. The M2 unit of the substrate alginate primarily inter-
acted with several positively charged residues of AlgL, such as K63, K80, and R350 (the
bottom-right panel of Fig 2), through hydrogen bonds and electrostatic interactions. The
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carbonyl group of the M3 unit of the substrate is close to the positively charged head group of
the K319 residue of AlgL, whereas the M4 unit of the substrate is completely exposed to the
surrounding solvent water molecules. The AlgL-alginate binding mode was stable during the
long-term MD simulation (see S1 to S5 Figs).

Based on the modeled AlgL-alginate binding structure, various amino-acid residues were
determined to be crucial for binding with the substrate and, consequently, for enzyme activities
against the two substrates. Based on the modeled structure depicted in Fig 2, the N198, H199,
and R246 residues were packed together with the carbonyl group of the M1 unit of the sub-
strate via strong electrostatic and hydrogen-bonding interactions, suggesting that these three
residues are critical for the M1 orientation in the binding cleft. The residue Y253 showed dou-
ble hydrogen bonding interactions with the substrate alginate and the Y64 residue of AIgL (see
Fig 2, the black curve in S3 Fig, and the cyan curve in S5 Fig), indicating that any mutation
affecting Y253 could probably inactivate the enzyme. The results of site-directed mutagenesis
(see Table 1) showed that the N198A, H199A, R246A, Y253A, and Y253F mutations indeed
resulted in the enzyme inactivation, which is consistent with the mode of the AlgL-alginate
binding described above. Based on the simulation, the residue K194 appeared to show a small
percentage of hydrogen bonding with the hydroxyl group at the M1 subunit of the substrate
(see the blue curve in S3 Fig). As observed in the binding structure, this residue is located near
the positively charged R246 side chain (see the bottom-right panel of Fig 2), indicating the lim-
ited role of K194 in substrate binding. This point is supported by the observation from site-
directed mutagenesis showing that K194A and K194E mutations have a very small effect on
the enzyme-substrate binding affinity (see the K, values listed in Table 1). According to the
modeled structure depicted in Fig 2, the residue K319 did not form stable hydrogen bonds with
the M3 unit of the substrate alginate; consequently, its contribution to the enzyme-substrate

Table 1. Ky, kcat, and k¢./K,, values of mutants.

Mutants Keat (min™) K (mg-mL™) KeatlKm (ML-min"'.mg™) Relative activity
Sodium Acetylated Sodium Acetylated Sodium Acetylated Sodium Acetylated
alginate alginate alginate alginate alginate alginate alginate alginate

Wild type 63.8+4 85.9+ 10 0.156 + 0.02 0.468 + 0.03 409.0 183.6 1.0 1.0

K194A 1046+ 9 190.2+ 19 0.119 £ 0.01 0.458 + 0.02 880.4 415.3 2.2 2.3
K194E 149.9 £ 11 310.7 £ 22 0.159 + 0.02 0.349 + 0.02 942.9 890.4 2.3 4.9
N198A ND ND ND ND ND ND - -
H199A ND ND ND ND ND ND - -
K245D 137.3+28 324.9 + 51 0.150 + 0.02 0.652 + 0.03 916.2 498.2 22 2.7
R246A ND ND ND ND ND ND - -
Y253A ND ND ND ND ND ND - -
Y253F ND ND ND ND ND ND - -
E312D 69.6 +7 1525+ 12 0.094 + 0.01 0.391 £ 0.02 7441 389.4 1.8 22
K319A 64.1+3 165.1 £ 14 0.126 + 0.01 0.396 + 0.01 508.4 416.6 1.2 2.3
K194E/K245D  256.3 + 26 504.3 + 38 0.153 £ 0.02 0.625 + 0.05 1673.0 806.4 41 4.4
K245D/K319A 1979+ 13 352.9 + 52 0.134 £ 0.01 0.308 + 0.03 1476.6 1145.5 3.6 6.2
K194E/ 282.3+ 35 839.8 + 65 0.095 + 0.01 0.955 + 0.07 2950.2 879.1 7.2 4.8
K245D/E312D
K194E/ 280.9 + 21 901.5+78 0.103 £ 0.02 0.768 + 0.06 2718.9 1173.7 6.7 6.4
K245D/K319A

