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Compositions and Methods for Inhibiting Biofilm Deposition and Production

This application claims priority to PCT/US2017/032437 filed May 12, 2017, the entire

disclosure being incorporated herein by reference as though set forth in full.

This invention was made with government support under Grant Nos: RO1 HL107904 and
RO1 HL.109442 awarded by the National Institutes of Health. The government has certain rights
in the invention.

Field of the Invention

The present invention relates to the fields of biofilm deposition and the treatment of
disease. More specifically, the invention provides compositions and methods useful for the
treatment of dental caries and other oral diseases. The invention also provides methods for

coating biomedical devices for inhibiting undesirable biofilm deposition thereon.
Background of the Invention

Several publications and patent documents are cited throughout the specification in order
to describe the state of the art to which this invention pertains. Each of these citations is
incorporated by reference herein as though set forth in full.

Biopharmaceuticals produced in current systems are prohibitively expensive and are not
affordable for large majority of the global population. The cost of protein drugs ($140 billion in
2013) exceeds GDP of >75% of countries around the globe [Walsh 2014], making them
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unaffordable. One third of the global population earns <$2 per day and can’t afford any protein
drug (including the underprivileged, elderly and lower socio-economic groups in the US). Such
high costs are associated with protein production in prohibitively expensive fermenters,
purification, cold transportation/storage, short shelf life and sterile delivery methods [Daniell et
al 2015, 2016].

Biofilms are formed by a complex group of microbial cells that adhere to the
exopolysaccharide matrix present on the surface of medical devices. Biofilm-associated
infections associated with medical device implantation pose a serious problem and adversely
affects the function of the device. Medical implants used in oral and orthopedic surgery are
fabricated using alloys such as stainless steel and titanium. Surface treatment of medical implants
by various physical and chemical techniques has been attempted in order to improve surface
properties, facilitate biointegration and inhibit bacterial adhesion as bacterial adhesion is
associated with surrounding tissue damage and often results in malfunction of the implant.

Many infectious diseases in humans are caused by biofilms, including those occurring in the
mouth [Hall-Stoodley et al., 2004; Marsh, et al 2011]. For example, dental caries (or tooth decay)
continue to be the single most prevalent biofilm-associated oral disease, afflicting mostly
underprivileged children and adults in the US and worldwide, resulting in expenditures of >$81
billion annually [Beiker and Flemmig, 2011; Dye et al., 2015; Kassebaum et al, 2015]. Caries-
causing (cariogenic) biofilms develop when bacteria accumulate on tooth-surfaces, forming
organized clusters of bacterial cells that are firmly adherent and enmeshed in a extracellular
matrix composed of polymeric substances such as exopolysaccharides (EPS) [Bowen and Koo,
2011]. Current topical antimicrobial modalities for controlling cariogenic biofilms are limited.
Chlorhexidine (CHX) is considered the ‘gold standard’ for oral antimicrobial therapy, but has
adverse side effects including tooth staining and calculus formation, and is not recommended for
daily therapeutic use [Jones, 1997; Autio-Gold, 2008]. As an alternative, several antimicrobial
peptides (AMPs) have emerged with potential antibiofilm effects against caries-causing oral
pathogens such as Streptococcus mutans [da Silva et al., 2012; Guo et al., 2015].

Antimicrobial peptides (AMP) are an evolutionarily conserved component of the innate immune
response and are naturally found in different organisms, including humans. When compared with
conventional antibiotics, development of resistance is less likely with AMPs. They are potently

active against bacteria, fungi and viruses and can be tailored to target specific pathogens by
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fusion with their surface antigens (Lee et al 2011; DeGray et al 2001; Gupta et al 2015). Linear
AMPs have poor stability or antimicrobial activity when compared to AMPs with complex
secondary structures. For example, retrocyclin or protegrin have high antimicrobial activity or
stability when cyclized (Wang et al 2003) or when forming a hairpin structure (Chen et al 2000)
via disulfide bond formation. RC 101 is highly stable at pH 3, 4, 7 and temperature 25°C to 37°C
as well as in human vaginal fluid for 48 hours (Sassi et al 2011a), while its antimicrobial activity
was maintained for up to six months (Sassi et al 2011b). Likewise, protegrin is highly stable in
salt or human fluids (Lai et al 2002; Ma et al 2015) but lost potency when linearized. These
intriguing characteristics of antimicrobial peptides with complex secondary structures may
facilitate development of novel therapeutics. However, the high cost of producing sufficient
amounts of antimicrobial peptides is a major barrier for their clinical development and

commercialization.
Summary of the Invention

In accordance with the present invention, a multi-component composition comprising at
least one antimicrobial peptide (AMP) and at least one biofilm degrading enzyme which act
synergistically to degrade biofilm structures and inhibit biofilm deposition is provided. In
certain embodiments, the AMP is selected from protegrin 1, RC-101and the AMPs listed in
Table 1. The biofilm degrading enzyme, includes, for example, mutanase, dextranase,
glucoamylase, deoxyribonuclease I, DNAase, dispersin B, glycoside hydrolases and the enzymes
provided in Table 2. In certain embodiments, the coding sequences for these enzymes are codon
optimized for expression in a plant chloroplast. In a particularly preferred embodiment, the at
least one AMP and at least one biofilm degrading enzyme are produced recombinantly. In a
particularly preferred embodiment the AMP and biofilm degrading enzyme(s) are expressed as a
fusion protein. In some embodiments, the enzymes are chemically synthesized, obtained from a
microorganism or obtained from a commercial supplier. When the composition is for the
treatment of oral diseases, the composition may optionally further comprise an antibiotic,
fluoride, CHX, essential oils, or all of the above. The composition may be contained within
chewing gum, hard candy, or within an an oral rinse. Preferred fusion proteins of the invention
include, without limitation, PG-1-Mut, PG-1-Dex, PG-1-Mut-Dex, RC-101-Mut, RC-101-Dex,

RC-101-Mut-Dex for use alone or in combination for the degradation of biofilms. Notably any
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of the AMPs listed in Table 1 can replace either PG-1 or RC-101 in the aforementioned fusion
proteins to alter or improve the bacteriocidal action of the fusion protein. To alter the
degradation activity of the fusion proteins, the enzymes listed above and hereinbelow may
replace Mut, Dex or both in the fusion proteins of the invention. In another embodiment, when
two different EPS enzymes are employed in the compositions, such enzymes may be delivered at
different ratios, e.g., 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8 etc. When Mut and Dex are delivered
together in a gum or oral rinse for example, a preferred ratio is 5:1 Dex:Mut.

In another aspect, the invention provides a method of degrading and/or removing biofilm
comprising contacting a surface harboring said biofilm with the compositions described above,
the composition having a bactericidal effect, and reducing or eliminating said biofilm comprising
one or more undesirable microorganisms, wherein when said biofilm is present in or on an
animal subject in need of said reduction or elimination. In certain embodiments, the biofilm is
present in the mouth. In other embodiments, the biofilm is present on an implanted medical
device. The method may also be used to remove biofilms present in an internal or external body
surface iselected from the group consisting of a surface in a urinary tract, a middle ear, a
prostate, vascular intima, heart valves, skin, scalp, nails, teeth and an interior of a wound.

In yet another embodiment, the composition of the invention comprising said at least one
AMP and said at least one biofilm degrading enzyme are produced in a plant plastid. The plant
may be a tobacco plant and the sequences encoding said AMP and enzyme is codon optimized
for expression in a plant plastid. In a preferred embodiment, the AMP and biofilm degrading
enzyme are expressed in a lettuce plant as a fusion protein under the control of endogenous
regulatory elements present in lettuce plastids.

In another aspect of the invention, a composition comprising one or more essential oils
and at least one biofilm degrading enzyme which act synergistically to degrade biofilm structures
and inhibit biofilm deposition, in a biologically acceptable carrier for delivery is disclosed. In
some embodiments, the essential oils comprise one or more of menthol, thymol, eucalyptol and
methyl salicylate and the at least one biofilm degrading enzyme is selected from mutanase,
dextranase and glucoamylase. In other embodiments, the essential oils are menthol, thymol,
eucalyptol and methyl salicylate, and the biofilm degrading enzymes are mutanase and
dextranase. In other embodiments, the mutanase and dextranase are presentin a 5:1 ratio. In

certain embodiments, the enzymes are obtained commercially, purified from biological sources
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or produced in a plant plastid. In certain embodiments, the essential oils are present in acarrier is
selected from the group consisting of mouthwash, mouth rinse, mouth spray, toothpaste, chewing
gum, tooth gel, sub-gingival gel, mousse, foam, chewable tablet, dentifrice, lozenge, and
dissolvable strip. In certain embodiments, the carrier is a mouthwash. Examples of
commercially available mouthwashes comprising essential oils such as menthol, thymol,
eucalyptol and/or methyl salicylate include alcohol-free mouthwashes, e.g. those sold under the
Listerine®Zero™brand and antiseptic mouthrinses, e.g. those sold under the Listerine® brand.

The invention also provides a composition comprising an effective amount of one or
more biofilm degrading enzymes selected from mutanase, dextranase and glucoamylase and one
or more essential oils selected from the group consisting of group consisting of menthol, thymol,
eucalyptol, methyl salicylate, and combinations of two or more thereof in a carrier suitable for
oral delivery, wherein the carrier is selected from the group consisting of mouthwash, mouth
rinse, mouth spray, toothpaste, chewing gum, tooth gel, sub-gingival gel, mousse, foam,
chewable tablet, dentifrice, lozenge, and dissolvable strip. In certain embodiments, the carrier is
a liquid carrier such as a mouthwash, mouth rinse, or mouth spray. In certain embodiments the
carrier is a solid or semi-solid carrier such as a chewing gum, chewable tablet, lozenge, or
dissolvable strip. In certain embodiments, the carrier is a toothpaste.

In yet another aspect, a method of degrading and/or removing unwanted biofilm from the
oral cavity is disclosed. One exemplary method comprises administering an effective amount of
one or more biofilm degrading enzymes selected from the group consisting of mutanase,
dextranase, glucoamylase, and combinaitons of two or more thereof, and one or more essential
oils selected from the group consisting of menthol, thymol, eucalyptol, methyl salicylate, and
combinations of two or more thereof, to a surface of the oral cavity having said biofilm. In
certain embodiments said essential oils comprise a combination of menthol, thymol, eucalyptol
and methyl salicylate. Another exemplary method comprises contacting a surface of the oral
cavity having said biofilm with an effective amount ofa pretreatment composition comprising
biofilm degrading enzymes in a suitable carrier, followed by treatment with an antimicrobial oral
rinse, wherein said contacting and treating exert a bactericidal effect, thereby synergistically
reducing or eliminating said unwanted biofilm. In certain aspects the antimicrobial oral rinse
comprises at least two essential oils selected from menthol, thymol, eucalyptol and

methylsalicylate. In other aspects the essential oils are present in Listerine® mouthwash.
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Notably, the aforementioned methods are effective to selectively kill pathogenic S. mutans
without adversely affecting commensal bacteria, A. naeslundii and S. oralis.

The invention also provides a prophylactic method for inhibiting biofilm deposition on
the surface in the oral cavity, comprising contacting a surface of the oral cavity susceptible to
biofilm deposition with an effective amount of one or more biofilm degrading enzymes selected
from the group consisting of mutanase, dextranase, glucoamylase, and combinaitons of two or
more thereof, and one or more essential oils selected from the group consisting of menthol,
thymol, eucalyptol, methyl salicylate, and combinations of two or more thereof, to a surface of
the oral cavity having said biofilm. In certain embodiments the essential oils comprise a
combination of menthol, thymol, eucalyptol and methyl salicylate. Another exemplary method
comprises contacting a surface of the oral cavity susceptible to biofilm deposition with an
effective amount of a pretreatment composition comprising biofilm degrading enzymes in a
suitable carrier, followed by treatment with an antimicrobial oral rinse, wherein said contacting
and treating exert a bactericidal effect, thereby synergistically inhibiting deposition of the
unwanted biofilm. In certain aspects the antimicrobial oral rinse comprises at least two essential
oils selected from menthol, thymol, eucalyptol and methylsalicylate. In other aspects the
essential oils are present in Listerine®. Notably, the aforementioned methods are effective to
selectively kill pathogenic S. mutans without adversely affecting commensal bacteria, 4.

naeslundii and S. oralis.

Brief Description of the Drawings

Figures 1A- 1D — Purification of GFP fused Retrocyclin (RC101) and Protegrin (PG1)
expressed in tobacco chloroplasts — Fig. 1A. Western blot analysis of purified GFP-RC101
fusion using Anti-GFP antibody. Fig. 1B. Native fluorescence gel of purified GFP-RC101
fusion. Fig.1C. Western blot of purified GFP-PG1 fusion using Anti-GFP antibody. Fig. 1D.
Native fluorescence gel of purified GFP-PG1. Note — All the samples for Fig 1A -1D were
loaded based on total protein values obtained from the Bradford method. Densitometry using
Image J software was done to determine GFP concentration Expression level, purity and yield.
Expression level and yield were calculated from GFP concentrations relative to total protein

values. Yield was determined by multiplying GFP concentration with recovered volume after
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purification. Individual peptide yield was determined by dividing GFP yield with molar factor 14
(ratio of GFP MW to peptide MW). The fold enrichment was calculated by dividing % purity

with % expression in plant crude extracts.

Figures 2A -2E. Antimicrobial activity of AMPs (GFP-PG1 and GFP-RC101) against
Streptococcus mutans and other oral microbes. Cell viability was determined by absorbance
(Asoonm) and counting colony forming units (CFU) over-time. (Fig. 2A) Time-killing curve of S.
mutans treated with different concentrations of GFP-PG1 and synthetic PG1 (A600 nm). (Fig.
2B) Viable cells (CFU/ml) of S. mutans treated with GFP-PG1 and synthetic PG1 at each time
point. (Fig. 2C) Time-killing curve of S. mutans treated with GFP-RC101 at different
concentrations (Asoonm). (Fig. 2D) Viable cells (CFU/ml) of S. mutans treated with GFP-RC101
at each time point. (Fig. 2E) Viable cells (CFU/ml) of S. gordonii, A. naeslundii and C. albicans
treated with GFP-PG1 at 10 ug/ml for 1 h and 2 h.

Figures 3A — 3C. Bacterial killing by GFP-PG1 as determined via confocal fluorescence
and SEM imaging (Fig. 3A) Time-lapse killing of S. mutans treated with GFP-PG1 at 10
ug/ml. The control group (Fig. 3B) consisted of S. mutans cells treated with buffer only.
Propidium iodide (PI) (in red) was used with confocal microscopy to determine the bacterial
viability over time at single-cell level. P1 is cell-impermeant and only enters cells with damaged
membranes; in dying and dead cells a bright red fluorescence is generated upon binding of PI to
DNA. GFP-PG1 is shown in green. (Fig. 3C) Morphological observations of S. mutans subjected
to GFP-PGI at a concentration of 10 pg/ml for 1 h using scanning electron microscopy. Red

arrows show dimpled membrane and extrusion of intracellular content.

Figures 4A -4C Inhibition of biofilm formation by a single topical treatment of GFP-PGI1.
This figure displays representative images of three-dimensional (3D) rendering of S. mutans
biofilm. Bacterial cells were stained with SYTO 9 (in green) and EPS were labeled with Alexa
Fluor 647 (in red). Saliva-coated hydroxyapatite (sSHA) disc surface was treated with a single
topical treatment of GFP-PG1 with a short-term 30 min exposure (Fig. 4B). The control group
(Fig. 4A) was treated with buffer only. Then, the treated SHA disc was transferred to culture
medium containing 1% (w/v) sucrose and actively growing S. mutans cells (10° cfu/ml) and
incubated at 37°C, 5%CO; for 19h. After biofilm growth, the biofilms were analyzed by two

photon confocal microscopy. (Fig. 4C) Quantitative analysis of proportion of live and dead S.
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mutans cells via quantitative PCR (qPCR) with or without propidium monoazide (PMA)
treatment (Klein et al., 2012). The combination of PMA and gPCR (PMA-qPCR) quantify viable
cells with intact membrane. Before genomic DNA isolation and gPCR quantification, PMA is
added to selectively cross-link DNA of dead cells, and thereby prevent PCR amplification (Klein
et al., 2012). Asterisks indicate that the values from GFP-PG1 treatment are significantly
different from control (P<0.05).

Figure S. EPS-degrading enzymes digesting biofilm matrix. Representative time-lapsed
images of EPS degradation in S. mutans biofilm treated with combination of dextranase and
mutanase. Bacterial cells were stained with SYTO 9 (in green) and EPS were labeled with Alexa
Fluor 647 (in red). The white arrows show ‘opening’ of spaces between the bacterial cell clusters

and ‘uncovering’ cells following enzymatic degradation of EPS.

Figures 6A -6C. Biofilm disruption by synthetic PG1 alone or in combination with EPS-
degrading enzymes. (Fig. 6A) Time-lapse quantification of EPS degradation within intact
biofilms using COMSTAT. (Fig. 6B) The viability of S. mutans biofilm treated with synthetic
PG1 and EPS-degrading enzymes (Dex/Mut) either alone or in combination by ImageJ. (Fig. 6C)
Antibiofilm activity of synthetic PG1 was enhanced by EPS-degrading enzymes (Dex/Mut).
Asterisks indicate that the values for different experimental groups are significantly different

from each other (£<0.05).

Figure 7. In vitro uptake of purified fused protein CTB-GFP, PTD-GFP, Protegrin-1-GFP
(PG1-GFP) and Retrocyclinl01-GFP (RC101- GFP) in different human periodontal cell
lines: human periodontal ligament stem cells (HPDLS), maxilla mesenchymal stem cells
(MMS), human head and neck squamous cell carcinoma cells (SCC), gingiva-derived
mesenchymal stromal cells (GMSC), adult gingival keratinocytes (AGK) and osteoblast cell
(OBC) with confocal microscopy. 2x10* cells of human cell lines HPDLS, MMS, SCC, GMSC,
AGK and OBC were cultured in 8-well chamber slides (Nunc) at 37°C for overnight, followed
by incubation with purified GFP fusion proteins: CTB-GFP (8.8 pg), PTD-GFP (13 pg), PG1-
GFP (1.2 pg), RC101-GFP (17.3 pg) in 100 pl PBS supplemented with 1% FBS, respectively, at
37°C for 1 hour. After fixing with 2% paraformaldehyde at RT for 10 min and washing with
PBS for three times, the cells were stained with antifade mounting medium with DAPL. For

negative control, cells were incubated with commercial GFP (2 pg) in PBS with 1% FBS and

8
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processed in the same condition. All fixed cells were imaged using confocal microscope. The
green fluorescence shows GFP expression; the blue fluorescence shows DAPI labeled cell
nuclei. The images were observed under 100x objective, and at least 10-15 GFP-positive cells or
images were observed in each cell line. Scale bar represent 10 pm. All images studies have been

analyzed in triplicate.

Figure 8. Downstream processing of GFP fusions from transplastomic tobacco: Flow
diagram illustrating the different steps involved in generation of purifed GFP fusions from

transplastomic tobacco plants grown in greenhouse.

Figures 9A — 9B. Vectors and codon optimized sequences for mutanase (Fig. 9A) and
dextranase (Fig. 9B). Codon optimized mutanase: SEQ ID NO: 1. Codon Optimized
dextranase: SEQ ID NO: 2.

Figure 10. A schematic diagram of a choloroplast vector expressing tandem repeats of
AMPs fused with GVGVP for use alone or for expressing fusion protiens comprising the

EPS proteins in Figure 9.

Figure 11. Novel purification strategy: inverse temperature cycling purification process

demonstrates high yield.

Figures 12A — 12B: Expression of functional codon optimized mutanase in E. coli. Fig. 12
shows western blots showing mutanase expression in E. coli. Fig. 12B shows E. coli spread on
0.5% blue dextran plates. Transformed clones are able to produce recombinant dextranase
normally made in S. mutans and able to clear a blue halo around the colony. Fig. 12C represents
a gel diffusion assay comparing the degradation activity of recombinant dextranase present in the
crude lysate (Total Protein loading) from the transformed E. coli against blue dextran as

compared to commercially purified enzyme from Penicillin.

Figure 13. A flow diagram of the steps for engineering lettuce plants for AMP/biofilm

degrading enzyme production.
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Figure 14. Chewing gum tablet preparation is shown. While GFP is exemplified herein,
chewing gum comprising the AMP-enzyme fusion proteins (e.g., those provided in Figs. 9 and

10) is also within the scope of the invention.

Figure 15. Gum tables were evalulated via fluorescence, and by western blot to ascertain
the concentration of GFP. Quantification of the GFP release from chewing gum based on (1)
Western blotting (i1) Fluorometer (Fluoroskan Ascent™ Microplate Fluorometer — Thermo; Aex
485nm; Aem 538nm). Commercial GFP (Vector Laboratories, Cat# MB-0752) was used as

standard. The chewing gum was ground in the protein extraction buffer.