ND, not-detectable activity

doi:10.1371/journal.pone.0156197.t001
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binding affinity should be insignificant, which was confirmed by our experimental observation
that the K319A mutation did not significantly change the K, values (Table 1). The K245 resi-
due did not have any direct contact with the bound substrate; therefore, the K245D mutation
should have no significant effect on substrate binding (Table 1), apart from a possible change
in charge distribution on the enzyme surface. Interestingly, the E312D mutation significantly
increased the enzyme-substrate binding affinity, as seen in the K, values in Table 1. According
to the modeled enzyme-substrate binding structure, residue E312 is located in the same loop as
that of K319 (Fig 2). A subtle change, such as the E312D mutation, might significantly affect
the possible intra-molecular interactions (e.g. local intra-molecular interactions around E312
and K319). Consequently, this could result in a direct change in the inter-molecular interac-
tions of the loop containing the E312 and K319 residues with the M3 and M4 units of the sub-
strate alginate. We recommend that the exact role of the E312 residue in substrate binding be
explored further in future research. Further observation of the modeled AlgL-alginate binding
structure also suggested that the substrate binding cleft and the adjacent molecular surface of
the enzyme are covered with positively charged residues (e.g. K194, K245, R246, and K319).
These data suggest that long-range electrostatic interactions between the positively charged res-
idues and the substrate would not assist in dissociation of the substrate and the products of the
catalytic reaction. A reversal in the charges and/or a decrease in the positive charges of some of
these residues (e.g. K194E) might facilitate dissociation of the products from the catalytic reac-
tion. This is in agreement with the observed increase in k., resulting from the mutations such
as K194A, K194E, K245D, K319A, and the combination of these mutations (Table 1).

Identification of catalytic residues of AlgL

Algl, isolated from Azotobacter vinelandii, is a member of the polysaccharide lyase family-7
that catalyzes the depolymerization of polyuronides via B-elimination [45]. Although the crys-
tal structure of this AlgL is yet to be determined, that of A1-III from Sphingomonas species Al
has been previously elucidated [32]. Furthermore, the crystal structure of the binary complex
(including the enzyme and tetrasaccharide substrate) of A1-III has also been characterized
[46]. An examination of the high-resolution crystal structure of the binary complex, the 3D
model of AlgL, and our experimental data led to the development of a possible catalytic mecha-
nism for AlgL [32, 46]. The “Asn-His-Tyr catalytic triad” is presently considered important in
polysaccharide lyase-mediated catalysis. Our experimental results indicated that R246 also
plays an important role in the catalytic degradation of substrates (Fig 3). Catalytically

His-199

Fig 3. Schematic view of the B-elimination reaction mechanism.

doi:10.1371/journal.pone.0156197.g003

PLOS ONE | DOI:10.1371/journal.pone.0156197 June 2,2016 10/18



@’PLOS ‘ ONE

Molecular Modeling and Mutagenesis of AlgL

important residues of AlgL were identified via site-directed mutagenesis to include N198,
H199, R246, and Y253; inactivating mutations in any of these residues resulted in almost com-
plete loss of AlgL activity towards the two substrates (alginate from brown algae and acetylated
alginate from Pseudomonas) (Table 1). The 3D model for the binary complex of AlgL-alginate
depicted in Fig 2 shows neutralization of the C5 carboxylate group of alginate as a result of the
hydrogen-bonding with the protonated amine group of R246. In addition, the amine group on
the side chain of N198 forms a hydrogen bond with an oxygen atom of the C5 carboxylate
group and, thus, fix the C5 carboxylate moiety. The 3D model of the binary complex of AlgL-
alginate revealed that the residues H199 and Y253 function as an acid/base pair. Based on this
information, the N198, H199, R246, and Y253 residues of AlgL were subjected to site-directed
mutagenesis (to alanine or phenylalanine: N198A, H199A, R246A, Y253A, and Y253F; see
Table 1). None of the mutants displayed any detectable activity against the substrates. There-
fore, the catalytic mechanism of AlgL isolated from Azotobacter vinelandii appeared to be
dependent on four residues (N198, H199, R246, and Y253), which is consistent with a neutrali-
zation-acid/base mechanism.

Improving AlgL activity by site-directed mutagenesis

Based on the computational analysis, site-directed mutagenesis of the K194, K245, E312, and
K319 residues of AlgL to alanine, glutamic acid, and aspartic acid (K194A, K194E, K245D,
E312D, and K319A) was conducted. The mutants has an improved catalytic efficiency (k.,/Kpn)
against the two substrates by nearly 2-fold, with the exception of K194E (with acts against the
acetylated alginate substrate), which has a 5-fold higher catalytic activity compared to the wild-
type enzyme (Table 1 and Fig 4). Double and triple mutants (K194E/K245D, K245D/K319A,
K194E/K245D/E312D, and K194E/K245D/K319A) were also prepared from the single-site
mutants K194A, K194E, K245D, E312D, and K319A. The k.,./K,, ratios of the double mutants
K194E/K245D and K245D/K319A against the alginate substrate showed nearly 4-fold increase,
compared to the wild-type. The k,/K,, ratio of the double mutant K245D/K319A against the
acetylated alginate substrate was increased by 6-fold, as shown in Table 1. The k,/K, ratios of
the triple mutants K194E/K245D/E312D and K194E/K245D/K319A against acetylated alginate
did not change compared to the double mutants. However, the triple mutants were observed to
be more active against alginate (activity) compared to the double mutants (Table 1 and Fig 4).

Synergistic effect of antibiotics and AlgL on biofilm disruption

Depicted in Fig 5 are viable planktonic cells (suspended) of CRPA (log;o CFU/mL) after 24 h
incubation in silicone sheets, which were treated in five different groups. Colony counts of the
controls and AlgL-alone treatment groups were significantly higher than those on the silicone
sheet consisting of treatment with PT with or without the wild-type and mutant AlgL

(p < 0.002). The combined PT treatment along with mutant K194E/K245D/K319A was signifi-
cantly more effective than PT treatment with wild-type in reducing the CRPA biofilm

(p < 0.05). However, no effects of either type of AlgL used alone were detected in reducing the
CRPA biofilm. SEM (Fig 6) and AFM (Fig 7) showed a robust CRPA biofilm in the control
group. On the other hand, there was reduced CRPA biofilm formation in the silicone sheet
with PT combined with the wild-type and the mutant K194E/K245D/K319A. The addition of
the mutant K194E/K245D/K319A to PT at a low concentration enhanced its capacity to dis-
rupt the CRPA biofilm as compared to addition of the wild-type. Atomic force microscopy
(AFM) is emerging as a potent alternative tool for studying biofilms. This differs from SEM,
which works by surface scattering and absorption of electrons and therefore lacks vertical reso-
lution [28].
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Fig 4. Comparison of enzyme activities of wild type AlgL and mutant AlgL K194A, K194E, K245D,
E312D, K319A, K194E/K245D, K245D/K319A, K194E/K245D/E312D, and K194E/K245D/E312D against
two substrates (alginate from brown algae and acetylated alginate from Pseudomonas). The purified
enzymes were assayed for AlgL activity. AlgL activity was determined by the thiobarbituric acid method, as
described in the “Experimental Procedures” section.

doi:10.1371/journal.pone.0156197.g004

The surface roughness value determined by nano-surface 3D optical profiler was the highest
in group II, PT only treated silastic sheet compared to the other two groups III, IV (Fig 8). PT
with Algl mutant treated group IV had a significantly lower surface roughness than group III.
One-way ANOVA showed statistically significant differences among the mean values of sur-
face roughness among the three groups (P < 0.001). The live and dead bacteria showed green
and red fluorescence, respectively. The control silicone sheet biofilm showed green fluores-
cence for live cell densities; in contrast, the study group silicone sheet showed robust red fluo-
rescence for dead cell densities. The amount of dead cells in the biofilms of PT with mutant or
wild-type groups was determined. Addition of the mutant to PT at low concentrations
enhanced its capacity to disrupt the CRPA biofilm as compared to the addition of the wild type
(Fig 9). Three global non-microbicidal strategies have been proposed to target pathogenic bac-
teria with biofilm formation ability by (i) preventing microbial attachment to a surface, (ii) dis-
rupting biofilm development and/or affecting biofilm architecture to enhance the penetration
of antimicrobials, and (iii) affecting biofilm maturation and/or inducing its dispersion and deg-
radation [44, 47, 48, 49]. The inability of antimicrobial agents to penetrate into the biofilm net-
work (one of the most important reasons for the development of antibiotic-resistant bacteria)
could be overcome through the application of matrix-targeting enzyme treatment [50, 51]. The
combination of ciprofloxacin or gentamicin with AlgL has also been tried with PA biofilms.
Algl improved antibiotic activity in reducing the PA biofilm [16-21]. Nowadays, there are
increasing incidences of antibiotic-resistant bacteria, such as methicillin-resistant
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Fig 5. The combination of PT with mutant K194E/K245D/K319A was significantly more effective than
PT with wild-type at reducing the CRPA biofilm (p < 0.05) and group IV was significantly reduced
compared to group lll (p < 0.05). However, no effect of either type of AlgL alone was detected in reducing
the CRPA biofilm.