Figure 16. A chewing simulator is shown which uses artificial saliva for assessing release

kinetics of biofilm degrading agents from the gum tablets of the invention.

Figure 17. A graph showing quantification of GFP released from chewing gum. Gum
tablets comprising increasing concentrations of GFP expressed in lettuce leaves were assessed in

a chewing simulator in the presence of artificial saliva to determine GFP release kinetics.

Figure 18. A graph demonstrating that crude extracts comprising enzymes expressed from
chloroplast vectors are as efficacious for inhibiting CFU formation as commercial
enzymes, when mixed with Listerine® mouthwash. Enzymatic degradation of in vitro S.
mutans biofilms using £ coli derived Mutanase and Dextranase (ratio 1:5) supplemented with
listerine. Commercial Mutanase (from Bacillus sp., Amano) and Dextranase (from Penicillium
sp., Sigma) was used as positive control while the crude E. coli extract served as negative
control. CFU/ml is expressed as mean + standard deviation (n=2). *** P <0.001 versus £. coli

extract.

Figures 19A — 19E Glucanohydrolases enhance antimicrobial killing efficacy in S. mutans
biofilm with optimum activity ratio. (Fig. 19A) Saliva-coated hydroxyapatite (SHA) biofilm
model used in this study. (Fig. 19B) Schematic of treatment regimen and hypothesis of EPS-
degrading/Antimicrobial (EDA) approach on preformed S. mutans biofilms. (Fig. 19C) Effect of
dextranase/mutanase treatments on antimicrobial killing efficacy. 19-h preformed S. mutans
biofilms on sHA were topically treated with different combinations of glucanohydrolases for
120min and then immediately exposed to antimicrobial (EOs) for Imin. Antimicrobial killing

efficacy was determined based on CFU recovery. The most potent killing was consistently

10
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achieved using 8.75U/mL dextranase and 1.75U/mL mutanase before antimicrobial exposure
(5:1 enzymatic activity ratio, ~3-log more effective versus antimicrobial alone). Data are shown
as mean + standard deviation (n=4). NS, not significantly different; *, p<0.05; **, p<0.01 ***
p<0.001 (Student t test). (Fig. 19D) Screening of combinatory effect of dextranase and mutanase
on EPS degradation. Representative images of checkerboard microdilution assay. (Fig. 19E)
Combinatory effect(biomass reduction) of dextranase and mutanase determined by checkerboard
microdilution assay. Red arrow, optimum combination (8.75U/mL Dex and 1.75U/mL Mut, 5:1

activity ratio) selected for further experiments in this study.

Figures 20A -20F. EPS-degrading enzymes dismantle biofilm matrix in situ and facilitate
antimicrobial targeting within biofilms. (Fig. 20A) Confocal microscopy showing morphology
of 19-h §. mutans biofilm after matrix degradation by glucanohydrolase(s) for 120min. Green,
bacteria cells stained by SYTO9; Red, Exopolysaccharides (EPS) labelled by Alexa Fluor 647;
White arrow, bacterial dispersion induced by dual-enzyme treatment. (Fig. 20B) Time-lapse
killing assay performed using real-time bacterial live/dead staining and imaging. Preformed (19-
h) S. mutans biofilms were treated with 8. 75U/mL dextranase + 1.75U/mL mutanase or vehicle
control for 120min and were both challenged with antimicrobial (EOs). Images of a single
microcolony were acquired at Omin, 1min and Smin after antimicrobial challenge. Green, live
cells (SYTO 9); magenta, dead cells (propidium iodide); red, EPS (Alexa Fluor 647). White
arrows, in vehicle-treated group, the antimicrobial readily killed bacteria close to the surface of
the microcolony while cells residing inside remained mostly vital. (Fig. 20C) Total biomass(dry
weight) per biofilm after matrix degradation by glucanohydrolase(s) for 120min. (Fig. 20D)
Biochemical properties of exopolysaccharides of S. mutans biofilm after matrix degradation by
glucanohydrolase(s) for 120min. (Fig. 20E) Synergistic antibiofilm effect of glucanohydrolases
and antimicrobial. D, Dextranase; M, Mutanase; D+M, Dextranase+Mutanase. Data are shown
as mean + standard deviation (n=4). NS, not significantly different, *** p<0.001 (Student t
test). (Fig. 20F) Three-enzyme combination with dextranase, mutanase and glucoamylase further
enhances antimicrobial killing efficacy. G: 20U/mL Glucoamylase; D+M: 8.75U/mL dextranase
+ 1.75U/mL mutanase, D+M+G: Dextranaset+Mutanase+Glucoamylase. *, p<0.05; *** p<0.001

(Student t test).
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Figures 21A -21E. Dynamics of enzymatic EPS-matrix dismantling and its associated
protective mechanism of recalcitrance. Preformed (19-h) S. mutans biofilms (EPS labelled
with Alexa Fluor 647) were imaged in 0.1M sodium acetate buffer solution containing SuM
SYTO9 and 30uM propidium iodide for continuous labeling and real-time visualization of live
and dead bacterial cells over time. Glucanohydrolases were added to the buffer solution to yield
a final concentration of 8.75U/mL dextranase and 1.75U/mL mutanase while the same volume of
buffer solution was used as vehicle control. (Fig. 21A and Fig. 21B) 4-dimentional time-lapse
confocal imaging of matrix degradation. (Fig. 21C) and (Fig. 21D) Final image of the
microcolony acquired after the 1-min antimicrobial killing (EOs). Green, live cells (SYTO 9);
magenta, dead cells (propidium iodide); red, EPS (Alexa Fluor 647). Black dashed circle, the
center core of vehicle-treated microcolony comprised of mostly live bacteria after antimicrobial
attack. White arrows, EPS located inside the microcolony was efficiently degraded by
glucanohydrolases. Inserted dashed boxes, live bacteria in the outer layers after antimicrobial
exposure. (Fig. 21E) EPS degradation facilitates antimicrobial killing of bacterial cells inside

microcolony (Time-lapse images of dead bacteria only). Magenta, dead cells(propidium iodide).

Figures 22A-22C. Mechanical stability and integrity of the biofilm scaffold is damaged by
EPS-degradation. (Fig. 22A) Time-lapse imaging showing “implosion-like” collapse of the
physical structure of S. mutans biofilm accompanied with extensive cellular dispersion caused by
matrix degradation (8.75U/mL dextranase and 1.75U/mL mutanase) within 120min. Green,
bacteria cells stained by SYTO9; Red, EPS labelled by Alexa Fluor 647. (Fig. 22B) Time-
resolved EPS degradation (red squares) and microcolony spatial displacement (green circle)
curves. The biovolume of EPS in the biofilm was algorithmically analyzed using COMSTAT2.
The movement of each microcolony was computationally quantified as cumulative displacement
using TrackMate. Data of cumulative displacement are shown as median + interquartile range.
(Fig. 22C) Confocal image of glucan formation on sHA beads with/without glucanohydrolase
pretreatment. Grey: hydroxyapatite surface; Red: EPS glucan.

Figures 23A — 23F. EDA locally degrade EPS for enhanced targeting of EPS-producing
pathogen in mixed-species biofilms. (Fig. 23 A) Schematic of treatment regimen and hypothesis
of EDA approach on preformed mixed-species biofilms. (Fig. 23B) Ecological shift in the
mixed-species biofilm model used in this study. Dashed boxes, EDA approach was tested at 43h
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(the early stage) and 67h (the late stage). (Fig. 23C) Impact of EDA on microbial ecology in
early mixed-species biofilm (43h). Top, CFU of different bacterial species recovered from the
mixed-species biofilm after EDA treatment. Bottom, proportion of different species. (Fig. 23D)
Impact of EDA on microbial ecology in late mixed-species biofilm (67h). Top, CFU of different
bacterial species recovered from the mixed-species biofilm after EDA treatment. Bottom,
proportion of different species. (Fig. 23E) Fluorescence in situ hybridization (FISH) showing
spatial distribution of EPS, S. mutans and commensals in late mixed-species biofilms (67h). a.
overview of mixed-species biofilm on sHA; b. cross-sectional magnified image(merged); c. S.
mutans only (green); d. EPS only (red); e. S. oralis only (yellow); f. A. naeslundii only (cyan).
(Fig. 23F) Dynamics of localized degradation of EPS inside the mixed-species biofilm exposing
the embedded bacteria(yellow arrows). Grey, all bacteria stained by SYTO9; Red,
Exopolysaccharides (EPS) labelled by Alexa Fluor 647. D, Dextranase; M, Mutanase; D+M,
Dextranase+Mutanase. Data are shown as mean + standard deviation (n=4). NS, not significantly

different; *, p<0.05 ** p<0.01 *** p<0.001 (Student t test)

Figures 24A- 24F. EPS-degrading enzymes in experimental salivary pellicle inhibit S.
mutans biofilm formation in situ. (Fig. 24A) Schematic of treatment regimen and hypothesis
for S. mutans biofilm prevention by EPS-degrading enzyme pretreatment. (Fig. 24B)
Representative confocal images showing synergistic inhibition of biofilm formation by
glucanohydrolases in experimental salivary pellicle. sHA discs were topically treated with EPS-
degrading enzymes (8.75U/mL dextranase and/or 1.75U/mL mutanase) or vehicle control for 60
min before inoculum and were incubated to allow S. mutans biofilm formation for 19h before
imaging. Green, bacteria cells stained by SYTO9; Red, EPS labelled by Alexa Fluor 647; White
arrow, biofilms formed on single enzyme pretreated sHA showed formation of microcolony-like,
albeit altered structures. (Fig. 24C) Glucanohydrolases in salivary pellicle reduce biomass(dry
weight) accumulation. (Fig. 24D) CFU of the biofilm formed on glucanohydrolase-pretreated
salivary pellicle. (Fig. 24E) CFU recovered from the biofilm on glucanohydrolase-pretreated
salivary pellicle followed by antimicrobial killing at 19h. S. mutans biofilms formed on sHA
pretreated with EPS-degrading enzymes or vehicle were challenged with antimicrobial (EOs) for
Imin at 19h and antibiofilm efficacy was assayed by determining the CFU recovered from the
biofilm. (Fig. 24F) Dose-dependent inhibitory effect of dextranase and/or mutanase on soluble

and insoluble glucan synthesis by purified GtfB. Purified GtfB(10U) was mixed with dextranase
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or/and mutanase, and incubated with ([**C]glucosyl)-sucrose substrate for 4h at 37°C to allow
glucan synthesis. Insoluble glucans were collected by centrifugation (13,400g, 4°C, 10min).
Soluble glucans were collected from the supernatant after precipitation with ethanol(final
concentration: 70%) for 18h at -20°C. The amount of radiolabeled insoluble and soluble glucans
were quantified by scintillation counting. D, Dextranase; M, Mutanase; D+M,
Dextranase+Mutanase. Data are shown as mean + standard deviation (n=4). NS, not significantly

different; *, p<0.05 ** p<0.01 *** p<0.001 (Student t test)

Figures 25A —25E. EDA selectively prevents early colonization of S. mutans in mixed-
species biofilms. (Fig. 25A) Schematic of treatment regimen and hypothesis for S. mutans
biofilm prevention by EPS-degrading enzyme pretreatment. (Fig. 25B) Microbial population of
mixed-species biofilms after early colonization on sHA. sHA discs were topically treated with
EPS-degrading enzymes(8.75U/mL dextranase and 1.75U/mL mutanase) or vehicle control for
60 min before inoculum and were incubated to allow mixed-species biofilm formation. (Fig.
25C) FISH image of early-colonizing mixed-species community. Green, S. mutans; Yellow, S.
oralis, Cyan, A. naeslundii; Red, EPS. (Fig. 25D) Enzyme pretreatment potentiates overall
killing efficacy and helps eliminate S. mutans in mixed-species biofilm. 43h Mixed-species
biofilms formed on sHA pretreated with EPS-degrading enzymes or vehicle were challenged
with antimicrobial (EOs) for Imin and antibiofilm efficacy was assayed by determining the CFU
of different bacterial species recovered from the biofilm. (Fig. 25E) Bacterial adhesion assayed
by *H-thymidine radioisotope tracing spectroscopy. sHA beads were pretreated with either
vehicle or EPS-degrading enzymes before GtfB immobilization and glucans were synthesized in
situ in the presence of sucrose substrate. The beads were incubated with 1.0x10° cells/mL
radiolabeled S. mutans, S. oralis and A. naeslundii, respectively and were washed to remove
unbound bacteria. The number of adhered bacterial was quantified by scintillation counting. D,
Dextranase; M, Mutanase, D+M, Dextranase+Mutanase. NS, not significantly different; *,

p<0.05; ** p<0.01 *** p<0.001 (Student t test)
Detailed Description of the Invention

Many infectious diseases in humans are caused by virulent biofilms, including those
occurring within the mouth (e.g. dental caries and periodontal diseases). Dental caries (or tooth

decay) continues to be the single most costly and prevalent biofilm-associated oral disease in the
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US and worldwide. It afflicts children and adults alike, and is a major reason for emergency
room visits leading to absenteeism from work and school. Unfortunately, the prevalence of
dental caries is still high (>90% of US adult population) and it remains the most common
chronic disease afflicting children and adolescents, particularly from a poor socio-economic
background. Furthermore, poor oral health often leads to systemic consequences and impacts
overall health. Importantly, the cost to treat the ravages of this disease (e.g. carious lesions and
pulpal infection) exceeds $40 billion/yr in the US alone. Fluoride is the mainstay of dental caries
prevention. However, its widespread use offers incomplete protection against the disease.
Fluoride is effective in reducing demineralization and enhancing demineralization of early
carious lesions, but has limited effects against biofilms. Conversely, current antimicrobial
modalities for controlling caries-causing biofilms are largely ineffective.

There is an urgent need to develop efficacious therapies to control virulent oral biofilms.
In accordance with the present invention, methods for low-cost production and delivery of
therapeutically effective plant-expressed biopharmaceuticals superior to current antibiofilm/anti-
caries modalities are provided. In certain embodiments, the antimicrobials and enzymes are
obtained from commercial sources.

Definitions:

As used herein, antimicrobial peptides are small peptides having any bacterial activity.
“RC-101" 1s an analogue of retrocyclin, a cyclic octadecapeptide, which can protect human
CD4+ cells from infection by T- and M-tropic strains of HIV-1 in vitro and prevent HIV-1
infection in human cervicovaginal tissue. The ability of RC-101 to prevent HIV-1 infection and
retain full activity in the presence of vaginal fluid makes it a good candidate for other topical
microbicide applications, especially in oral biofilms. The sequence of RC-101 is provided in
Plant Biotechnol J. 2011 Jan; 9(1): 100-115 which is incorporated herein by reference.

“C16G2” is a novel synthetic antimicrobial peptide with specificity for S. mutans,

“Protegrin-1 (PG)” is a cysteine-rich, 18-residue B-sheet peptide. It has potent
antimicrobial activity against a broad range of microorganisms, including bacteria, fungus, virus,
and especially some clinically relevant, antibiotic-resistant bacteria. For example, bacterial
pathogens E. coli and fungal opportunist C. albicans are effectively killed by PG in laboratory
testing. The sequence of PG-1 is provided in Plant Biotechnol J. 2011 Jan; 9(1): 100-115 which

is incorporated herein by reference.
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Additonal antimicrobial peptides include those set forth below in Table 1 below.

TABLE L

Peptide sequences {single-letter amino actd code} of U5P, CxPeis-containing STAMPs, and
STAMP components

Peptide Amino acid seguences Molecular wt { Observed)'
CSP SGSLSTFFRLFNRSFTQALGK 23649
CSPeis TFFRLENRSFTQALGK (SEQIDNGL3 10333
G2 KNLRORKGIHHKKY® (SEQIDNO:4) 19935
1662 | TFFRUFNRSFTQALGR GOGRNERIRKGIHHRKY S 4,079.0

(SEQ ID NO: 5)

CSPnvz  TFFRLEFNR (S8EQ 1D NO: 6) 1,100.6
M8G2  TFFRLFNRGGGKNLRIRKGIHIKK Y 3,2409

(SEQ ID NO: 7)

S61.3-33 FKKEWKWFRRF (SEQ 1D NO. 8) 1,677
C16-33 TRRRLFNRSFTQALGKSGGGFKKFWKWFRRF 38400

(SEQ ID NO: 9

s b Peptide C-terminal amidation.

An “antimicrobial” as used herein, includes without limitation, CHX, triclosan/copolymer
dentrifices, clindamycin, doxycycline gels, minocycline powder, macrolides, sulfonamides,
penicillin and derivatives thereof, tetracycline, quinolones, levofloxacin, ciprofloxacin and
fluconazole.

“Essential oils” may include one or more selected from the group consisting of menthol,
thymol, eucalyptol, methyl salicylate and combinations of two or more thereof. In certain
embodiments, the essential oils comprises menthol. In certain embodiments, the essential oils
comprises thymol. In certain preferred embodiments, the essential oils comprise a combination

of menthol, thymol, eucalyptol, and methyl salicylate.
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A “biofilm” is a complex structure adhering to surfaces that are regularly in contact with
water, consisting of colonies of bacteria and usually other microorganisms such as yeasts, fungi,
and protozoa that secrete a mucilaginous protective coating in which they are encased. Biofilms
can form on solid or liquid surfaces as well as on soft tissue in living organisms, and are
typically resistant to conventional methods of disinfection. Dental plaque, the slimy coating that
fouls pipes and tanks, and algal mats on bodies of water are examples of biofilms. Biofilms are
generally pathogenic in the body, causing such diseases as dental caries, cystic fibrosis and otitis
media.

“Biofilm degrading enzymes” include, without limitation, exo-polysaccharide degrading
enzymes such as dextranase, mutanase, DNAse, endonuclease, deoxyribonuclease I, dispersin B,
and glycoside hydrolases, such as 1—3) —a-D-glucan hydrolase, although use of chloroplast
codon optimized sequences encoding dextranase and mutanase are preferred, the skilled person
is well aware of many different biofilm degrading enzymes in the art. Additional enzyme
sequences for use in the fusion proteins of the invention are provided below. As noted above,
suitable enzymes can also be purified from the bacteria which produce them or obtained from
commercial sources.

As used herein, the terms “administering” or "administration" of an agent, drug, or
peptide to a subject includes any route of introducing or delivering to a subject a compound to
perform its intended function. The administering or administration can be carried out by any
suitable route, including orally, topically, intranasally, parenterally (intravenously,
intramuscularly, intraperitoneally, or subcutaneously), or rectally. Administering or
administration includes self-administration and the administration by another. In one
embodiment a single admintration entail oral delivery of a single formulation comprising
enzymes and antimicrobials. In other embodiments, the administration can be sequential. In a
preferred embodiment, biofilm degrading enzymes are first administered, followed by delivery
of antimicrobials. Enzyme treatment is performed for a suitable time to degraded the
extracellular matrix where in the oral cavity, gums and teeth are exposed to enzymes for at least
5 minutes, at least 10 minutes, at least 15 minutes, at least 20 minutes, at least 25 minutes, at
least 30 minutes, at least 45 minutes, at least 60 minutes. Preferably, the teeth and gums are
treated with enzyme for between 30 and 120 minutes. Most preferably the enzyme treatment is

performed for at least 30 minutes. After this period, an antimicrobial oral rinse is administered
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for 20, 30, 40, 50, 60, 90, or 120 seconds. In a preferred embodiment, at least two or more of
methol, eucalyptol, thymol and methylsalicylate are present in the rinse. In a particularly
preferred embodiment, the rinse is Listerine®. The enzyme containing composition may be in a
form selected from the group consisting of a mouthwash, mouth rinse, mouth spray, toothpaste,
tooth gel, sub-gingival gel, mousse, foam, denture care product, chewable tablet, dentifrice,
lozenge, dissolvable strip, and the like.

As used herein, the terms “disease,” “disorder,” or “complication” refers to any deviation
from a normal state in a subject.

2%

As used herein, by the term “effective amount” “amount effective," or the like, it is meant
an amount effective at dosages and for periods of time necessary to achieve the desired result. In
certain embodiments, the amount is effective to act prophylactically to inhibit formation of
biofilm. In other embodiments, the amounts are effective to disperse existing biofilms.

As used herein, the term “inhibiting” or “preventing” means causing the clinical
symptoms of the disease state not to worsen or develop, e.g., inhibiting the onset of disease, in a
subject that may be exposed to or predisposed to the disease state, but does not yet experience or
display symptoms of the disease state.

As used herein, the term “expression” in the context of a gene or polynucleotide involves
the transcription of the gene or polynucleotide into RNA. The term can also, but not necessarily,
involves the subsequent translation of the RNA into polypeptide chains and their assembly into
proteins.