doi:10.1371/journal.pone.0156197.g005
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Fig 6. Biofilm formation in each group was identified by scanning electron microscopy. The biofilm
disruption effect was best achieved in group IV compared to other groups.

doi:10.1371/journal.pone.0156197.g006
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Fig 7. Antibiofilm effect of each group (Il, lll and IV) compared to the control group by atomic force
microscopy. Group |V showed a prominent antibiofilm effect compared to the other two groups.

doi:10.1371/journal.pone.0156197.g007

Staphylococcus aureus and CRPA. However, there are no reports concerning the effect of AlgL
on CRPA biofilms.

In the present study, AlgL combined with PT improved the disruption of CRPA biofilms.
Our results are consistent with previous reports [16, 17, 19, 20] revealing enhanced biofilm dis-
ruption activity when an antibiotic was combined with AlgL. Further research, including in
vivo studies, in this area are necessary.

Conclusion

The crystal structure of A1-III from Sphingomonas species Al was employed to build a 3D
model of Azotobacter vinelandii AIgL. The secondary structure and the results of a systematic
analysis of hydrogen bonding patterns of several AlgL crystal structures were used to refine the
catalytic residues of AlgL. This analysis revealed a number of residues and tertiary structure
motifs that were functionally conserved across most of the available AlgL templates. Computa-
tional simulations, site-directed mutagenesis, and AlgL activity assays allowed a detailed under-
standing of the interactions between AlgL and its substrate. The experimental data was
observed to be consistent with the simulated predictions. A detailed analysis of the modeled
AlgL-alginate binding structure revealed that the most important contributions were from pos-
itively charged residues (K63, K194, K245, R246, and K319). The catalytic residues of AlgL
were also identified via site-directed mutagenesis to be N198, H199, R246, and Y253, and the
mutations on these residues resulted in an almost complete loss of the AlgL activity. This is
illustrated further in the 3D model of AlgL, which was generated based on the A1-III (from
Sphingomonas species A1) crystal structures. Therefore, our data suggested that the C5 carbox-
ylate group of the substrate was neutralized by R246 and stabilized further by N198, with
H199/Y253 acting as the base and Y253 playing the role of an acid. We have also modified
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Fig 8. Biofilm thickness expressed by surface roughness measurement using the 3D nanosurface
optical profiler. Among three different treated groups, PT with AlgL mutant treated group IV had a
significantly lower surface roughness than group lll. One-way ANOVA showed statistically significant
differences among the mean values of surface roughness of the three groups (P < 0.001). Group IV was
statistically thinner than group Il (P < 0.05) using the Mann-Whitney U test.

doi:10.1371/journal.pone.0156197.g008

Fig 9. The number of live cells identified in the biofilms of PT with mutant group is less than the other
groups.

doi:10.1371/journal.pone.0156197.g009
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wild-type AlgL by site-directed mutagenesis in order to improve catalytic activities against algi-
nate substrates. The most potent mutant was determined to be K194E/K245D/K319A, which
has a 10-fold higher k., value compared to the wild-type enzyme. The results obtained from
our in vitro antibiofilm studies suggest the potential to use AlgLm for treatment of in vivo
CRPA biofilm infections. As alginate plays a role in preventing the killing of Pseudomonas aer-
uginosa biofilms, AlgL. might well have a role in the treatment of PA-infected patients with cys-
tic fibrosis. Therefore, this AlgL mutant could be co-administered with antibiotics, possibly
using a nebulizer, for this purpose.

Supporting Information

S1 Fig. Tracked geometrical root-mean square deviations (RMSD) and distances in the
MD-simulated AlgL-alginate binding structure.
(TIF)

S2 Fig. Tracked distances in the MD-simulated AlgL-alginate binding structure.
(TTF)

S3 Fig. Tracked distances in the MD-simulated AlgL-alginate binding structure.
(TIF)

S4 Fig. As tracked along the MD trajectory, the shortest distances between the positively
charged head group at the K319 side chain of AlgL and the carbonyl oxygen atoms (O10
and O11) from the M3 unit of the substrate, and the hydroxyl oxygen atom (O13) at the
M2 unit of the substrate.

(TIF)

S5 Fig. Tracked distances in MD-simulated AlgL-alginate binding structure.
(TIF)
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