A plant remnant may include one or more molecules (such as, but not limited to, proteins
and fragments thereof, minerals, nucleotides and fragments thereof, plant structural components,
etc.) derived from the plant in which the protein of interest was expressed. Accordingly, a
composition pertaining to whole plant material (e.g., whole or portions of plant leafs, stems,
fruit, etc.) or crude plant extract would certainly contain a high concentration of plant remnants,
as well as a composition comprising purified protein of interest that has one or more detectable
plant remnants. In a specific embodiment, the plant remnant is rubisco.

In another embodiment, the invention pertains to an administrable composition for
treating or preventing biofilm formation in situ (e.g., in the mouth) and on biomedical devices
useful for surgical implantation such as stents, artificial joints, and the like. In this embodiment,

the devices are coated with the composition to inhibit unwanted biofilm deposition on the device.
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The composition comprises a therapeutically-effective amount of one or more antimicrobial
peptides (AMP) and one or more enzymes having biofilm degrading activity in combination,
each of said AMP and enzyme thereof having been expressed by a plant and a plant remnant and
acting synergisticall to degrade said biofilm. In certain embodiments the AMP(s) and
enzymes(s) are expressed from separate plastid transformation vectors. In other embodiments,
the plastid transformation vectors comprising polycistronic coding sequences where both the
AMP and the enzymes are expressed from a single vector.

In other embodiments, the antimicrobial peptides are optional and one or more enzymes
are employed in combination with one or more antimicrobials, and/or essential oils.

Proteins expressed in accord with certain embodiments taught herein may be used in vivo
by administration to a subject, human or animal in a variety of ways. The pharmaceutical
compositions may be administered orally, topically, subcutaneously, intramuscularly or
intravenously, though oral topical administration is preferred.

Oral compositions produced by embodiments of the present invention can be
administrated by the consumption of the foodstuff that has been manufactured with the
transgenic plant producing the plastid derived therapeutic protein. The edible part of the plant, or
portion thereof, is used as a dietary component. The therapeutic compositions can be formulated
in a classical manner using solid or liquid vehicles, diluents and additives appropriate to the
desired mode of administration. Orally, the composition can be administered in the form of
tablets, capsules, granules, powders, gums, and the like with at least one vehicle, e.g., starch,
calcium carbonate, sucrose, lactose, gelatin, etc. The therapeutic protein(s) of interest may
optionally be purified from a plant homogenate. The preparation may also be emulsified. The
active ingredient is often mixed with excipients which are pharmaceutically acceptable and
compatible with the active ingredient. Suitable excipients are, e.g., water, saline, dextrose,
glycerol, ethanol or the like and combination thereof. In addition, if desired, the compositions
may contain minor amounts of auxiliary substances such as wetting or emulsifying agents, pH
buffering agents, or adjuvants. In a preferred embodiment the edible plant, juice, grain, leaves,
tubers, stems, seeds, roots or other plant parts of the pharmaceuticalproducing transgenic plant is
ingested by a human or an animal thus providing a very inexpensive means of treatment of

disease.
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In a specific embodiment, plant material (e.g. lettuce material) comprising chloroplasts
expressing AMPs and biofilm degrading enzymes and combinations thereof, is homogenized and
encapsulated. In one specific embodiment, an extract of the lettuce material is encapsulated. In
an alternative embodiment, the lettuce material is powderized before encapsulation. As
mentioned previously, the biofilm degrading proteins may also be purified from the plant
following expression.

In alternative embodiments, the compositions may be provided with the juice of the
transgenic plants for the convenience of administration. For said purpose, the plants to be
transformed are preferably selected from the edible plants consisting of tomato, carrot and apple,
among others, which are consumed usually in the form of juice.

According to another embodiment, the subject invention pertains to a transformed
chloroplast genome that has been transformed with a vector comprising a heterologous gene that
expresses a combination of peptides as disclosed herein.

Of particular present interest is a transformed chloroplast genome transformed with a
vector comprising a heterologous gene that expresses one or more AMP and biofilm degrading
enzyme or a combination thereof, polypeptide. In a related embodiment, the subject invention
pertains to a plant comprising at least one cell transformed to express a peptide as disclosed
herein.

Reference to genetic sequences herein refers to single- or double-stranded nucleic acid
sequences and comprises a coding sequence or the complement of a coding sequence for
polypeptide of interest. Degenerate nucleic acid sequences encoding polypeptides, as well as
homologous nucleotide sequences which are at least about 50, 55, 60, 65, 60, preferably about
75, 90, 96, or 98% identical to the cDNA may be used in accordance with the teachings herein
polynucleotides. Percent sequence identity between the sequences of two polynucleotides is
determined using computer programs such as ALIGN which employ the FASTA algorithm,
using an affine gap search with a gap open penalty of -12 and a gap extension penalty of -2.
Complementary DNA (cDNA) molecules, species homologs, and variants of nucleic acid
sequences which encode biologically active polypeptides also are useful polynucleotides.

Variants and homologs of the nucleic acid sequences described above also are useful
nucleic acid sequences. Typically, homologous polynucleotide sequences can be identified by

hybridization of candidate polynucleotides to known polynucleotides under stringent conditions,
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as 1s known in the art. For example, using the following wash conditions: 2 X SSC (0.3 M NaCl,
0.03 M sodium citrate, pH 7.0), 0.1% SDS, room temperature twice, 30 minutes each; then 2X
SSC, 0.1% SDS, 50° C. once, 30 minutes; then 2X SSC, room temperature twice, 10 minutes
each homologous sequences can be identified which contain at most about 25-30% basepair
mismatches. More preferably, homologous nucleic acid strands contain 15-25% basepair
mismatches, even more preferably 5-15% basepair mismatches.

Species homologs of polynucleotides referred to herein also can be identified by making
suitable probes or primers and screening cDNA expression libraries. It is well known that the Tm
of a double-stranded DNA decreases by 1-1.5°C with every 1% decrease in homology (Bonner et
al., J. Mol. Biol. 81, 123 (1973). Nucleotide sequences which hybridize to polynucleotides of
interest, or their complements following stringent hybridization and/or wash conditions also are
also useful polynucleotides. Stringent wash conditions are well known and understood in the art
and are disclosed, for example, in Sambrook et al., MOLECULAR CLONING: A
LABORATORY MANUAL, 2™ ed., 1989, at pages 9.50-9.51.

The following materials and methods are provided to facilitate the practice of Examples I
and II.

Microorganisms and growth conditions

Streptococcus mutans UA159 serotype ¢ (ATCC 700610), Actinomyces naeslundii ATCC
12104, Streptococcus gordonii DL-1 and Candida albicans SC5314 were used in present study.
These strains were selected because S. mutans is a well-established virulent cariogenic bacteria
[Ajdi¢ D et al, 2002]. S. gordonii is a pioneer colonizer of dental biofilm, and A. naeslundii is
also detected during the early stages of dental biofilm formation and may be associated with
development of root caries [Dige I et al, 2009]. C.albicans is a fungal organism that colonizes
human mucosal surfaces, and it is also detected in dental plaque from toddlers with early
childhood caries [Hajeshengallis E et al, 2015]. All strains were stored at —80°C in tryptic soy
broth containing 20% glycerol. Blood agar plates were used for cultivating S.mutans, S.gordonii
and A.naeslundii. Sabouraud agar plates were used for C.albicans. All these strains were grown
in ultra-filtered (10 kDa molecular-weight cut-off membrane; Prep/Scale, Millipore, MA)
buffered tryptone-yeast extract broth (UFTYE; 2.5% tryptone and 1.5% yeast extract, pH 7.0)
with 1% glucose to mid-exponential phase (37°C, 5% CQO2) prior to use.
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Creation of transplastomic lines expressing different tagged GFP fusion proteins

The transplastomic plants expressing GFP fused with CTB, PTD, retrocyclin and
protegrin were created as described in previous studies [Limaye et al 2006; Kwon et al 2013;
Xiao et al 2016; Lee et al 2011]. Transplastomic lines expressing GFP fusion proteins were
confirmed using Southern blot assay as described previously [Verma et al 2008]. Also,
expression of GFP tagged proteins were confirmed by visualizing green fluorescence from the

leaves of each construct under UV illumination.
Purification of tag-fused GFP proteins

Purification of GFP fusions Protegrin-1 (PG1) and Retrocyclin (RC101) from
transplastomic tobacco was accomplished by organic extraction followed by hydrophobic
chromatography done previously (Lee et al, 2011). About 0.2-1 gm of lyophilized leaf material
was taken and reconstituted in 10-20 ml of plant extraction buffer (0.2M Tris HCI pH 8.0, 0.1M
NaCl, 10mM EDTA, 0.4M sucrose, 0.2 % Triton X supplemented with 2%
Phenylmethylsulfonylfluoride and 1 protease inhibitor cocktail). The resuspension was incubated
in ice for 1 hour with vortex homogenization every 15 min. The homogenate was then spun
down at 75000g at 4°C for 1 hour (Beckman LE-80K optima ultracentrifuge) to obtain the
clarified lysate. The lysate was subjected to pretreatment with 70% saturated ammonium sulfate
and 1/4" volume of 100% ethanol, followed by vigorous shaking for 2 min (Yakhnin et al,
1998). The treated solution was spun down at 2100 g for 3 min. The upper ethanol phase was
collected and the process was repeated with 1/16™ volume of 100% ethanol. The pooled ethanol
phases were further treated with 1/3 volume of 5M NaCl and 1/4® volume of 1-butanol,
homogenized vigorously for 2 min and spun down at 2100 g for 3 min. The lowermost phase was
collected and loaded onto a 7kDa MWCO zeba spin desalting column (Thermo scientific) and
desalted as per manufacturer’s recommendations.

The desalted extract was then subjected to hydrophobic interaction chromatography
during the capture phase for further purification. The desalted extract was injected into a
Toyopearl butyl — 650S hydrophobic interaction column (Tosoh bioscience) which was run on a
FPLC unit (Pharmacia LKB-FPLC system). The column was equilibriated with 2.3 column
volumes of salted buffer (10mM Tris-HCI, 10mM EDTA and 50% saturated ammonium sulfate)

to a final 20% salt saturation to facilitate binding of GFP onto the resin. This was followed by a
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column wash with 5.8 column volumes of salted and unsalted buffer mix and then eluted with
unsalted buffer (10mM Tris-HCI, 10mM EDTA). The GFP fraction was identified based on the
peaks observed in the chromatogram and collected. The collected fractions were subjected to a
final polishing step by overnight dialysis. After dialysis the purified proteins were lyophilized

(labconco lyophilizer) in order to concentrate the finished product and then stored in -20°C.

Quantification of purified GFP fusions

Quantification of GFP-RC101 and GFP-PG1 was done by both western blot and
fluorescence based methods. The lyophilized purified proteins were resuspended in sterile 1X
PBS and the total protein was determined by Bradford method. The purified protein was then
quantified by SDS-PAGE method by loading denatured protein samples along with commercial
GFP standards (Vector labs) onto a 12 % SDS gel and then western blotting was done using
1:3000 dilution of mouse Anti-GFP antibody (Millipore) followed by probing with 1:4000
dilution of secondary HRP conjugated Goat-Anti Mouse antibody (Southern biotech).

The purified proteins were also quantified using GFP fluorescence. The protein samples
were run on a 12 % SDS gel under native conditions. After the run, the gel was placed under a
UV lamp and then photographed. The GFP concentration in both western and native
fluorescence methods was determined by densitometric analysis using Image J software with
commercial GFP standards in order to obtain the standard curve. Purity was determined based on
GFP quantitation with respect to total protein values determined in Bradford method.

Uptake of purified tag-fused GFP proteins by human periodontal cell lines

As previously described (Xiao, et al 2016), to determine the uptake of four tags, CTB,
PTD, PG1 and RC101, in different human periodontal cell lines, including human periodontal
ligament stem cells (HPDLS), maxilla mesenchymal stem cells (MMS), human head and neck
squamous cell carcinoma cells (SCC-1), gingiva-derived mesenchymal stromal cells (GMSC),
adult gingival keratinocytes (AGK) and osteoblast cells (OBC), briefly, each human cell line
cells (2x10%) were cultured in 8 well chamber slides (Nunc) at 37°C overnight, followed by
incubation with purified GFP-fused tags: CTB-GFP (8.8 ng), PTD-GFP (13 pg), GFP-PGI (1.2
ng) and GFP-RCI101 (17.3 pug) in 100 pul PBS supplemented 1% FBS at 37°C for 1 hour. After
fixing with 2% paraformaldehyde at RT for 10 min and washing with PBS for three times, all
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cells were stained with antifade mounting medium with DAPI (Vector laboratories, Inc). For
negative control, cells were incubated with commercial GFP (2 pg) in PBS with 1% FBS at 37°C
for 1 hour. All fixed cells were imaged using confocal microscopy. The images were observed
under 100x objective, and at least 10-15 GFP-positive cells were recorded for each cell line in

three independent analysis.
Evaluation of antibacterial activity

The killing kinetics of AMPs (Gfp-PG1 and Gfp-RC101) against S.mutans were analyzed
by time-lapse killing assay. S.mutans were grown to log phase and diluted to 10> CFU/ml in
growth medium. GFP-PG1 and GFP-RC101 were added to S.mutans suspensions at
concentrations of 0to 10 ug/ml and 0 to 80 ug/ml, respectively. At 0, 1, 2, 4, 8 and 24 h,
samples were taken and serially diluted in 0.89% NaCl, then spread on agar plates and colonies
were counted after 48 h. Absorbance at 600 nm was also checked at each time point. S.gordonii,
A.naeslundii and C.albicans suspensions were mixed with Gfp-PG1 at concentration of 10
ng/ml, and at 0, 1 and 2 h, aliquots were taken out for enumeration of CFU.

The effects of AMP on the viability of S.mutans cells were also assessed by time-lapsed
measurements. S. mutans were grown to log phase and harvested by centrifugation (5500 g,
10min) and the pellet was washed once with sodium phosphate-buffered saline (PBS) (pH 7.2),
re-suspended in PBS and adjusted to a final concentration of 1x10° CFU/ml. GFP-PG1 was
added to S.mutans suspensions at concentrations of 10 pg/ml and 2.5 pM propidium iodide-PI
(Molecular Probe Inc., Eugene, OR, USA) was added for labeling dead cells. 5 ul of mixtures
were loaded on an agarose pad for confocal imaging. Confocal images were acquired using Leica
SPS-FLIM inverted single photon laser scanning microscope with a 100X (numerical aperture,
1.4) Oil immersion objective. The excitation wavelengths were 488 nm and 543 nm for GFP and
PI, respectively. The emission filter for GFP was a 495/540 OlyMPFCl1 filter, while PI was a
598/628 OlyMPFC2 filter. For the time-lapse series, images in the same field of view were taken
at 0, 10, 30, and 60 min and created by ImagelJ 1.44 (Http://rsbweb.nih.gov/ij/download.html).
Morphological observations of S. mutans treated with AMP were also examined by scanning
electron microcopy (SEM). S. mutans were grown to log phase and diluted to 10° CFU/ml in
PBS. Bacteria suspension was mixed with GFP-PGI1 (final concentration of 10 pg/ml) for 1 h at
37°C. After treatment, the bacteria were collected by filtration using 0.4 pum Millipore filters.
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The deposits were fixed in 2.5% glutaraldehyde and 2.0% paratormaldehyde in 0.1 M cacodylate
buffer (pH 7.4) for 1 hour at room temperature and processed for SEM (Quanta FEG 250, FEI,

Hillsboro, OR) observation. Untreated or bacteria treated with buffer only served as controls.
Evaluation of anti-biofilm activity

A well-characterized EPS-matrix producing oral pathogen, S.mutans UA159, was used to
form biofilms on saliva-coated hydroxyapatite disc surfaces. Briefly, hydroxyapatite discs (1.25
cm in diameter, surface area of 2.7 + 0.2 cm?, Clarkson, Chromatography Products, Inc., South
Williamsport, PA) were coated with filter-sterilized, clarified human whole saliva (sHA) [Xiao J
et alo, 2012]. S.mutans was grown in UFTYE medium with 1% (w/v) glucose to mid-exponential
phase (37°C, 5% CO3). Each sHA disc was inoculated with 10> CFU of actively growing
S.mutans cells per ml in UFTYE medium containing 1% (w/v) sucrose, and inoculated at 37°C
and 5% COxs for 19 h. Before inoculum, the sHA discs were topically treated with GFP-PG1
solution (10 ug) for 30min. The inhibition effect of GFP-PG1 treatment on 3D biofilm
architectures were observed via confocal imaging. Briefly, EPS was labeled using 2.5 uM Alexa
Fluor 647-labeled dextran conjugate (10 kDa; 647/668 nm; Molecular Probes Inc.), while the
bacteria cells were stained with 2.5 pM SYTO9 (485/498 nm; Molecular Probes Inc.). The
imaging was performed using Leica SP5 microscope with 20X (numerical aperture, 1.00) water
immersion objective. The excitation wavelength was 780 nm, and the emission wavelength filter
for SYTO 9 was a 495/540 OlyMPFECI filter, while the filter for Alexa Fluor 647 was a
HQ655/40M-2P filter. The confocal image series were generated by optical sectioning at each
selected positions and the step size of z-series scanning was 2 um. Amira 5.4.1 software (Visage
Imaging, San Diego, CA, USA) was used to create 3D renderings of biofilm architecture [Xiao J
etal. 2012, Koo H et al. 2010].

To examine the effects of the PG1 on biofilms formed with S.mutans for 19 h on sHA
discs, we examined the 3D architecture of the EPS-matrix and in situ cell viability using time-
lapse confocal microscopy following biofilms incubation with 1) Control, 2) EPS-degrading
enzymes only, 3) PG1 only, or 4) PG1 and EPS-degrading enzymes for up to 60 minutes. The
EPS-degrading enzymes used here were dextranase and mutanase, which were capable of
digesting the EPS derived from S. mutans by hydrolyzing a-1,6 glucosidic linkages and a-1,3

glucosidic linkages [Hayacibara et al. 2004]. Dextranase produced from Penicillium sp. was
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commercially purchased from Sigma (St. Louis, MO) and mutanase produced from 7richoderma
harzianum was kindly provided by Dr. William H. Bowen (Center for Oral Biology, University
of Rochester Medical Center). Dextranase and mutanase were mixed at ratio of 5:1 before
applying to biofilms [Mitsue F. Hayacibara et al. 2004]. Alexa Fluor 647-labeled dextran
conjugate was used to label the EPS-matrix, while SYTO 9 and PI were used to label live cells
and dead cells. Biofilms were examined using confocal fluorescence imaging at 0, 10, 30 and 60
min, and subjected to AMIRA/COMSTAT/Imagel analysis. The total biomass of EPS matrix,
live and dead cells in each series of confocal images was quantified using COMSTAT and
ImagelJ. The ratio of live to the total bacteria at each time point was calculated, and the survival
rate of live cells (relative to live cells at O min) was plotted. The initial number of viable cells at
time point O min was considered to be 100%. The percent-survival rate was determined by

comparing to time point O min.

Microbiological assays

At selected time point (19 h), biofilms were removed, homogenized via sonication and
subject to microbiological analyses as detailed previously [Xiao J et al. 2012, Koo H et al. 2010];
our sonication procedure does not kill bacteria cells while providing optimum dispersal and
maximum recoverable counts. Aliquots of biofilm suspensions were serially diluted and plated
on blood agar plates using an antomated Eddy Jet Spiral Plater (IUL, SA, Barcelona, Spain).
Meanwhile, propidium monoazide (PMA) combined with quantitative PCR (PMA-qPCR) was
used for analysis of S.mutans cell viability as described. [Klein MI et al. 2012]. The combination
of PMA and qPCR will quantify only the cells with intact membrane (i.e. viable cells) because
the PMA cross-linked to DNA of dead cells and extracellular DNA modifies the DNA and
inhibits the PCR amplification of the extracted DNA. Briefly, biofilm pellets were resuspended
with 500 pl TE (50 mM Tris, 10 mM EDTA, pH 8.0). Using a pipette, the biofilm suspensions
were transferred to 1.5 ml microcentrifuge tubes; then mixed with PMA. 1.5 pl PMA (20 mM in
20% dimethyl sulfoxide; Biotium, Hayward, CA) was added to the biofilm suspensions. The
tubes were incubated in the dark for 5 min, at room temperature, with occasional mixing. Next,
the samples were exposed to light for 3 min (600-W halogen light source). After photo-induced
cross-linking, the biofilm suspensions were centrifuged (13,000 g/10 min/4°C) and the
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supernatant was discarded. The pellet was resuspended with 100 ul TE, following by incubation
with 10.9 pl lysozyme (100 mg/ml stock) and 5 pl mutanylysin (SU/ul stock) (37°C/30 min).
Genomic DNA was then isolated using the MasterPure DNA purification kit (Epicenter
Technologies, Madison, WI). Ten pictograms of genomic DNA per sample and negative controls
(without DNA) were amplified by MyiQ real-time PCR detection system with iQ SYBR Green
supermix (Bio-Rad Laboratories Inc., CA) and S.mutans specific primer (16S rRNA) [Klein MI
et al 2010].

Statistical Analysis

Data are presented as the mean + standard deviation (SD). All the assays were performed
in duplicate in at least two distinct experiments. Pair-wise comparisons were made between test
and control using Student’s t-test. The chosen level of significance for all statistical tests in

present study was P<0.05.

The following examples are provided to illustrate certain embodiments of the invention.

They are not intended to limit the invention in any way.
Example I
Creation and characterization of transplastomic lines

All fusion tags (CTB, PTD, protegrin, retrocyclin) were fused to the green fluorescent
protein (smGFP) at N-terminus to evaluate their efficiency and specificity. Fusion constructs
encoding these fusion proteins were cloned into chloroplast transformation vectors which were
then used to transform plants of interest as described in US Patent application no. 13/101,389
which is incorporated herein by reference. To create plants expressing GFP fusion proteins,
tobacco chloroplasts were transformed using biolistic particle delivery system. As seen in the
Fig. 1B, each tag-fused GFP is driven by identical regulatory sequences - the psbA promoter and
5’ UTR regulated by light and the transcribed mRNA is stabilized by 3° psbA UTR. The psbA
gene is the most highly expressed chloroplast gene and therefore psbA4 regulatory sequences are
used for transgene expression in our lab [7, 34]. To facilitate the integration of the expression
cassette into chloroplast genome, two flanking sequences, isoleucyl-tRNA synthetase (#7n/) and

alanyl-tRNA synthetase (#7nA4) genes, flank the expression cassette, which are identical to the
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native chloroplast genome sequence. The emerging shoots from selection medium were
investigated for specific integration of the transgene cassette at the #7n/ and #rnA spacer region
and then transformation of all chloroplast genomes in each plant cell (absence of untransformed
wild type chloroplast genomes) was confirmed by Southern blot analysis. Thus, stable
integration of all GFP expression cassettes and homoplasmy of chloroplast genome with
transgenes were confirmed before extracting fusion proteins. In addition, by visualizing the
green fluorescence under UV light, GFP expression of was phenotypically confirmed.
Confirmed homoplasmic lines were then transferred and cultivated in an automated greenhouse
to increase biomass.

To scale up the biomass of each GFP tagged plant leaf material, each homoplasmic line
was grown in a temperature- and humidity-controlled greenhouse. Fully grown mature leaves
were harvested in late evenings to maximize the accumulation of GFP fusion proteins driven by
light-regulated regulatory sequences. To further increase the content of the fusion proteins on a
weight basis, frozen leaves were freeze-dried at -40°C under vacuum. In addition to the
concentration effect of proteins, lyophilization increased shelf life of therapeutic proteins
expressed in plants more than one year at room temperature [Daniell et al 2015; 2016].
Therefore, in this study, lyophilized and powdered plant cells expressing GFP-fused tag proteins

were used for oral delivery to mice.

Expression and purification of GFP fused antimicrobial peptides from transplastomic tobacco.

Tobacco leaves expressing GFP fused antimicrobial peptides RC101 and PG1 were
harvested from greenhouse and subsequently lyophilized for protein extraction and purification.
The average expression level of GFP-RC101 was found to be 8.8% of total protein in crude
extracts while expression of GFP-PG1 was that of 3.8% of total protein based on densitometry.
The difference in expression levels was similar to what was reported previously (Lee et al 2011,
Gupta et al, 2015).

Purification of GFP fused to different antimicrobial peptides (RC101 and PG1) was done
in order to test the microbicidal activity against both planktonic and biofilm forming S.mutans.
Lyophilized tobacco material expressing different GFP fusions was used for extractions and
subsequent downstream processing (See Figure 8) to obtain the finished purified product which

was subsequently quantified to determine concentration of GFP fused peptides. Quantitation of
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purified GFP-RC101 and GFP-PG1 was done by both western blot and Native GFP fluorescence
method where purified GFP-RC101 show 94% average purity with an average yield of 1624ug
of GFP (116pg of RC101 peptide) per gm of lyophilized leaf material (Fig 1A and 1B). In GFP-
PG1 both methods (Fig 1C and 1D) show 17% average purity with an average yield of 58.8 ug
of GFP (4.2ug PG1 peptide) per gm of lyophilized leaf material. The difference in purity can be
attributed to difference in the type of tags fused to GFP as seen in previous studies (Xiao et al
2015, Skosyrev et al 2003). The fold enrichment of purified GFP-RC101 and GFP-PG1 from
plant extracts was 10.6 and 4.5 respectively. The western blots also show GFP standards at 27
kDa which corresponds to the monomer fragment along with a S4kDa GFP dimer with loadings
ranging from 6-8 ng of GFP. In GFP-RC101 western blots, 29 kDa and 58 kDa fragments are
clearly visible which correspond to the monomer and dimer forms of the fusion (Fig. 1A). This
could be attributed to the ability of GFP to form dimers (Ohashi et al, 2007). Western blots of
GFP-PGI1 (Fig 1D) clearly show the 29 kDa monomer along with a 40 kDa fragment could be
due to mobility shift caused by GFP-PG1 bound to other non-specific plant proteins which could
have been co-purified as described previously (Morassuttia et al 2002). Native fluorescence of
GFP-RC101 and GFP-PGI1 (Fig 1B and 1D) show multimeric bands with some of them visible
below the 27 kDa GFP standard size which could be because of GFP being fused to cationic
peptides causing a electrophoretic mobility shift with each GFP fragment as described in

previous studies (Lee et al, 2011).

Antibacterial Activity of AMPs

We first examined the antimicrobial activity of GFP-PG1 using dose-response time-kill
studies as shown in Fig. 2 (A-E). GFP-PG1 displays potent antibacterial activity against
Streptococcus mutans, a proven biofilm-forming and caries-causing pathogen, rapidly killing the
bacterial cells within 1h at low concentrations (Fig. 2A). GFP-PG1 also killed the early oral
colonizers Streptococcus gordonii and Actinomyces naeslundii, but showed limited antifungal
activity against Candida albicans at the concentrations tested (Fig 2E). Time-lapse confocal
imaging shows that S. mutans viability is affected as early as 10 minutes as shown in Fig 3A
relative to the untreated controls (Fig. 3B). SEM imaging revealed disruption of S. mutans
membrane surface, causing extrusion of the intracellular content as well as irregular cell

morphology, while untreated bacteria showed intact and smooth surfaces without any visible cell
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lysis or debris (Fig 3C). Having shown the antimicrobial efficacy of GFP-PG1 against S. mutans,
we have examined the potential of this antimicrobial peptide to prevent biofilm formation or

disrupt pre-formed biofilms.
Inhibition of Biofilm Initiation by AMPs

Preventing the formation of pathogenic oral biofilms is challenging because drugs need to
exert therapeutic effects following topical applications. To determine whether GFP-PGT1 can
disrupt the initiation of the biofilm, we treated saliva coated apatitic (sHA) surface (tooth
surrogate) with a single topical treatment of GFP-PG1 for 30 min, and then incubated with
actively growing S. mutans cells in cariogenic (sucrose-rich) conditions. We observed substantial
impairment of biofilm formation by S. mutans with minimal accumulation of EPS-matrix on the
GFP-PG1 treated sHA surface (Figs. 4B and 4C). The few adherent cell clusters were mostly
non-viable compared to control (Fig. 4A), demonstrating potent effects of GFP-PG1 on biofilm

initiation despite topical, short-term exposure.
Disruption of pre-formed biofilm by AMP with or without EPS-degrading enzymes

Disruption of formed biofilms on surfaces is challenging. Disruption of cariogenic
biofilms is particularly difficult because drugs often fail to reach clusters of pathogenic bacteria
(such as S. mutans) because of the surrounding exopolysaccharides (EPS)-rich matrix that
enmeshes and protects them [Bowen and Koo, 2011]. EPS-degrading enzymes such as
dextranase and mutanase could help digest the matrix of cariogenic biofilms, although they are
devoid of antibacterial effects. We first optimized the dextranase and/or mutanase required for
EPS-matrix disruption without affecting the cell viability (data not shown). As shown in Figure
5, the combination of dextranase and mutanase can digest the EPS (in red) and ‘open spaces’
(see arrows) between the bacterial cell clusters (in green) and ‘uncover’ cells (see arrows). Thus,
the combination of GFP-PG1 and EPS-degrading enzymes synergistically potentiate the overall
antibiofilm effects.

To explore this concept, Streptococcus mutans biofilms were pre-formed on sHA surface,
and treated topically with GFP-PG1 and EPS-degrading enzymes (Dex/Mut) either alone or in
combination. Time-lapsed confocal imaging and quantitative computational analyses were

conducted to analyze EPS-matrix degradation and live/dead bacterial cells within biofilms (Fig
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6A). The enzymes-peptide combination resulted in more than 60% degradation of the EPS-
matrix, while increasing the bacterial killing when compared to either GFP-PG or Dex/Mut
alone. These findings were further validated via standard culturing assays by determining colony
forming units. The antibacterial activity of PG against S. mutans biofilms combined with
Dex/Mut was significantly enhanced than either one alone. Topical exposure of Dex/Mut alone
showed no effects on biofilm cell viability, whereas GFP-PG-1 alone showed limited killing
activity (Fig 6B). Together, the data demonstrate potential of this combined approach to
synergistically enhance antimicrobial efficacy of GFP-PG-1 against established biofilms (Fig.
6C).

Uptake of GFP fused with different tags by human periodontal cells.

Purified GFP fusion proteins when incubated with human cultured cells, including
HPDLS, MMS, SCC-1, GMSC, AGK and osteoblast cells (OBC) revealed interesting results.
Although only one representive image of each cell line is presented, uptake studies were
performed in triplicate and at least 10-15 images were recorded under confocal microscopy.
Without a fusion tag, GFP did not enter any tested human cell line. Both CTB-GFP and PTD-
GFP effectively penetrated all tested cell types, although their localization patterns differed.
Upon incubation with CTB-GFP, GFP signals localized primarily to the periphery of HPDLSC
and MMSC, uniformly small cytoplasmic puncta in SSC-1, AGK, OBC and large cytoplasmic
foci in GMSC. PTD-GFP was observed as small cytoplasmic foci in MMSC, variably sized
cytoplasmic puncta in HPDLSC, GMSC, AGK, OBC and both the cytoplasm and the periphery
of SCC-1 cells. PG1-GFP is the most efficient tag in entering all tested human cells because GFP
could be localized at tenfold lower concentrations than any other fusion proteins. PG1-GFP
showed exclusively cytoplasmic localization in HPDLSC, SCC-1, GMSC and AGK cells and
localized to both the periphery and cytosol in MMSC, but it is only localized to the periphery of
OBC. RC101-GFP was localized in SCC-1, GMSC, AGK and OBC, but its localization in
HPDLSC was negligible and was undetectable in MMSC cells.
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Discussion and Conclusions

The assembly of cariogenic oral biofilms is a prime example of how pathogenic bacteria
accumulate on a surface (teeth), as an extracellular EPS matrix develops. Prevention of
cariogenic biofilm formation requires disruption of bacterial accumulation on the tooth surface
with a topical treatment. Chlorhexidine (CHX) is considered ‘gold standard’ for topical
antimicrobial therapy (Flemmig and Beikler 2011; Marsh et al 2011; Caufield et al 2001). CHX
effectively suppresses mutans streptococci levels in saliva, but it has adverse side effects
including tooth staining and calculus formation, and is not recommended for daily preventive or
therapeutic use (Autio-Gold 2008). As an alternative, several antimicrobial peptides (AMP) have
been developed and tested against oral bacteria, and have shown potential effects against
biofilms (albeit with reduced effects vs planktonic cells) (as reviewed by Silva et al., 2012)
Unfortunately, most of these studies tested antibiofilm efficacy using continuous, prolonged
biofilm exposure to AMPs (several hours) rather than topical treatment regimen as used
clinically. Furthermore, synthetic AMPs are expensive to produce making them unaffordable for
dental applications. Here, we show a plant-produced AMP, which demonstrates potent effects in
controlling biofilm formation with a single, short-term topical treatment of a tooth-surrogate
surface.

Developed cariogenic biofilms are characterized by bacteria embedded in EPS matrix,
making biofilm treatment and removal extremely difficult (Paes Leme et al 2006; Koo et al
2013). EPS-rich matrix promotes microbial adhesion, cohesion and protection as well as
hindering diffusion (Koo et al 2013; Flemming and Wingender 2010. EPS matrix creates spatial
and microenvironmental heterogeneity in biofilms, modulating the growth and protection of
pathogens against antimicrobials locally as well as a highly adhesive scaffold that ensures firm
attachment of biofilms on tooth surfaces (Flemming and Wingender 2010; Peterson et al. 2015).
CHX is far less effective against formed cariogenic biofilms (Hope and Wilson, 2004; Van
Strydonck et al 2012; Xiao et al., 2012). The EPS are comprised primarily of a mixture of
insoluble (with high content of a1,3 linked glucose) and soluble (mostly a1,6 linked glucose)
glucans (Bowen and Koo 2011). Thus, the possibility of using EPS-matrix degrading dextranase
or mutanase (from fungi) to disrupt biofilm and prevent dental caries has been explored and
included in commercially available over-the-counter mouthwashes (e.g. Biotene PBF). However,

topical applications of enzyme alone have generated moderate anti-biofilm/anti-caries effects
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clinically (Hull 1980), possibly due to lack of antibacterial action and reduced enzymatic activity
in the mouth (Balakrishnan et al 2000). Interestingly, a recent in vifro study has shown that a
chimeric glucanase comprised of fused dextranase and mutanase is more effective in disrupting
plaque-biofilms than either enzymes alone (Jiao et al 2014). However, an approach of combining
antimicrobial agents with both EPS-matrix degrading enzymes into a single therapeutic system
has not yet been developed, likely due to difficulties associated with cost and formulations. In
this study we demonstrate that PG1 together with matrix-degrading enzymes act synergistically
and effectively to disrupt cariogenic biofilms. This feasible and efficacious topical antibiofilm
approach is capable of simultaneously degrading the biofilm matrix scaffold and killing
embedded bacteria using antimicrobial peptides combined with EPS-digesting enzymes.
Retention of high level antimicrobial activity by protegrin along with GFP fusion opens
the door for a number of clinical applications to enhance oral health, beyond disruption of
biofilms. In addition to biofilm disruption, enhancing wound healing in the gum tissues is an
important clinical need. We recently reported that both protegrin and retrocyclin can enter
human mast cells and induce degranulation, an important step in the wound healing process
(Gupta et al 2015). Therefore, antimicrobial peptides protegrin and retrocyclin play an important
role in killing bacteria in biofilms and initiate wound healing through degranulation of mast
cells. In addition, it is important to effectively deliver growth hormones or other proteins to
enhance cell adhesion, stimulate osteogenesis, angiogenesis, bone regeneration, differentiation of
osteoblasts or endothelial cells. Previously identified cell penetrating peptides have several
limitations. CTB enters all cell types via the ubiquitous GM1 receptor and this requires
pentameric form of CTB. PTD on the other hand does not enter immune cells (Xiao et al 2016).
In this study we tested ability of PG1-GFP or RC101-GFP to enter periodontal and
gingival cells. PG1-GFP is the most efficient tag in entering periodontal or gingival human cells
because GFP signal could be detected even at ten-fold lower concentrations than any other fusion
proteins. Although there were some variations in intracellular localization, PG1-GFP effectively
entered HPDLSC, SCC-1, GMSC, AGK, MMSC and OBC. In contrast RC101-GFP entered
SCC-1, GMSC, AGK and OBC but its localization in HPDLSC and MMSC cells were poor or
undetectable. Therefore, this study has identified a novel role for protegrin in delivering drugs to
osteoblasts, periodontal ligament cells, gingival epithelial cells or fibroblasts to enhance oral

health. It is feasible to release protein drugs synthesized in plant cells by mechanical grinding

33



10

15

20

25

WO 2018/209345 PCT/US2018/032549

and protein drugs bioencapsulated in lyophilized plant cells embedded in chewing gums provides
an ideal mode of drug delivery for their slow and sustained release for longer duration. This
overcomes a major limitation of current oral rinse formulations - short duration of contact of
antimicrobials on the gum/dental surface.

Beyond topical applications, protein drugs fused with protegrin expressed in plant cells
can be orally delivered to deeper layers of gum tissues in a non-invasive manner and increase
patient compliance. Protein drugs bioencapsulated in plants can be stored for many years at
room temperature without losing their efficacy (Su et al 2015; Daniell et al 2016). The high cost
of current protein drugs is due to their production in prohibitively expensive fermenters,
purification, cold transportation/ storage, short shelf life and sterile delivery methods. All these
challenges could be eliminated using this novel drug delivery concept to enhance oral health.
Recent FDA approval of plant cells for production of protein drugs (Walsh 2014) augurs well for

clinical advancement of this novel concept.
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Example 11

Creation of chloroplast vectors expressing AMP, biofilm degrading enymes and fusion

proteins thereof

Effective treatment of biofilm-associated infections is problematic as antimicrobials often
fail to reach clusters of microbes present within the surrounding extracellular matrix that
enmeshes and protects them. Furthermore, development of novel therapies against biofilm-
related oral diseases and maintenance of oral health needs to be cost-effective and readily
accessible.

To ensure a continued supply of reagents, dextranase /mutanase and protegrin/retrocyclin
are expressed independently and as fusion proteins in tobacco and other plant chloroplasts, such
as lettuce. Proteins will be produced and used in low cost purification strategies. Tobacco plants
produce a million seeds, and thus, it is feasible to scale up production easily. Each acre of
tobacco will produce up to 40 metric tons of biomass, facilitating low cost large scale production
of AMP, enzymes and fusion constructs encoding the same. In another approach, the proteins
are produced in an edible plant such as lettuce.

Several dextranases (Dex) and mutanases (Mut) have been isolated from fungi and
bacteria and characterized for their enzymatic activity. Optimal dextranase and mutanase
enzymes should have enzymatic properties suitable for human oral environment. Based on short
duration of oral treatments, strong binding/retention property to plaque-biofilms and catalytic

activity to both types of EPS (dextrans and mutans) are highly desirable. The enzymes added in
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commercial dextranase-containing mouthwashes (e.g. Biotene) are largely derived from fungi
(Penicillium sp. and Chaetomium erraticum). However, fungal dextranases show higher
temperature optima (50-60°C) than bacterial dextranases (35-40°C). Furthermore, bacterial
dextranases are more stable and effective at oral temperature (~37°C) and are suitable for dental
caries-prevention. Recently, a dextranase from Arthrobacter sp strain Arth410 showed superior
dextran degradation properties at optimal temperatures (35-45°C) and pH values (pH 5-7) found
in mouth and in cariogenic biofilms when compared to fungal dextranases. In addition, topical
applications of bacterial dextranase are more effective in reducing dental caries in vivo than
fungal dextranse. Likewise, a bacterial mutanase from Paenibacillus sp. strain RM1 shows that
biofilm was effectively degraded by 6 hr incubation even after removal of the mutanase,
preceded by first incubation with the biofilms for 3 min. Also, when compared to other microbial
species, RM1 mutanase shows enhanced biofilm-degrading property. Notably, fungal enzymes
require glycosylation, which precludes their expression in chloroplasts. In addition,
immunogenicity of glycoproteins in human system may raise additional regulatory concerns.
Therefore, the present invention involves use of bacterial dextranase and mutanase for
expression in chloroplasts.

In order to increase the production of Arth410 dextranase and RM1 mutanase protein in
chloroplasts, both sequences have been codon optimized for chloroplast expression. See Figures
9A and 9B.

Retrocyclin and Protegrin.

In order to maximize synthesis and reduce toxicity of AMPs, ten tandem repeats of PG1
or RC101, separated by protease cleavage sites as shown in Figure 10 are employed. For each
copy of expressed gene, ten functional copies of PG1 or RC 101 will be made. For this purpose
we have chosen the Tobacco Etch Virus (TEV) protease, which has high specificity and a short
cleavage site of seven amino acids. Alternatively, furin cleavage sites can also be employed.
This vector can also be engineered to include a nucleic acid encoding a biofilm degrading
enzyme. The coding region can be expressed under the promoter utilized to express the AMP or
can be ligated into the vector operably linked to a second promoter region. The biofilm
degrading enzyme coding sequence may also contain TEV protease cleavage sites to facilitate
release of the enzyme. This approach provides a safer and cleaner option than chemical cleavage

methods. Most importantly, individual PG1 peptides in the fusion protein will not form

41



10

15

20

25

30

WO 2018/209345 PCT/US2018/032549

secondary structures before cleavage, thereby avoiding accumulation of functional peptides
which can be lethal to the host production systems. Antimicrobial activity of the cleaved
PG1/RC101, biofilm degrading enzymes or fusion proteins thereof can be used to degrade
biofilms using the methods disclosed in Example L.

As mentioned above, the sequences encoding the AMP/biofilm degrading enzymes are
optionally codon-optimized prior to insertion into chloroplast transformation vectors, such as
pLD. Chloroplast transformation relies upon a double homologous recombination event.
Therefore, chloroplast vectors comprise homologous regions to the chloroplast genome which
flank the expression cassette encoding the heterologous proteins of interest, which facilitate
insertion of the transgene cassettes into the intergenic spacer region of the chloroplast genome,
without disrupting any functional genes. Although any intergenic spacer region could be used to
insert transgenes, the most commonly used site of transgene integration is the transcriptionally
active intergenic region between the frnl-frnA genes (in the rrn operon), located within the IR
regions of the chloroplast genome (Figure 10). Because of similar protein synthetic machinery
between FE. coli and chloroplasts, efficiency of codon-optimization can also be assessed in E.coli
and then plants can be created. Both systems could be used for expression of AMPs, biofilm
degrading enzymes or fusion proteins thereof, as well as for purification and evaluation of AMPs

or enzymatic activities.

Purification strategies

A hydrophobic interaction column (HIC; TOSOH Butyl Toyopearl 650m) can be used to
purify PG1 fused with Green Florescent Protein (GFP). The GFP selectively binds to the HIC
and facilitates Rc101/PG1 to >90% purity. Despite using the expensive HIC chromatography
method, recovery is very poor (<20%). To address this problem and enhance yield, 10 tandem
repeats of PG1 with an elastin like biopolymer (GVGVP (SEQ ID NO: 11); Fig.10) are
engineered into the vector. This biopolymer, has a unique thermal property of precipitating out of
solution upon increasing temperature above its inverse transition temperature (Tt). GVGVP
remains in soluble monomeric state below Tt and form insoluble aggregates above it. This phase
transition from soluble to insoluble state is reversible by changing the temperature of the solution
and this facilitates protein purification. Subsequently fused protein is re-solubilized by cooling

below Tt and to remove any insoluble contaminants that have co-precipitated as shown in Figure
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11. The process of heating (37°C ) and cooling (4°C) is known as Inverse Transition Cycling
(ITC) and performing 3-5 rounds of ITC results in highly purified proteins (>98% purity, Figure
11).

In an alternative approach, a signal peptide is fused with dextranase or mutanase for
expression in E. coli, where the signal peptide will result in secretion of the enzymes into the
extracellular media. In addition, secretory proteins should pass through two membrane systems
of L.coli, during which they pass through the periplasmic environment where disulfide
isomerases, foldases and chaperones are present. Therefore, correct folding and disulfide bond
formation of secretory proteins are facilitated by the enzymes, resulting in enhancement of
biological activity of proteins (ideal for AMPs). Another merit of this production strategy is the
low level of proteolytic activity in the culture medium which serves to enhance the stability of
the recombinant protein. The signal sequence of the secreted protein is cleaved during the export
process, creating an authentic N-terminus to the native protein. There are several molecules
useful for translocating proteins to extracellular media, such as TAT, SRP, or SecB-dependent
pathways. However, rather than working independently, the different pathways closely interact
with each other. Both SRP and SecB-dependent pathways can work together in targeting of a
single protein. Also, under Sec-deficient conditions, translocation of Sec pathway substrates can
be rescued by TAT systems.

Among numerous signal sequences, outer membrane protein A (OmpA) and Seq X
(derived from lac Z) signal peptide demonstrate superior export functions and are capable of
exporting fused protein into extracellular medium at up to 4g /L and 1g/L, respectively.
Therefore, these signal sequences are used for efficient exporting of Arth 410 Dex and RM1 Mut
to extracellular milieu. Accumulation of the dextranase and mutanase exported into media will
be determined by protein quantitation and enzyme assays.

Successful expression of these proteins in E. coli has been achieved. See Western blot
results shown in Figure 12. Chloroplast vectors harboring these sequences will be bombarded
into tobacco or lettuce leaves to create plants capable of large scale production of
extranase/mutanase/ AMP proteins. After harvesting large scale biomass, leaves will be
lyophilized and stored at room temperature. In another approach, clinically-proven anti-caries
compounds such as (fluoride 250ppm) and a broad-spectrum bactericidal, chlorhexidine 0.12%

can be included to assess whether these agents increase efficacy.
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The AMP-enzyme combination effectively disrupts cariogenic biofilm formation and the
onset of cavitation 7n vivo. Furthermore, AMP-enzyme fusion protein appears to be superior to
current chemical modalities for antimicrobial therapy and caries prevention.

As mentioned previously, effective AMP-enzyme (independently or in combination) can
be expressed in lettuce chloroplasts under the control of endogenous lettuce regulatory elements,
for large scale GLP production and stability assessment. A key advantage is the lower production
cost by elimination of prohibitively expensive purification processes. Freeze-dried leaf material
expressing AMP/enzymes can be stored at ambient temperatures for several months or years
while maintaining their integrity and functionality. See Figure 13. In addition to long-term
storage, increase of protein drug concentration and decrease of microbial contamination are other
advantages. Lettuce leaves, after lyophilization showed 20-25 fold increase in protein drug
concentration when compared to fresh leaves, thereby reducing the amount of materials used for
oral or topical delivery. Following lyophilization, the plant material can be incorporated into a
chewing gum to deliver the biofilm degrading compositions contained therein.

The steps for producing the AMP/enzymes or fusions thereof are shown in Figure 12.
The lettuce chloroplast vectors useful for expressing the proteins of the invention have been
previously described in US Patent Application No. 12/059,376, which is incorporated herein by
reference. Expression levels of up to 70% of total protein in case of therapeutic proteins like
proinsulin in lettuce chloroplasts can be achieved using this system.

AMP-enzyme(s) expressed in the edible plants are preferably orally delivered (topically)
when used for treatment of oral diseases and the prevention and inhibition of dental carie
formation. For enhanced lysis of plant cells within the oral cavity, AMP/enzyme expressing
plant cells are optionally mixed with plant cells expressing cell wall degrading enzymes,
described in US Patent Application, 12/396,382, also incorporated herein by reference.

Chewing gum tablet preparation is shown in Figure 14. Using GFP as an example of the
protein of interest, this data shows the amounts of GFP that can be incorporated in to a chewing
gum tablet. GFP levels were assessed both via fluorescence and by western blot. The results are
shown in Figure 15. The present inventors employed the chewing simulator shown in Figure 16
and artificial saliva to assess GFP release kinetics from the gum tablets comprising GFP. Figure
17 shows a graph illustrating the release kinetics over time from gum tablets comprising different

amounts of GFP present in recombinant lettuce.
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It is clear from these data that gum tablets comprising the AMP-enzyme fusion proteins
of the invention will deliver the active material for a suitable time period to achieve bacterial kill
and plaque or biofilm degradation. However, oral rinses, such as Listerine®, can also be
employed to deliver the AMP-enzyme fusion proteins or combinations of the invention. Figure
18 demonstrates that crude extracts comprising the enzymes of the invention mixed with
LISTERINE mouthwash are as effective as commercially produced and purified enzymes that
are quite costly to prepare.  The data reveal that the dual-enzyme at various combinations (both
different ratio and amounts) markedly reduced the biomass of S. mutans biofilm, in a dose-
dependent manner. Among different combinations, 25U Dex and SU Mut (5:1, Dex:Mut ratio)
was the most effective, resulting in more than 80% of the total biomass degradation within 120
minutes. Further experiments confirmed that 5:1 Dex/Mut activity ratio displayed the highest
effectiveness for both EPS degradation and bacterial killing by LISTERINE mouthwash.
Excitingly, the dual-enzyme pre-treatment dramatically enhanced the efficacy of LISTERINE
mouthwash-mediated bacterial killing (> 3 log reduction vs vehicle pre-treatment and
LISTERINE mouthwash). The inclusion of a third enzyme further enhanced the overall anti-
biofilm activity. Furthermore, results from the mixed-species model indicated that the dual-
enzyme combination was capable of not only enhancing the overall antibacterial activity, but
also inducing targeted reduction of S. mutans dominance (while increasing the proportion of
commensal/probiotic S. oralis) when LISTERINE mouthwash was used after enzymes pre-
treatment. Accordingly, the enzyme+LISTERINE mouthwash strategy should selectively target
the pathogen S. mutans, while increasing the proportion of commensal S. oralis, thereby
preventing microecological imbalance within mixed-species biofilm.

AMPS have the ability to stimulate innate immunity and wound healing, in addition to
antimicrobial activity. Harnessing this novel mast cell host defense feature of AMPs in addition
to their antimicrobial properties expands their clinical applications. Biofilm-associated caries is
the most challenging model for development of topical therapeutics. When developed, such
topical drug delivery can be easily adapted to other biofilms, as matrix formation hinders drug
efficacy in many other biofilm-associated diseases. Matrix is inherent in all biofilms thus the
application goes beyond the biofilm in the mouth. The biofilm inhibiting compositions described
herein can also be employed in coating stents, artificial joints, implants, valves and other medical

devices inserted into the human body for the treatment of disease.
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As discussed above, the AMP/enzymes, or leaves expressing the same can be
incorporated into a chewing gum for effective topical application of the same for the treatment of
oral disease. The compositions may also be incorporated into an oral rinse, such as LISTERINE
mouthwash. As mentioned previously, other anti dental carrie agents such as fluoride or CHX
may included in such gums or oral rinses.

The references below in Table 2 describe a number of different mutanases from a variety

of biological sources. Each of these references incorporated herein by reference.
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Reference

Year

Mutanase resource

Otsuka R, Imai S, Murata T, etal. (2014) Application of chimeric glucanase comprising
mutanase and dextranase for prevention of dental biofilm formation. Microbiology and
Immunology n/a-n/a

2014

Paenibacillus humicus NA1123

Wiater A, Pleszczynska M, Rogalski J, Szajnecka L & Szczodrak J (2013) Purification
and properties of an alpha-(1 --> 3)-glucanase (EC 3.2.1.84) from Trichoderma
harzianum and its use for reduction of artificial dental plagque accumulation. Acta
Biochim Pol 60: 123-128.

2013

Trichoderma harzianum CCM F-340

Wiater A, Janczarek M, Choma A, Préchniak K, Komaniecka | & Szczodrak J (2013)
Water-soluble (1 - 3),(1 - 4)-a-d-glucan from mango as a novel inducer of cariogenic
biofilm-degrading enzyme. International Journal of Biological Macromolecules 58:
199-205.

2013

Trichoderma harzianum strain CCM F-340

Tsumori H, Shimamura A, Sakurai Y & Yamakami K (2012) Combination of Mutanase
and Dextranase Effectively Suppressed Formation of Insoluble Glucan Biofilm by
Cariogenic Streptococci. Interface Oral Health Science 2011,(Sasaki K, Suzuki O &
Takahashi N, ed."eds ), p.*pp. 215-217. Springer Japan.

2012

Paenibacillus humicus

Xiao J, Klein M, Falsetta ML, etal. (2012) The Exopolysaccharide Matrix Modulates the
Interaction between 3D Architecture and Virulence of a Mixed-Species Oral Biofilm.
PLoS Pathog 8:21002623.

2012

Trichaderma harzianum

Tsumori H, Shimamura A, Sakurai Y & Yamakami K (2011) Mutanase of
<i>Paenibacillus humicus</> from Fermented Food Has a Potential for Hydrolysis of
Biofilms Synthesized by <i>Streptococcus mutans</i>. Journal of Health Science 57:
420-424.

2011

Paenibacillus humicus

Wiater A, Szczodrak J & Pleszczynska M (2008) Mutanase induction in Trichoderma
harzianum by cell wall of Laetiporus sulphureus and its application for mutan removal
from oral biofilms. J Microbiol Biotechnol 18: 1335-1341.

2008

Trichoderma harzianum

Shimotsuura |, Kigawa H, Ohdera M, Kuramitsu HK & Nakashima S (2008)
Biochemical and Molecular Characterization ofa Novel Type of Mutanase from
Paenibacillus sp. Strain RM1: Identfication of Its Mutan-Binding Domain, Essential for
Degradation of Streptococcus mutans Biofilms. Applied and Environmental
Microbiology 74: 2759-2765

2008

Paenibacillussp. strain RM1

Shimotsuura I, Kigawa H, Ohdera M, Kuramitsu HK & Nakashima S (2008)
Biochemical and Molecular Characterization of a Novel Type of Mutanase from
Paenibacillus sp. Strain RM1: Identfication of Its Mutan-Binding Domain, Essential for
Degradation of Streptococcus mutans Biofilms. Applied and Environmental
Microbiology 74: 2759-2765.

2008

Paenibacillus sp. strain RM1

10

Wiater A, Szczodrak J; Pleszczyska M; Préchniak K(2005) Production and use of
mutanase from Trichoderma harzianum for effective degradation of streptococcal
mutans. Braz. J. Microbiol. vol.36 no.2

2005

Trichoderma harzianum CCM F-340

11

Hayacibara MF, Koo H, Vacca Smith AM, Kopec LK, Scott-Anne K, Cury JA & Bowen
WH (2004) The influence of mutanase and dextranase on the production and structure
of glucans synthesized by streptococcal glucosyltransferases. Carbohydrate Research
339:2127-2137

2004

Trichoderma harzianum

12

Kopec LK, Vacca Smith AM, Wunder D, Ng-Evans L & Bowen WH (2001) Properties of
Streptococcus sanguinis glucans formed under various conditions. Caries Res 35:67-
74.

2001

Trichoderma harzianum

13

Kopec LK, Vacca-Smith AM & Bowen WH (1997) Structural aspects of glucans formed
in solution and on the surface of hydroxyapafite. Glycobiology 7: 929-934.

1997

Trichoderma harzianum CCM F-341

14

Vacca-Smith AM, Venkitaraman AR, Quivey RG, Jr. & Bowen WH (1996) Interactions of
streptococcal glucosyltransferases with alpha-amylase and starch on the surface of
saliva-coated hydroxyapatite. Arch Oral Biol 41: 291-298.

1996

Trichoderma harzianum

15

Quivey RG, Jr. & Kriger PS (1993) Raffinose-induced mutanase production from
Trichoderma harzianum. FEMS Microbiol Lett 112: 307-312.

1993

Trichoderma harzianum

16

Inoue M, Yakushiji T, Mizuno J, Yamamoto Y & Tanii S (1990) Inhibition of dental
plaque formation by mouthwash containing an endo-alpha-1, 3 glucanase. Clin Prev
Dent 12:10-14.

1990

Pseudomonas sp. strain

17

Inoue M, Yakushiji T, Katsuki M, Kudo N & Koga T (1988) Reducfon of the adherence
of Streptococcus sobrinus insoluble a-d-glucan by endo-(1-3)-a-d-glucanase.
Carbohydrate Research 182: 277-286.

1988

Pseudomonas sp.

18

Kelstrup J, Holm-Pedersen P & Poulsen S (1978) Reduction of the formation of dental
plaque and gingivifis in humans by crude mutanase. European Jourmnal of Oral
Sciences 86:93-102.

1978

Trichoderma harzianum

19

Kelstrup J, Holm-Pedersen P & Poulsen S (1978) Reduction of the formation of dental
plague and gingiviiis in humans by crude mutanase. Scand J Dent Res 86: 93-102.

1978

Trichoderma harzianum

20

Guggenheim B, Regolati B & MUhlemann HR (1972) Caries and Plagque Inhibition by
Mutanase in Rats. Caries Research 6: 289-297.

1972

Trichoderma harzianum OMZ 779
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Additional biofilm degrading enzyme encoding sequences useful in the practice of the invention,
include without limitation,

I) Paenibacillus humicus NA1123

See also http://www.ncbi.nlm nih.gov/nuccore/AB489092

Genbank AB489092

Length:1,146

Mass (Da): 119,007

Reference: Otsuka R, et al. Microbiol Immunol. 2015 Jan;59(1):28-36.

2. The protein sequence of mutanase from Paenibacillus humicus NA1123

>gi|257153265|dbj|BAI23187.1| putative mutanase [Paenibacillus humicus]

MRIRTKYMNWMLVLVLIAAGFFQAAGPIAPATAAGGANLTLGKTVTASGQSQTYSPDNVKDSNQGTYWE
STNNAFPQWIQVDLGASTSIDQIVLKLPSGWETRTQTLSIQGSANGSTFTNIVGSAGYTFNPSVAGNSVTINF
SAASARYVRLNFTANTGWPAGQLSELEIYGATAPTPTPTPTPTPTPTPTPTPTPTVTPAPSATPTPTPPAGSNI
AVGKSITASSSTQTYVAANANDNNTSTY WEGGSNPSTLTLDFGSNQSITSVVLKLNPASEWGTRTQTIQVL
GADQNAGSFSNLVSAQSYTFNPATGNTVTIPVSATVKRLQLNITANSGAPAGQIAEFQVFGTPAPNPDLTIT
GMSWTPSSPVESGDITLNAVVKNIGTAAAGATTVNFYLNNELAGTAPVGALAAGASANVSINAGAKAAAT
YAVSAKVDESNAVIEQNEGNNSYSNPTNLVVAPVSSSDLVAVTSWSPGTPSQGAAVAFTVALKNQGTLAS
AGGAHPVTVVLKNAAGATLQTFTGTYTGSLAAGASANISVGSWTAASGTYTVSTTVAADGNEIPAKQSNN
TSSASLTVYSARGASMPY SRYDTEDAVLGGGAVLRTAPTFDQSLIASEASGQKY AALPSNGSSLQWTVRQ
GQGGAGVTMRFTMPDTSDGMGQNGSLDVYVNGTKAKTVSLTSYYSWQYFSGDMPAD APGGGRPLFRFD
EVHFKLDTALKPGDTIRVQKGGDSLEYGVDFIEIEPIPAAVARPANSVSVTEY GAVANDGKDDLAAFKAAV
TAAVAAGKSLYIPEGTFHLSSMWEIGSATSMIDNFTVTGAGIWYTNIQFTNPNASGGGISLRIKGKLDFSNIY
MNSNLRSRYGQNAVYKGFMDNFGTNSITHDVWVEHFECGMWVGDYAHTPATY ASGLVVENSRIRNNLAD
GINFSQGTSNSTVRNSSIRNNGDDGLAVWTSNTNGAPAGVNNTFSYNTIENNWRAAAIAFFGGSGHKADH
NYIIDCVGGSGIRMNTVFPGYHFQNNTGITFSDTTIINSGTSQDLYNGERGAIDLEASNDAIKNVTFTNIDIIN
AQRDGVQIGYGGGFENIVFNNITIDGTGRDGISTSRFSGPHLGAATY TYTGNGSATFNNLVTRNIAY AGGNYT
QSGFNLTIK ( SEQ ID NO: 12)

3. Sequence of mRNA from Paenibacillus humicus NA1123
>gi|257153264|dbj|AB489092.1| Paenibacillus humicus mut gene for putative mutanase, complete cds
1 aaaggaggat cgccaaccaa tcatcccage aaagaagete atggcagece aagaattgaa
61 agcgctttga atttggaata tacggattte gccgacctge tgattcagte gtattcaage
121 gattatgccg cgaaccaate gaacccgagg aggactataa tgcgtatceg cactaaatat

181 atgaactgga tgttggtect cgtectgate gecgecggct tettccagge tgccggecee
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241 atcgeteceg ccaccgetge aggaggegcg aatctgacgce tecggeaaaac cgtecaccgee
301 agcggccagt cgecagacgta cagecccgac aatgtcaagg acagcaatca gggaacttac
361 tgggaaagca cgaacaacgc cttecegeag tggatccaag tcgaccttgg cgecageacg
421 agcatcgacc agatcgtgct caagettccg tecggatggg agactcgtac gecaaacgete
4381 tcgatacagg gcagegegaa cggetcgacg ttcacgaaca tegteggate ggecgggtat
541 acattcaatc catccgtege cggcaacage gtcacgatca acttcagegc tgecagegee
601 cgctacgtce gectgaattt cacggecaat acgggctgge cageaggeca getgteggag
661 cttgagatct acggagcgac ggcgecaacg cctactccca cgectactce aacaccaacg
721 ccaacgccaa caccaacgee aacccectaca gtaaccectg cgecttcgge cacgecgact
781 ccgactecte cggcaggeag caacatcgee gtagggaaat cgattacage ctettccage
841 acgcagacct acgtagctge aaatgcaaat gacaacaata catccaccta ttgggaggea
901 ggaagcaacc cgagcacgct gactctcgat ttcggttcca accagageat cacttcegte
961 gtectcaage tgaatcegge ticggaatge gegactcgea cgecaaacgat ccaagttett
1021 ggagcgeate agaacgeegg ctecttcage aatctegtct ctgeccagte ctatacgtte
1081 aatcccgeaa ccggeaatac ggtgacgatt ceggtetecg cgacggtcaa gegectecag
1141 ctgaacatta cggcgaactc cggegececct gecggecaga ttgeecgagtt ccaagtgtte
1201 ggcacgecag cgcctaatee ggacttgace attaccggcea tgtectggac teegtcttet
1261 ccggtegaga geggcegacat tacgetgaac gecgtegtea agaacatcgg aactgeagct
1321 gcaggcgeca cgacggteaa tttctacctg aacaacgaac tcgecggeac cgetecggta
1381 ggcgcgcttg cggcaggage ttctgcaaat gtatcgatca atgcaggege caaageagee
1441 gcaacgtatg cggtaagcge caaagtcgac gagageaacg ccgteatcga geagaatgaa
1501 ggcaacaaca getactcgaa ceccgactaac ctegtegtag cgecggtgte cagetecgac
1561 ctegtegecg tgacgteatg gtegecggec acgecgtcge agggagegec ggtegeattt
1621 accgtcgegc ttaaaaatca gggtacgetg gettccgeeg geggagececa teccgtaace
1681 gtcgttctga aaaacgctge cggagegacg ctgcaaacct tcacgggeac ctacacaggt

1741 tecctggeag caggegeate cgegaatate agegtgggca getggacgec agegageggc
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1801 acctataccg tctcgacgac ggtagecget gacggcaatg aaattccgge caagcaaage
1861 aacaatacga gcagcgegag cetcacggte tactcggege geggegecag catgecgtac
1921 agccgttacg acacggagga tgcggtectc gecggcggag ctgtectgag aacggcgecg
1981 acgttcgatc agtcgctcat cgettccgaa geatcgggac agaaatacge cgeacttecg
2041 tccaacggct ccagectgea gtggaccgte cgtcaaggce agggeggtee aggegtecacg
2101 atgcgcttca cgatgeccga cacgagegac ggcatggece agaacggcte getegacgte
2161 tatgtcaacg gaaccaaagc caaaacggtg tegetgacct cttattacag ctggeagtat
2221 ttctecggeg acatgecgge tgacgetecg ggcggeggcea ggecgctett cegettegac
2281 gaagtccact tcaagctgga tacggcegtte aagcegggag acacgatecg cgteccagaag
2341 ggcggtoaca gectggagta cggcgtegac ttcatcgaga tegagecgat tecggeageg
2401 gttgccegte cggecaacte ggtgtecgte accgaatacg gegetgtege caatgacgge
2461 aaggatgatc tcgecgectt caaggcetgec gtgaccgeag cggtagegge cggaaaatce
2521 ctctacatcc cggaaggeac cttccacctg agecageatgt gggagategg cteggecace
2581 agcatgatcg acaacttcac ggtcacgggt geccggcatct ggtatacgaa catccagttc
2641 acgaatccca atgcatcggg cggeggeate teccctgagaa tcaaaggaaa gettgattte
2701 agcaacatct acatgaactc caacctgegt tecegttacg ggcagaacge cgtctacaaa
2761 ggctttatgg acaatttcgg cactaattcg atcatccatg acgtctgggt cgagceatttc

2821 gaatgcgeca tgtgggtegg cgactacgec catactectg cgatctatge gagegggcte
2881 gtegtggaaa acagecgeat ccgeaacaat cttgeecgacg geatcaactt ctegecaggga
2941 acgagcaact cgaccgtccg caacageage atccgcaaca acggegatga cggcctegee
3001 gtctggacga geaacacgaa cggegeteeg geecggegtga acaacacctt ctectacaac
3061 acgatcgaga acaactggcg cgcggeggec atcgecttet teggeggeag cggecacaag
3121 gctgaccaca actacatcat cgactgtgte ggeggctecg geatccggat gaatacggtg
3181 ttceccagget accacttcca gaacaacacc ggeatcacct tctcggatac gacgatcate
3241 aacagcggcea ccagecagga tetgtacaac ggcgagegeg gagegattga tetggaaget

3301 tccaacgacg cgatcaaaaa cgtcaccttc accaacatcg acatcatcaa tgeeccagege
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3361 gacggcgttc agatcggcta tggeggcgec ttegagaaca tegtgttcaa caacatcacg
3421 atcgacggca ccggccgega cgggatatcg acatcecgcet tetegggacc teatettgge
3481 gcagccatct atacgtacac gggcaacggec tcggegacgt tcaacaacct ggtgacccgg
3541 aacatcgcect atgecaggegg caactacatc cagagegggt tcaacctgac gatcaaatag

3601 gctgcaaaaa aaaggaaget ceteggaget tecttttttt (SEQ ID NO: 13)

II) Paenibacillus curdlanolyticus MP-1

1. General information of of mutanase from Paenibacillus curdlanolyticus MP-1
http://www ncbi.nlm nih.gov/nuccore/HQ640944

Genbank HQ640944; Length:1,261; Mass (Da): 131,631

Reference: Pleszczynska M, et al. Protein Expr Purif. 2012 Nov;86(1):68-74.

2. The protein sequence of mutanase from Paenibacillus curdlanolyticus MP-1
>gi|315201261|gb|ADT91063.1| alpha-1,3-glucanase [Paenibacillus curdlanolyticus]

MRNKYVTWTLALTMLFSSFFLAVGPNKVVHAAGGTNLALGKNVTASGQSQTYSPNNVKDSNQSTYWEST
NNAFPQWIQVDLGATTSIDQIVLKLPAGWGTRTQTLAVQGSTDGSSFTNIVGSAGY VFNPAVANNAVTINF
SAASTRYVRLNVTANTAWPAAQLSEFEIYGAGGTTTPPTTPAGTYEAESAALSGGAKVNTDHTGYTGTGF
VDGYWTQGATTTFTANVSAAGNYDVTLKYANASGSAKTLSVY VNGTKIRQTTLASLANWDTWGTKVET
LSLNAGNNTIAYKYEASDSGNVNIDSIAVAPSTSTPVDPEPPITPPTGSNIAIGK AISASSNTQAFVAANANDN
DTNTYWEGGAASSTLTLDLGANQNVTSIVLKLNPSSA WSTRTQTIQVLGHNQSTTTFSNLVSSQSYTFNPAT
GNSVTIPVTATVKRLQLSITANSGSGAGQIAEFQVYGTPAPNPDLTITGMSWTPASPIETDAVTLNATVKNS
GNADAPATTVNFYLNNELVGSSPVGALAAGASSTVSLNVGTKTAATY AVSAKVDESNSIIEQNDANNSYT
NASSLVVAPVASSDLVGATTWTPSTPVAGNAIGFMVNLKNQGTIASASGAHGITVVVKNAAGAALQSFSG
TYSGAIAAGASVNVTLPGTWTAVNGSYTVTTTVAVDANELTNKQGNNVSTSNLVVY AQRGASMPYSRYD
TEDATRGGGATLQTAPTFNQAQIASEASGQSYIALPSNGSSAQWTVRQGQGGAGVTMRFTMPDSTDGMGL
NGSLDVYVNGVKVKTVSLTSYYSWQYFSGDMPGDAPSAGRPLFRFDEVHWKLDTPLQPGDTIKIQKGNG
DSLEYGIDFLEIEPVPTAIAKPANSLSVTEYGAVANDGQDDLAAFKATVTAAVAAGKSVYIPAGTFNLSSM
WEIGSANNMINNITITGAGY WHTNIQFTNPNAAGGGISLRISGQLDFSNVYMNSNLRSRY GQNAIYK GFMD
NFGTNSKIHDVWVEHFECGMWVGDYAHTPATY ATGLVVENSRIRNNLADGINY SQGTSNSIVRNSSIRNNG
DDGLAVWTSNTNGAPAGVNNTFSYNTIENNWRAGGIAFFGGGGHKADHNLIVDTVGGSGIRMNTVFPGY
HFQNNTGITFSDNTLINTGTSQDLYNGERGAIDLEASND AIKNVTFTNIDIINTQRDAIQFGY GGGFENIVENN
ININGTGLDGVTTSRFAGPHK GAAIYTYTGNGSATFNNLTTSNVAYPGLNFIQQGFNLVIQ (SEQ ID NO: 14)

3. Sequence of mRNA from Paenibacillus curdlanolyticus MP-1
1 atgcgcaaca agtatgtcac atggacgetc geectgacga tectattttc gagettette

61 cttgcagtag gtcccaacaa ggtegttcac gecageaggeg gaacgaattt agegetcggc
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121 aaaaacgtta cggcaagcgg ccaatcgeaa acgtatagtc ccaacaatgt aaaagacage
181 aatcaatcga cgtactggga aagcacgaac aatgcattcc cgcaatggat tcaagtagac
241 ttaggcgcaa cgacgageat tgaccaaatce gtactgaage tgeecgetgg atggggtacg
301 cgtacgcaaa cgttagctgt tcaaggaage acggacggtt cctegttcac gaatatcgtg
361 ggctccgeag getatgtatt taatcctget gttgecaata acgecgttac gattaactte

421 tctgetgeaa geacgegtta tgttcgtetg aacgtaacag cgaacacggc ttggecagea
481 gegcagcetgt ccgaattcga gatttatgge getgecggcea cgacgacgcc tccaacaacg
541 ccagcaggca catatgaage tgaatccgea geattgtccg geggtecgaa agtgaacacg
601 gatcataccg gctacacggg tacgggcttt gttgacggct actggacaca aggegegaca
661 acgacgttca cggctaacgt gtccgeaget ggeaactatg acgttacatt gaaatatgec
721 aacgcaagcg geagtgccaa gacgctaage gtttacgtca acggcacgaa gattcgecag
781 acgacgctgg caagectgge aaactgggac acttggggca cgaaggttga gacgetgage
841 ttgaatgccg geaataatac gattgeatac aagtatgagg ctagegacte gggcaacgte
901 aatatcgact ccattgecgt ggegecateg acttcgacac cggtagatee agaaccgecg
961 atcacgecge caacgggcag caatatcgea atcggeaaag cgatcagegc atcttcgaat
1021 acgcaagcat tcgtagetge caacgcgaac gataacgata cgaacacgta ctgggaagge
1081 ggagctgcat cgagecacget gacgetggat cttggegega accaaaatgt aacctcgate
1141 gtgctgaage tgaatectte ticggeatgg ageacgegta cgcaaacgat ccaagtgctt
1201 ggccacaacce aaagcacgac gacgttcage aatctggtat cttcgeaate gtatacgtte
1261 aatcctgecaa cgggeaactc cgtgacgatt ceggttacgg caacagttaa gegettgeag
1321 ctgagcatta cggcgaacte gggttecgge getggtcaaa ttgeggaatt ccaagtgtat
1381 ggaacgccgg caccaaacce agacctgacg atcacaggea tgtectggac gectgettcg
1441 ccaattgaaa cggatgcagt tacgctgaat gcaacggtta aaaacagegg aaatgecagac
1501 gctectgeaa cgacggtaaa cttctacctg aacaatgage tegtaggcte ctegecagtt
1561 ggcgcacttg ctgecaggegc ttectegacg gtttcgetga atgttggtac gaaaacggct

1621 gcaacttatg cagttagcgce gaaagtcgat gagagcaatt cgattatcga gcaaaatgat
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1681 gcgaacaaca gttatacgaa cgcatecteg ctegtegteg ctectgtcge aagetctgac
1741 ttggttgecg cgacgacgte gacgcctage acgecggtte ccggcaatge aattggctte
1801 atggtaaatc ttaaaaacca aggaacgatt gcatctgeaa geggegegea tggeattaca
1861 gttgtcgtga aaaatgccge aggegetgeg ctecaategt tcageggeac ctacagegga
1921 gcaatcgeag ctggegeate cgttaacgta accctgecag gtacgtggac ggctgtgaat
1981 ggcagctaca cggtaacgac aacggttgct gtegatgeta acgagcetgac gaacaaacaa
2041 gggaacaacg taagcacttc gaacctcgtt gtttatgecac aacgtggcge aageatgect
2101 tacagccgtt atgacacgga agacgctaca cgtggcggeg gtgcaacgcet geaaaccgea
2161 ccaaccttca accaagegea aatcgcetteg gaageatccg gacaaagcta tatcgegetg
2221 ccttcgaacg getectecge acaatggacg gtecgtcaag gacaaggcgg agetggcgtt
2281 acgatgcgct tcacgatgee ggattcgact gacggtatgg gtttgaacgg ttegetcgac
2341 gtttatgtca acggcgttaa agtaaaaacg gtatcgetea cgtectacta cagetggeag
2401 tatttctcgg gegatatgee tggcgatgeg cegtecgetg geegtecgtt gttecgcttt
2461 gacgaagtac actggaagct tgacacgect cttcaaccag gecgacacgat caaaatccaa
2521 aaaggcaacg gagatagcct ggaatacggce attgacttee tcgaaatcga gecggtteca
2581 acagcaatcg ctaaacctge caactcgett tecgttacgg agtatggcgc tgtagcaaac
2641 gatggccaag acgaccttge cgeattcaaa gecaacggtta cggetgcagt tgctgctgec
2701 aaatccgttt acattcetge tggcacgttc aatctgagea geatgtggea aatcggateg
2761 gctaacaaca tgatcaacaa cattacgatt acaggegcag getactggea tacgaacatt
2821 caattcacga atccgaatge agcaggegec ggcatttcge tecggatttc cggacagcett
2881 gatttcagca atgtttacat gaactccaac ctgegttcge gttatggtca aaatgcgatt
2941 tacaaaggct tcatggacaa cttcggcaca aactccaaaa tccatgacgt atgggtteag
3001 cacttcgagt gecggcatgtg getaggcgat tacgegcata cgecagegat ctatgecaacg
3061 ggtcttgtcg ttgaaaacag ccggattcge aacaaccttg cagacggcat caactacteg
3121 caaggcacga gcaattcgat cgtacgcaac agcagtatce geaataacgg tgatgacggt

3181 ctggeggttt ggacgagtaa cacgaatgge gegecageag gegtgaacaa cacgttcteg

53



WO 2018/209345 PCT/US2018/032549

3241 tacaacacga tcgaaaacaa ctggegtgca ggcggtateg cattcttegg cggeggeggc
3301 cacaaggctg accacaacct gatcgttgat acggttegcg getecggeat ccggatgaac
3361 acggtattcc caggctacca cttccaaaac aacacgggta ttacgttctc cgacaacacg
3421 ctgatcaaca caggcacaag ccaagatttg tacaacggcg agegeggtee gatcgatcte
5 3481 gaagcatcga acgatgcaat caagaacgtc acgttcacga acatcgacat catcaacacc
3541 cagcgegatg cgatacaatt cggctacgge ggeggattcg agaacategt atttaacaac
3601 attaacatta acggtacggg gcttgacgec gttacaacct cacggtttge tggaccgeat
3661 aaaggtectg caatctacac gtacacgggc aatggctctg caacgttcaa taacctgacg
3721 acgagcaacg tggcatatce aggcttgaat ttcattcage aaggctttaa tetggtgate

10 3781 cagtag (SEQ ID NO: 15)

III) Paenibacillus sp. strain RM1.

1. General information of of mutanase

Genbank E16590; Length:1,291; Mass (Da): 135kD
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Reference: Shimotsuura I, et al. Appl Environ Microbiol. 2008 May;74(9):2759-65 2. The protein
sequence of mutanase from Paenibacillus sp. strain RM1

Deduced amino acid sequence of mutanase RM1. The signal peptide region is underlined, and the linker
5  region is boxed. The arrow indicates the cleavage site for the N-terminal domain of the protein. The DNA
sequence was registered as GenBank accession number E16590. (SEQ ID NO: 16)

3. Sequence of mRNA from Paenibacillus sp. strain RM1
1 ccegggtace agacctatcg ggaaaaacge gageggccct tegegectta tgegetacgg
10 61 acggtgctge cgggcggttt gtttttcate atcattccee tgatgatcta cacggceateg
121 tatatccegt ttttgetegt gecgggtece ggacacgggt tgaaagacgt cgtetecgec
181 cagaagttca tgttcaatta tcatagcegg cttaacgeca cccacccatt ctegtegetg
241 tggteoeagt gocctctcat ccgeaagecg atctggtatt acggagecge ggaattggcg

301 ccgggaaaaa tggcgageat cgtggecatg ggcaatccgg cggtgtggte gacgggaacg

15 361 attgcggtaa tcgeggecect tegetcggcce tggaagaage gggaccggag catgaccgte
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421 gtettegttg gaatcgecte gtettatett cegtgggttt tegtatccag actcaccttt

4381 atttatcact ttttcgcttg cgttcegttt ctegttettt geategttta ttggattega

541 aaaatggaat agcgtaagec gggatatcgg attgegacge tectttacge aggegeggtt
601 ctggtgctgt teattttgtt ttacccgatt ttgtcgggga cegaaataga cgtttettac

661 gcggaccgeg ttctgaagtg gttcggegge tggatttttc acgggtaage gagegttgga
721 agcaaggaag ggaaggaaga cgagegtete cttcccgaaa tecatccaat atcttgaaat
781 tgcatacatt tttcgtaaga ttgcttctta tctgtcteee tecectgtte ttataatggg

841 ggtatcccaa cgaaaggagg gtttgtaage getgtcages tgtttgccga aagttetege
901 atttgctgac ctacactttg aggaggagga atttaatgeg ctgeaaattt gtcgeatggt

961 cgcttgttac agccatgctg atggccagtt tgctgacggce tgtaggaccg ttcggecccg
1021 cttecgeecge gggaggaccg aatctgacge cgggeaaacce cattacggeg ageggecaat
1081 cccaaaccta cagecctcag aacgtaaaag acggceaatca aaatacgtat tgggaaagea
1141 cgaacaacgc gttcccgeaa tggattcaag tggatttgee cgcaageacg ggeatcgace
1201 aaattgtgct gaagctgece gecaagetgge aagegegeac geaaacgcetg gecgttcaag
1261 gcagcttgaa cggttegacg ttcacggaca ttgtcggctce cgecaattat gtattcagte
1321 cgtetgtcgg gaacaacacg gttacgatca actttaccge gaccageacg cgctacgtge
1381 gcttgtatgt aacggecaac acgggctgge cggeggcgca getgtecgaa ttegaaattt
1441 acggcteecgg cgaccagacg ccggegectg atacgtatca agecgaatee geggetetgt
1501 ccggeggege gaaagtcaac acggaccatg ccggatatat cggecacggec tttgttgacg
1561 gttactggac gcaaggcgeg acgacgacct tttcggtcaa cgegecgacg gegggcaact
1621 acgatgtaac gctgaggtac ggcaacgeaa ccggeageaa caaaacggta agectctacg
1681 tcaatggage gaagattcge cagaccacgce tgeccagect gectaactgg gattcatgga
1741 gcagcaagac ggagacgctt aacctgaatg caggcageaa caccattgeg tacaaatacg
1801 acccgggcga ttccggeaac gteaatcttg accaaatcac ggtcgaageg tecgacttcaa
1861 cgcctactece tactccatee cctactecta cacctacgec aacgecgacg cctacgecta

1921 cgcectacace cacacctact ccgaccecga cgectacgec tacacctaca cctacaccta
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1981 cgccgacgec tectecggge ggeaacatcg ccatcggeaa ategatttee geatceteee
2041 acacgcagac gtacgttocg gagaacgcga acgataacga tgtcaacacg tactgggaag
2101 geggeggeaa teccgageacg ctgacgetcg atcteggage gaactacaat attacgteca
2161 tcgtgctgaa getgaacceg tectegatat gggctgcgcg tacgcaaacg attcaagtge
2221 tcggacacga tcagaacacg acgaccttca geaatctggt ctcggegaaa tegtactegt
2281 tcgatcegge ctecggeaat actgtgacca ttccggttac ggcgacggtg aaacgtttee
2341 agttgaacat tacgtcgaac tceggegece cggecggaca agtcgecgag ttccaggtgt
2401 tcggcacgee tgcgecgaat ceggacctga cgattaccgg catgtectgg tegecttett
2461 ctcecggttga gaccgacgcece attacgctaa acgcaacggt gaagaacaac gggaatgeca
2521 gegecgegge gaccaccgte aatttctace tgaacaacga getggegget tecgegecgg
2581 tageegegcet ggeggcaggc gettcggeaa cggtgecgct gaatgtegge gecgaaaaccg
2641 ccgegacata cgeggtegge gecaaagtag acgagageaa cgeggteate gagetgaacg
2701 agtcgaacaa cagctacacg aatccggctt cactegttgt ggceccegtt tecagetcgg
2761 atctggtgge cacggtttcg tggacgecga geactecgat tgccaacaat geegtttett
2821 ttaacgtaaa tcttaaaaat caaggaacga ttgcttccge cggegggtct cacggegtea
2881 cggtcgtect taaaaatgct tccggttega cegttcaaac gttcageggt tectataceg
2941 gcagcctgge tecgggageg tecgtcaaca teaccctice ggggacctge acggeggcag
3001 ccggeagcta cacggtaacg gecacegttg cggeagacge caacgaactt ccgatcaage
3061 aagccaacaa cgcgaacacc gecaagectga cegtatatte cgecegegge gegageatge
3121 cgtacagecg gtatgacace gaggacgeca cecteggegg cggegecacg ctgaagtecg
3181 cgccgacatt cgatcaggeg cttacggcat cggaagecac cggecaacte tatgeggege
3241 tgcectegaa cggetectat cttcaatgga ccgtcagaca gggtcageec gecgcagece
3301 tgacgatgag atttacgatg cccgactcgg cggacggcat gggattaaac ggttcgctag
3361 acgtttacgt caacggcacc aaagtcaaaa ccgtatcget gacctectac tacagetgge
3421 agtatttctc gggcgatatg cceggagacg cteccagege gggecgteeg ctettecget

3481 ttgacgaagt gcactggaag ctggatacte cgetcaaace cggagacacg attcgeatec
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3541 agaagaacaa cggcgacage ctggaatacg gtgtcgactt tattgaaate gaaccggtte
3601 cggctgegat ctecegteeg gecaactegg tttecgtaac ggattacggc getgtgecga
3661 acgacggaca ggacgatctc accgecttta aageegecgt aaacgeggceg gtegeateeg
3721 acaagatctt gtacattccg gaaggaacgt tccacctcgg caacatgtgg gagatcggtt
3781 ccgtcageaa catgatcgat cacattacga ttacgggage cggtatctgg tatacgaaca
3841 tccagtttac caacgccaat ccggegteeg geggeatcte geteeggatt acgggcaage
3901 ttgatttcag caacgtgtac ctcaactcca atttgcggte geggtatget caaaatgcgg
3961 tttacaaagg ctttatggac aacttcggea ccaattccgt catccgegac gtetgggteg
4021 agcacttcga atgeggcttc tgggtcgggoe actacgggca tacgecggeg atccgegega
4081 gecgggctgct gattgaaaac agecgaatce geaacaacct ggecgatgge gtcaactteg
4141 cccaagggac cagcaattcg accgtacgea acagcagect gegeaacaac ggegacgacg
4201 cccttgeegt atggacgagt aatacgaacg gegegeccga aggegtaaac aataccttet
4261 cgtacaacac catcgaaaac aactggegcg cggeaggcat cgecttcttc ggaggaagcg
4321 gacacaaggc cgaccacaac tacatcgtcg actgegtegg cggttecgge atccggatga
4381 acaccgtgtt ccccggatac cacttccaga acaatacegg cattgtgtte tcggacacga
4441 ccatcgtcaa ctgcggcacg agcaaagace tatacaacgg cgaacgeggc gecatcgate
4501 tggaagcttc gaacgacgcece atccggaacg tgacgtttac caacatcgat attatcaact
4561 ctcagegega tgcgatccag tteggttacg geggcggctt caccaacate gtgttcaaca
4621 acatcaacat taacggaacc ggtcttgacg gegtaaccac ctcgeggtte tcgggaccge
4681 atctgggcege gecgatctte acctataccg geaacggcete cgecacgttc aacaatctga
4741 ggaccagcaa tatcgcttac cccaatctgt attacatcca gagegggtte aatctgatca
4801 tcaataatta gatatctggg ccegtcetgeg ggggaggaac tettcggage tecgaattegt
4861 aatcatggtc atagctgttt cctgtgtgaa attgttatce getcacaatt ccacacaaca

4921 tacgagccgg aagcataaag tgtaaagect gggoteccta atgagtgage taactcacat
4981 taattgegtt gegeteactg cecgetttce agtegggaaa ctgtegtgce agetgcatta

5041 atgaatcggce caacgegegg ggagaggesg tttkcgtatt gggcgccctt (SEQ ID NO: 17)
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IV) Trichoderma harzZianum (CCM F-470)

1. General information of of mutanase from Trichoderma harzianum

Also see http://www.uniprot.org/uniprot/Q8WZM7L ength:635

Mass (Da):67,726

Last modified:March 1, 2002 - v1

Checksum:iBBOD864E2F432C58

2. The protein sequence of mutanase from Trichoderma harzianum

http://www.uniprot.org/uniprot/ Q8 WZM7 fasta )

>trQ8WZM7|Q8WZM7_TRIHA Alpha-1.3-glucanase OS=Trichoderma harzianum GN=p3 PE=2 SV=1

MLGVFRRLRLGALAAAALSSLGSAAPANVAIRSLEERASSADRLVFCHFMIGIVGDRGSS
ADYDDDMQRAKAAGIDAFALNIGVDGYTDQQLGYAYDSADRNGMKVFISFDFNWWSPGNA

VGVGQKIAQYANRPAQLYVDNRPFASSFAGDGLDVNALRSAAGSNVYFVPNFHPGQSSPS

NIDGALNWMAWDNDGNNKAPKPGQTVTVADGDNAYKNWLGGKPYLAPVSTWVFNHFGPEV

SYSKNWVFPSGPLIYNRWQQVLQQGFPRVEIVIWNDYGESHY VGPLKSKQFHDGNSKWVN
DMPHDGFLDLSKPFIAAYKNRDTDISKYVQNEQLVYWYRRNLKALDCDATDTTSNRPANN
GSGNYFEGRPDGWQTMDDTVYVAALLKTAGSVTVTSGGTTQTFQANAGANLFQIPASIGQ
QKFALTRNGQTVFSGTSLMDITNVCSCGIYNFNPYVGTIPAGFDDPLQADGLFSLTIGLH
VTTCQAKPSLGTNPPVTSGPVSSLPASSTTRASSPPPVSSTRVSSPPVSSPPVSRTSSAP
PPPGNSTPPSGQVCVAGTVADGESGNYIGLCQFSCNYGY CPPGPCKCTAFGAPISPPASN

GRNGCPLPGEGDGYLGLCSFSCNHNYCPPTACQYC (SEQ ID NO: 18)

3. Sequence of mRNA (Trichoderma harzianum
http://www.ebi.ac.uk/ena/data/view/AJ243799&display=fasta)

>ENA|AJ243799|AJ243799.1 Trichoderma harzianum mRNA for alpha-1,3-glucanase (p3 gene)
ATGTTGGGCGTTTTCCGCCGCCTCAGGCTCGGCGCCCTTGCCGCCGCAGCTCTGTCTTCT

CTCGGCAGTGCCGCTCCCGCCAATGTTGCTATTCGGTCTCTCGAGGAACGTGCTTCTTCT

GCTGACCGTCTCGTATTCTGTCATTTCATGATTGGGATCGTGGGTGACCGTGGCAGCTCG
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GCAGATTATGATGACGATATGCAACGTGCCAAAGCCGCTGGCATTGACGCCTTCGCCCTG

AACATCGGCGTTGACGGCTATACCGACCAGCAGCTCGGCTATGCCTATGACTCTGCCGAT

CGTAATGGCATGAAAGTCTTCATTTCATTTGATTTCAACTGGTGGAGCCCCGGCAATGCA
GTTGGTGTTGGCCAGAAGATTGCGCAGTATGCCAACCGCCCTGCCCAGCTGTATGTCGAC
AACCGGCCATTCGCCTCTTCCTTCGCCGGTGACGGTCTGGATGTAAATGCGTTGCGCTCT
GCTGCAGGCTCCAACGTTTACTTTGTGCCCAACTTCCACCCTGGTCAATCTTCCCCCTCC
AACATTGATGGCGCCCTTAACTGGATGGCCTGGGATAATGATGGAAACAACAAGGCACCC
AAGCCGGGCCAGACTGTCACAGTGGCAGACGGTGACAACGCTTATAAGAATTGGTTGGGT
GGCAAGCCTTACCTGGCGCCTGTCTCAACTTGGGTTTTCAACCATTTCGGGCCCGAAGTT
TCATATTCCAAGAACTGGGTTTTCCCAAGTGGGCCTCTGATCTATAACCGGTGGCAACAA
GTCTTGCAGCAAGGGTTCCCAAGGGTTGAGATCGTTACCTGGAATGACTACGGGGAATCT
CACTACGTCGGTCCCCTGAAGTCTAAGCAATTTCATGATGGGAACTCCAAATGGGTCAAT
GATATGCCCCACGATGGATTCCTGGATCTTTCGAAGCCGTTCATAGCCGCATATAAAAAC
AGGGATACCGACATCTCCAAGTATGTTCAAAATGAGCAGCTTGTTTACTGGTACCGCCGC
AACTTAAAGGCACTGGACTGTGACGCCACCGACACAACCTCTAACCGCCCGGCTAACAAT
GGAAGCGGCAATTACTTTGAGGGACGCCCCGATGGTTGGCAAACTATGGATGATACGGTT
TACGTGGCGGCACTTCTCAAGACTGCCGGTAGCGTCACGGTCACGTCTGGTGGCACCACT
CAAACGTTCCAGGCCAACGCCGGAGCCAATCTCTTCCAAATCCCGGCCAGCATCGGCCAG
CAAAAGTTTGCTCTGACTCGTAACGGTCAGACCGTCTTTAGCGGAACCTCATTGATGGAT

ATCACCAACGTTTGCTCTTGCGGTATCTACAACTTCAACCCATATGTTGGCACCATTCCT

GCCGGCTTTGACGACCCTCTTCAGGCTGACGGTCTTTTCTCTTTGACCATCGGATTGCAC
GTCACAACTTGTCAGGCCAAGCCATCTCTTGGAACTAACCCTCCTGTCACTTCCGGCCCT
GTGTCCTCGCTTCCAGCTTCCTCCACCACCCGCGCATCCTCGCCGCCTCCTGTTTCTTCA
ACTCGTGTCTCTTCTCCCCCTGTCTCTTCCCCTCCAGTTTCTCGCACCTCTTCTGCCCCT
CCCCCTCCGGGCAACAGCACGCCGCCATCGGGTCAGGTTTGCGTTGCCGGCACCGTTGCC

GACGGCGAGTCTGGCAACTACATCGGCCTGTGCCAATTCAGCTGCAACTACGGTTACTGC
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CCACCAGGACCGTGTAAGTGCACCGCCTTTGGTGCTCCCATCTCGCCACCGGCATCCAAC
GGCCGCAACGGCTGCCCTCTGCCGGGAGAAGGCGATGGTTATCTGGGCCTGTGCAGTTTC
AGTTGTAACCATAATTACTGCCCGCCAACGGCATGTCAATACTGCTAGGAGGGATCAATC
TCAGTATGAGTATATGGAGGCTGCTGAAGGACCAATTAGCTGTTCTTATCGGCAGACGAA
ACCCATAGAGTAAGAAGTTAAATAAAATGCAATTAATGTGTTTTCAAAAAAAAAAAAAAA
A (SEQID NO: 19)

(There is a polyA tail since Trichoderma harzianum is fungi)

V) Trichoderma harzianum

1. General information of of mutanase from Trichoderma harzianum

Also see http://www.uniprot.org/uniprot/Q8WZM7;

2. The protein sequence of mutanase from Trichoderma harzianum

See: http://www uniprot.org/uniprot/Q8WZM?7 fasta )

>tr|Q8WZM7|Q8WZM7 TRIHA Alpha-1,3-glucanase OS=Trichoderma harzianum GN=p3 PE=2 SV=1
MLGVFRRLRLGALAAAALSSLGSAAPANVAIRSLEERASSADRLVFCHFMIGIVGDRGSS
ADYDDDMQRAKAAGIDAFALNIGVDGYTDQQLGYAYDSADRNGMKVFISFDFNWWSPGNA
VGVGQKIAQYANRPAQLYVDNRPFASSFAGDGLDVNALRSAAGSNVYFVPNFHPGQSSPS
NIDGALNWMAWDNDGNNKAPKPGQTVTVADGDNAYKNWLGGKPYLAPVSTWVFNHFGPEV
SYSKNWVFPSGPLIYNRWQQVLQQGFPRVEIVTWNDYGESHY VGPLKSKQFHDGNSKWVN
DMPHDGFLDLSKPFIAAYKNRDTDISKYVQNEQLVYWYRRNLKALDCDATDTTSNRPANN
GSGNYFEGRPDGWQTMDDTVYVAALLKTAGSVTVTSGGTTQTFQANAGANLFQIPASIGQ
QKFALTRNGQTVFSGTSLMDITNVCSCGIYNFNPYVGTIPAGFDDPLQADGLFSLTIGLH
VTTCQAKPSLGTNPPVTSGPVSSLPASSTTRASSPPPVSSTRVSSPPVSSPPVSRTSSAP
PPPGNSTPPSGQVCVAGTVADGESGNYIGLCQFSCNYGYCPPGPCKCTAFGAPISPPASN

GRNGCPLPGEGDGYLGLCSFSCNHNYCPPTACQYC (SEQ ID NO: 20)

3. Sequence of mRNA (Trichoderma harzianum Further information can be found at
http://www.cbi.ac.uk/ena/data/view/AJ243799&display=fasta)
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>ENA|AJ243799|AJ243799.1 Trichoderma harzianum mRNA for alpha-1,3-glucanase (p3 gene)
ATGTTGGGCGTTTTCCGCCGCCTCAGGCTCGGCGCCCTTGCCGCCGCAGCTCTGTCTTCT

CTCGGCAGTGCCGCTCCCGCCAATGTTGCTATTCGGTCTCTCGAGGAACGTGCTTCTTCT
GCTGACCGTCTCGTATTCTGTCATTTCATGATTGGGATCGTGGGTGACCGTGGCAGCTCG
GCAGATTATGATGACGATATGCAACGTGCCAAAGCCGCTGGCATTGACGCCTTCGCCCTG

AACATCGGCGTTGACGGCTATACCGACCAGCAGCTCGGCTATGCCTATGACTCTGCCGAT

CGTAATGGCATGAAAGTCTTCATTTCATTTGATTTCAACTGGTGGAGCCCCGGCAATGCA
GTTGGTGTTGGCCAGAAGATTGCGCAGTATGCCAACCGCCCTGCCCAGCTGTATGTCGAC
AACCGGCCATTCGCCTCTTCCTTCGCCGGTGACGGTCTGGATGTAAATGCGTTGCGCTCT
GCTGCAGGCTCCAACGTTTACTTTGTGCCCAACTTCCACCCTGGTCAATCTTCCCCCTCC
AACATTGATGGCGCCCTTAACTGGATGGCCTGGGATAATGATGGAAACAACAAGGCACCC
AAGCCGGGCCAGACTGTCACAGTGGCAGACGGTGACAACGCTTATAAGAATTGGTTGGGT
GGCAAGCCTTACCTGGCGCCTGTCTCAACTTGGGTTTTCAACCATTTCGGGCCCGAAGTT
TCATATTCCAAGAACTGGGTTTTCCCAAGTGGGCCTCTGATCTATAACCGGTGGCAACAA
GTCTTGCAGCAAGGGTTCCCAAGGGTTGAGATCGTTACCTGGAATGACTACGGGGAATCT
CACTACGTCGGTCCCCTGAAGTCTAAGCAATTTCATGATGGGAACTCCAAATGGGTCAAT
GATATGCCCCACGATGGATTCCTGGATCTTTCGAAGCCGTTCATAGCCGCATATAAAAAC
AGGGATACCGACATCTCCAAGTATGTTCAAAATGAGCAGCTTGTTTACTGGTACCGCCGC
AACTTAAAGGCACTGGACTGTGACGCCACCGACACAACCTCTAACCGCCCGGCTAACAAT
GGAAGCGGCAATTACTTTGAGGGACGCCCCGATGGTTGGCAAACTATGGATGATACGGTT
TACGTGGCGGCACTTCTCAAGACTGCCGGTAGCGTCACGGTCACGTCTGGTGGCACCACT
CAAACGTTCCAGGCCAACGCCGGAGCCAATCTCTTCCAAATCCCGGCCAGCATCGGCCAG
CAAAAGTTTGCTCTGACTCGTAACGGTCAGACCGTCTTTAGCGGAACCTCATTGATGGAT

ATCACCAACGTTTGCTCTTGCGGTATCTACAACTTCAACCCATATGTTGGCACCATTCCT

GCCGGCTTTGACGACCCTCTTCAGGCTGACGGTCTTTTCTCTTTGACCATCGGATTGCAC

GTCACAACTTGTCAGGCCAAGCCATCTCTTGGAACTAACCCTCCTGTCACTTCCGGCCCT
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GTGTCCTCGCTTCCAGCTTCCTCCACCACCCGCGCATCCTCGCCGCCTCCTGTTTCTTCA
ACTCGTGTCTCTTCTCCCCCTGTCTCTTCCCCTCCAGTTTCTCGCACCTCTTCTGCCCCT
CCCCCTCCGGGCAACAGCACGCCGCCATCGGGTCAGGTTTGCGTTGCCGGCACCGTTGCC
GACGGCGAGTCTGGCAACTACATCGGCCTGTGCCAATTCAGCTGCAACTACGGTTACTGC
CCACCAGGACCGTGTAAGTGCACCGCCTTTGGTGCTCCCATCTCGCCACCGGCATCCAAC
GGCCGCAACGGCTGCCCTCTGCCGGGAGAAGGCGATGGTTATCTGGGCCTGTGCAGTTTC
AGTTGTAACCATAATTACTGCCCGCCAACGGCATGTCAATACTGCTAGGAGGGATCAATC
TCAGTATGAGTATATGGAGGCTGCTGAAGGACCAATTAGCTGTTCTTATCGGCAGACGAA
ACCCATAGAGTAAGAAGTTAAATAAAATGCAATTAATGTGTTTTCAAAAAAAAAAAAAAA
A (SEQID NO: 21)

(There is a polyA tail since Trichoderma harzianum is fungi)

Bextranase (Dex) gene from Penicillivm minioluteum
(enBank: L41562.1
{http/www nebinim nih gov/ouccore/L41562 1)
The mature protein has 574 amino acids with MW at 67KD. The optimum reaction condition is

pH 5.5 and 40°C. The pH range is 3-6.

Amino acid sequence
MATMLKLLALTLAISESAIGAVMHPPGNSHPGTHMGTTNNTHCG

ADFCTWWHDSGEINTQTPVQPGNVRQSHKYSVQVSLAGTNNFHDSFVYESIPRNGNGR
Y APTDPPNSNTLDSSVDDGISIEPSIGLNMAWSQFEY SHDVDVKILATDGSSLGSPS
DVVIRPVSISYAISQSDDGGIVIRVPAD ANGRKFSVEFKTDLYTFLSDGNEY VTSGGS
VVGVEPTNALVIFASPFLPSGMIPHMTPDNTQTMTPGPINNGDWGAKSILYFPPGVYW
MNQDQSGNSGKLGSNHIRLNSNTYWVYLAPGAY VKGAIEYFTKQNFYATGHGILSGEN
YVYQANAGDNYIAVK SDSTSLRMWWHNNLGGGQTWYCVGPTINAPPFNTMDFNGNSGI
SSQISDYKQVGAFFFQTDGPEIYPNSVVHDVFWHVNDDAIKIYY SGASVSRATIWKCH
NDPIIQMGWTSRDISGVTIDTLNVIHTRYIKSETVVPSAIIGASPFY ASGMSPDSRKS
ISMTVSNVVCEGLCPSLFRITPLQNYKNFVVKNVAFPDGLQTNSIGTGESITPAASGL
TMGLNISNWTVGGQK VTMENFQANSLGQFNIDGSYWGEWQIS (SEQ ID NO: 22)

DNA sequence
1 ggcatagtaa tcccgacage cgagtatgat ggagettett cggataatga tagegecacc
61 agaccttget tgagetggag agetaaaaca ttaaacgeca cacgaccaac actctcatta
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121 gttgcgatag atgatgetcg gagetgttga aactcagaaa ttecttctat geggggtete
181 caagatcgat cctgggggat gtgaatacta cggtggacct aattgacgec ttgacaggtg
241 atgttaagcg aaccaaggaa gaataatctg gggctagatg aagatgitga getgtaaggt
301 acggtacgtt cctattggct ttatcggage ttctcegggt tactcagict ticcgggage
361 atgatcattt ttgtattgtc caatagtaag cagaaactga gagccaccac aaactcaaaa
421 ccteggtage gaagtttcce ggaaccagtc aggattctca gaaactgige tegtgtigeg
481 gggaatccge attctacgtc gtctggagea aggaaatgtt cgtgetggat tgaggaggat
541 aggtaggttg gagaatctct tcagctaace aatctataag catgetccgg taacctttag
601 agtttcacat tcaacgtaat ttccaagata gccagagegt ccttgaatta ctatgtagaa
661 atcctaaaat ttccectgta aaatgcaagt caacgagatg cgtgecctea atgteteteg
721 gcgcetaccee ggaaatgatg cataaggecea agaatgtecac ccggtaactt tttcttcaga
781 atatcctaag atttccatca aacacagtcg aataggtcaa tgetcgegag agactttetg
841 ccttcactet acgtcctact catagaagtt caacggetca attccggggt aatctagagt
901 ttggacctca agggagatgt tgcaacaaat tgtactagaa cgatgegett getttccaat
961 acagtagttg acttcatata gcttccaaca aaagggatgg ggatgaagge tctatagecga
1021 gaagtctata agaaagtgtc ctcatacctg tatctctcag tcgtticgaga acaatcecgg
1081 aaactatctt atcttgcgag aaagaagaca atatctcaaa cttatggeca caatgctaaa
1141 gctacttgeg ttgacccttg caattagega gtccgecatt ggageagtca tgcacccace
1201 tggcaattct catcccggta cccatatggg cactacgaat aatacccatt geggegeega
1261 tttctgtacc tggtggcatg attcagggga gatcaatacg cagacacctg tccaaccagg
1321 gaacgtgcgce caatctcaca agtattccgt gecaagtgage ctagetggta caaacaattt
1381 tcatgactcc tttgtatatg aatcgatcce ccggaacgga aatggtegea tctatgetee
1441 caccgatcca cccaacagea acacactaga ttcaagtgtg gatgatggaa tctcgattga
1501 gcctagtate ggecttaata tggeatggtc ccaaticgag tacagecacg atgtagatgt
1561 aaagatcctg gecactgatg getcategtt gggetcgeca agtgatgttg ttattcgece
1621 cgtctcaatc tectatgega tttetcagtc tgacgatggt gggattgtca tccgggtece
1681 agccgatgeg aacggecgea aattttcagt tgagticaaa actgacctgt acacattect
1741 ctetgatgge aacgagtacg tcacatcggg aggcagegic gteggegttg agectaccaa
1801 cgcacttgtg atcttcgeaa gteegttict tecttctgge atgattecte atatgacace
1861 cgacaacacg cagaccatga cgccagglce tatcaataac ggegactggg gegecaagte
1921 aattctttac ttcccaccag gtgtatactg gatgaaccaa gatcaatcgg geaactcggg
1981 gaagttagga tctaatcata tacgtctaaa ctcgaacact tactgggtct accttgeece
2041 cggtgcgtac gtgaagggtg ctatagagta ttttaccaag cagaacttct atgcaactgg
2101 tcatggtatc ctatcgggtg aaaactatgt ttaccaagcc aatgecggeg acaactacat
2161 tgcagtcaag agcgattcaa ccagecteeg gatgtggteg cacaataace tigggggtgge
2221 tcaaacatgg tactgcgttg gecegacgat caatgegeca ccattcaata ctatggattt
2281 caatggaaat tctggcatct caagtcaaat tagcgactat aagcaggtgg gagecttett
2341 cttccagacg gatggaccag aaatatatce caatagtgtc gtgeacgacg tctictggea
2401 cgtcaatgat gatgcaatca aaatctacta ttcgggagea tetgtatcge gggeaacgat
2461 ctggaaatgt cacaatgacc caatcatcca gatgggatgg acgictcggg atatcagtgg
2521 agtgacaatc gacacattaa atgttattca cacccgetac atcaaatcgg agacggtggt
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2581 gcettcgget atcattgggg cetctecatt ctatgecaagt gggatgagte ctgattcaag
2641 aaagtccata tccatgacgg tttcaaacgt tgtitgegag ggtetttgee cgteectatt
2701 ccgcatcaca ceccticaga actacaaaaa ttttgttgtc aaaaatgtgg ctttcccaga
2761 cgggctacag acgaatagta ttggcacagg agaaageatt attccagecg catctggtct
2821 aacgatggga ctgaatatct ccaactggac tgtiggtgga caaaaagtga ctatggagaa
2881 ctttcaagcce aatagectgg ggcagticaa tattgacgge agetattggg gggagtggca
2941 gattagctga attccagele tcggagegeg tgagtgcetic taccegetec tttaccettg
3001 tcgagagata aaggcataag ttagctcatg tgaaggcgat ttcagttcat tetetetttt
3061 tggagcttat ttcetgticg accaattgtg acaccaactt gectticaaa agacgtggac
3121 gatatgtgta cggtaatcag tcaaatgaac gtcaacattc atttaataag gacatttcca
3181 ggtttcctta ctetgtcgat tatgectaac tegggttgat gictigtcag gatggaaaat
3241 ctegtigtgt acticcagtg aaatgggeag ggetaagece taaaccctaa cgeatacaat
3301 ttgtaggcac ctacccatgt aagticacac ccagtcgact tataagtcta gatatttatg
3361 ctatgcagge tetggaatga titacattcc atgctataca tagttatttg caagaatttg
3421 cagacgagat aaaaatcaat ggacgaataa tcacgcatta ctccacagge tcatgecacg
3481 gagcaagggt tccececgaat ctaggecaga cegggatgat attcaaccga ttetttttge
3541 agtaactatc tecgtacgag ctgcacgage taaacggatt atataaaggt getaactgag
3601 cattggatce gtcagttata tgaaatgca (SEQ ID NO: 23)

2. Dextranase {Dex) gene from Penicillium aculeatum (Talaromyces aculeatus strain z01)

GenBank: KF999646.1 on the world wide web at ncbi.nlm.nih.gov/nuccore/KF999646.1

The optimum pH is around 5. The pH range is 3-6.

Amino acid sequence
MATMLKLLTLALAISESAIGAVLHPPGSSHPSTRTDTTNNTHCG
ADFCTWWHDSGEINTQTPVQPGNVRQSHKYSVQVSLAGANNFQDSFVYESIPRNGNGR
IYAPTDPPNSNTLDSSVDDGISIEHSIGLNMAWSQFEYSQDVDIKILAADGSSLGSPS
DVVIRPVSISYAISQSDDGGIVIRVPADANGRKFSVEFKNDPYTFLSDGNEY VTSGGS
VVGVEPTNALVIFASPFLPSGMIPHMTPDNTQTMTPGPINNGDWGSKSILYFPPGVYW
MNQDQSGNSGKLGSNHIRLNSNTYWVYFAPGAY VKGAIEYFTKONFYATGHGVLSGEN
YVYQANAGENYVAVKSDSTSLRMWWHNNLGGGQTWYCVGPTINAPPFNTMDFNGNSGI
SSQISDYKQVGAFFFQTDGPEIYPNSVVHDVFWHVNDDAIKIYY SGASVSRATIWKCH
NDPIIOMGWTSRDISGVTIDTLNVIHTRYIKSETVVPSAIIGASPFYASGMSPDSSKS
ISMTVSNVVCEGLCPSLFRITPLONYKNFVVKNVAFPDGLQTNSIGTGESIIPAASGL
TMGLDISNWSVGGQKVTMQNFQANSLGQFDIDGSY WGEWQIN (SEQ ID NO: 24)

DNA sequence
1 atggccacaa tgetaaagcet acttacgttg geecttgeaa ttagegagtc tgecattgga
61 gcagtcctge acccacetgg cagttctcat cccagtacce gtacggacac tacgaataat
121 acccattgeg gtgecgactt ctgtacctgg tggcatgatt caggegagat caacacacag
181 acacctgtce aaccggggaa cgtgegecaa tetcacaagt attccgtaca agtgagecta
241 getggtgcga acaactttca ggactecttt gtatatgaat cgatcceteg gaacggaaat
301 ggtcgcatet atgeteccac cgatccacee aacageaaca cactagatte aagtgttgat
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361 gatggaatct cgattgaaca tagtattgge ctcaatatgg catggtccea attcgagtac
421 agccaggatg tcgatataaa gatcctggee getgatggct catcgttgge ctcaccaagt
481 gatgttgtta ttcgceceegt ctecaatctee tatgeaattt ctcaatccga cgatggegga

541 attgtcattc gggtcccage cgatgegaac ggecgeaaat tttcagicga gticaaaaat
601 gacccgtaca cgttcetete tgacggeaac gagtacgtca catcgggagg cagegttgte
661 ggcgttgage ctaccaacge acttgtgate ttcgeaagec cgttictice gtcaggeatg
721 attcctcata tgacacccga caacacgeag accatgacac caggacctat caataacgge
781 gactggggct ccaagtcaat tctttatttc ccaccgggeg tatactggat gaaccaagat
841 caatcaggea actcggggaa attaggatct aatcatatac geetgaactc gaacacctac
901 tgggtctact ttgcceccagg tgegtacgtg aagggtgcta tagagtatit caccaageag
961 aacttctatg caactggtca tggtgtecta tcgggtgaaa actatgttta ccaagecaat
1021 gctggegaaa actacgttge ggtcaagage gattcgacta gectccggat gtggtggeac
1081 aataacctgg gaggtggaca aacatggtac tgegtigggc ctacgatcaa tgegeecgeea
1141 tttaacacaa tggatttcaa tggaaattcc ggtatctcaa gtcaaattag cgactataag
1201 caggtgggag ctttcttctt tcagacggat ggaccagaaa tttatcccaa tagtgtcgtg
1261 cacgacgtct tctggeatgt caatgatgat gcaatcaaaa tetactatte cggageatct
1321 gictcgeggg caacgatctg gaaatgtcac aacgatccaa tcatccagat gggatggacg
1381 tctcgggata tcagtggagt gacaatcgac acattgaatg tcatccacac cecgetacate
1441 aagtcggaga cggtggtgcc ticggetate attggggctt ctecattcta tgecaagtggg
1501 atgagtectg attcaagcaa gtctatatee atgacggtit caaacgttgt ctgcgaggga
1561 ctttgeeegt cictgticcg aatcacacct ttacagaact acaagaattt tgtigtcaaa
1621 aatgtggctt tcccagatgg getacagacg aatagtattg gecacgggaga aageattatt
1681 ccagcegeat ctggtctaac gatgggactg gatatctcea actggtetgt tggteggtcag
1741 aaggtgacta tgcagaactt tcaagccaat agtctgggge aattcgacat tgacggeage
1801 tattggggge agtggcagat taactagetg aataatattg cagcetticag ggegeatgag
1861 tgcttgtace cgetecttta cecttgte (SEQ ID NO: 25)

3. Penicillium funiculosum dexA gene for dextranase

GenBank: AJ272066.1 (btin:/fwww . nebionbin nih.eovipuccore/ 7801 166)

The optimum pH is around 5.5. The optimum temperature is 60°C. The pH range 1s5-7.5
(http://www .sciencedirect.com/science/article/pi1/S0032959298001277)

Amino acid sequence
MATMLKLLALTLAISESAIGAVMHPPGVSHPGTHTGTTNNTHCG

ADFCTWWHDSGEINTQTPVQPGNVRQSHKYSVQVSLAGTNNFHDSFVYESIPRNGNGR
IYAPTDPSNSNTLDSSVDDGISIEPSIGLNMAWSQFEY SQDVDIKILATDGSSLGSPS
DVVIRPVSISYAISQSNDGGIVIRVPADANGRKFSVEFKNDLYTFLSDGNEYVTSGGS
VVGVEPTNALVIFASPFLPSGMIPHMK PHNTQTMTPGPINNGDWGAKSILYFPPGVYW
MNQDQSGNSGKLGSNHIRLNSNTYWVYLAPGAYVKGAIEYFTKQNFYATGHGVLSGEN
YVYQANAGDNYVAVKSDSTSLRMWWHNNLGGGQTWY CVGPTINAPPFNTMDFNGNSGI
SQISDYKQVGAFFFQTDGPEIYPNSVVHDVFWHVNDDAIKIYYSGASVSRATIWKCH
NDPIIQMGWTSRDISGVTIDTLNVIHTRYIKSETVVPSAIIGASPFY ASGMSPDSSKS
ISMTVSNVVCEGLCPSLFRITPLQNYKNFVVKNVAFPDGLQTNSIGTGESIIPAASGL
TMGLNISSWTVGGQKVTMENFQANSLGQFNIDGSYWGEWQISRISSSQSA

(SEQ ID NO: 26)
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DNA sequence

1 atggccacaa tgetaaaget acttgegttg acccttgeaa ttagegagte cgecattgga
61 gcagtcatge acccacctgg cgtttctcat cccggtacee atacgggeac tacgaataat
121 acccattgeg gegecgactt ctgtacetgg tggeatgatt caggggagat caacacgeag
181 acacctgtce aaccagggaa cgtgegecaa tetcacaagt attcegtgea agtgagteta
241 gctggtacaa acaactttca tgactccttt gtatatgaat cgatcccecg gaacggaaat
301 ggtcgeatct atgeteccac cgatecatee aacageaaca cattagatte aagegtggat
361 gatggaatct cgattgagee tagtatcgge ctcaatatgg catggtceca attcgagtac
421 agccaggatg tcgatataaa gatcctggea actgatggcet catcgttggg ctcaccaagt
481 gatgttgtta ttcgceeegt ctcaatctee tatgegattt ctcagtccaa cgatggeggg
541 attgtcatce gggtcccage cgatgegaac ggeegeaaat tttcagtcga attcaaaaat
601 gacctgtaca ctttcctete tgatggeaac gagtacgtca catcgggagg tagegtegic
661 ggcgttgage ctaccaacge acttgtgate ticgcaagtc cgtticttce ttetggeatg
721 attcctcata tgaaacccca caacacgeag accatgacge caggtectat caataacgge
781 gactggggcg ccaagtcaat tetttacttc ccaccaggtg tatactggat gaaccaagat
841 caatcgggca actcgggtaa attaggatct aatcatatac gtctaaactc gaacacttac
901 tgggtctacc ttgeeccegg tgegtacgtg aagggtecta tagagtattt caccaageaa
961 aacttctatg caactggtca tggtgtecta tcaggtgaaa actatgttta ccaagccaat
1021 gctggegaca actatgtige agtcaagage gattcgacca gectecggat gtggtggeac
1081 aataaccttg ggggtggtca aacatggtac tgegtiggee cgacgatcaa tgegecacca
1141 ttcaacacta tggatttcaa tggaaattct ggcatctcaa gtcaaattag cgactataag
1201 caggtgggag ccttctictt ccagacggat ggaccagaaa tetatcccaa tagtgtegtg
1261 cacgacgtct tctggeacgt caatgatgat gcaatcaaaa tctactattc gggageatct
1321 gtatcgeggg caacgatctg gaaatgtcac aatgacccaa tcatccagat gggatggaca
1381 tctegggata tcagtggagt gacaatcgac acattaaatg ttattcacac ccgetacate
1441 aaatcggaga cggtggtgec ticggetate attggggect ctceattcta tgcaagtggg
1501 atgagtcceg attcaagcaa gtecatatce atgacggttt caaacgttgt ttgcgagggt
1561 ctttgeeegt cectgttceg catcacacce ctacagaact acaaaaattt tgttgtcaaa
1621 aatgtggctt tcccagatgg getacagaca aatagtattg gcacaggaga aageattatt
1681 ccagcegeat ctggtctaac gatgggacta aatatcteca getggactgt tggtggacaa
1741 aaagtgacaa tggagaactt tcaagccaat agectggggc agttcaatat tgacggeage
1801 tattgggggg agtggeagat tagtcgaatt tccagcetctc agagegegtg agtgceticta
1861 cccgetectt taceettgic gaaggatcaa ggeataagtt agetcatgtg aaggegattt
1921 cagttcattc tetetttttt ggageteatt tecttttcga ccaattgtga caccaaattg
1981 ccatgtgtac tgtaattggt caaatgaacg ttaaccttcg atttaatatg gacatttcca
2041 ggtttectta ctetgtcgat tatgectaac tegggtigat giettgtcag gatgaaaate
2101 tegttgtcat gtacticgag tgaaatggge agggetaacc cctaageect aacgeccaat
2161 cgacttataa gtctagatgt ttatgetatg caggetctgg aatgatttac attccatget
2221 ataca (SEQ ID NO: 27)
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Example 111
A Dual-Targeting Antibiofilm Approach for EPS Matrix Degradation
and Enhanced Bacterial Killing

As noted above, biofilms are difficult to treat using conventional antimicrobial
monotherapy as they comprise structured microbial communities embedded in an extracellular
matrix associated with bacterial adhesion-cohesion and drug tolerance. In the present example,
we further investigated a multi-targeted approach combining exopolysaccharides (EPS) matrix-
degrading glucanohydrolases with clinically used essential oils-based antimicrobials to enhance
antibiofilm efficacy. Our data showed that dextranase synergized with mutanase to breakdown
EPS glucan-matrix in pre-formed oral biofilms, while markedly potentiating bacterial killing by
antimicrobials (3-log increase vs antimicrobial alone). Further analyses revealed that EPS-
degrading/antimicrobial dual-approach (EDA) breaks down the matrix scaffold causing ‘physical
collapse’ of the bacterial clusters and inducing cellular dispersion, exposing the bacterial cells for
rapid antimicrobial killing. Interestingly, a single pre-treatment of apatitic surface using the EDA
approach described prevented biofilm accumulation by inhibiting EPS synthesis and bacterial
binding in situ. Unexpectedly, we found that EDA-approach can also selectively target the EPS-
producing oral pathogen Streptococcus mutans, disrupting its colonization and overgrowth in a
mixed-species ecological biofilm model. We observed an intriguing mechanism whereby
localized EPS degradation and exposure of the embedded pathogen resulted in enhanced killing
(vs. other species), promoting the dominance of commensal bacteria. Together, these results
demonstrate an approach that can enhance antibiofilm efficacy and precision by dismantling the
EPS matrix and its protective microenvironment thereby potentiating the killing of bacterial cells

within.
The Materials and Methods below are provided to facilitate the practice of Example IIL
Bacterial strains and growing conditions

S. mutans UA159 serotype ¢ (ATCC 700610), a proven cariogenic dental pathogen and
also the primary producer of water-insoluble EPS matrix (26)was used for single-species biofilm

model. Actinomyces naeslundii (ATCC® 12104™), and Streptococcus oralis (ATCC® 35037™)
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were selected commensals to generate mixed-species biological biofilm with S. mutans, because
these three species are all detected in high abundance in the supragingival plaque of human(37).
S. oralis 1s one of the earliest pioneer colonizers on the saliva-coated tooth surface (37). They
were known to produce soluble glucans from sucrose and to be acid-tolerant(38). A. naeslundii
also colonizes on saliva pellicle during the early stages of plaque formation. Strains were stored
at -80°C in tryptic soy broth (TSB) containing 25% glycerol. All strains were grown in
ultrafiltered (10kDa molecular-weight cut-off membrane; Prep/Scale, Millipore, MA) buftfered
tryptone-yeast extract broth (UFTYE medium; 2.5% tryptone and 1.5% yeast extract, pH 7.0)
supplemented with 1% (w/v) glucose at 37°C and 5% CO> to mid-exponential phase before
use(25).

EPS-degrading enzymes and antimicrobials

EPS-degrading enzymes are glucanohydrolases that can cleave the glucosidic linkages of
polysaccharides. Dextranase[a-(1—6) glucanase; EC 3.2.1.11] which can catalyze the hydrolysis
of glucoside bonds in (1—6)-a-D-glucans of different origins was purchased from Sigma (St.
Louis, MO). Mutanase[o-(1—3) glucanase; EC 3.2.1.59] that hydrolyzes glucoside bonds in
(1—3)-a-D-glucans was a kind gift from Johnson & Johnson (New Brunswick, NJ). The
glucanohydrolase activity was determined as described by Kopec et al. (39) with some
modifications. Briefly, purified S. mutans GtfD glucans[a-(1—6)-linked glucans] or Gt{B
glucans[a-(1—3)-linked glucans] were incubated for 1h at 37°C with dextranase or mutanase in
0.1M sodium acetate buffer (pH=5.5). The amount of reducing sugar released from the glucans
by each glucanohydrolase was determined colorimetrically using Somogyi-Nelson Method (40).
One unit (U) of activity of dextranase was defined as the amount of enzyme which will literate
1.0umol of reducing sugar (measured as maltose) per minute from a-(1—6)-linked glucans at pH
5.5 at 37°C. One unit (U) of mutanase was defined as the quantity of enzyme which will liberate
1.0 umol of reducing sugar (measured as glucose) per minute from a-(1—3)-linked glucans at
pH 5.5 at 37°C. An alcohol-free essential oils (EOs)-based solution comprising the antimicrobial
combination of menthol, thymol, eucalyptol, and methyl salicylate was used for Example IIL
LISTERINE ZERO® comprising these EOs, was kindly provided by Johnson & Johnson, was

used as model antimicrobial agent.
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Single- and mixed-species biofilm model

Single- and mixed-species biofilms were formed on vertically-suspended saliva-coated
hydroxyapatite (sHA), a model to mimic the biological dental surface, as detailed previously(25).
Briefly, Hydroxyapatite discs (1.25 cm in diameter, surface area of 2.7 = 0.2 cm2, Clarkson,
Chromatography Products, Inc., South Williamsport, PA) were coated with filter-sterilized
human whole saliva. For single-species biofilm, each sHA disk was inoculated with 10° CFU/mL
actively growing S. mutans in UFTYE medium containing 1% (w/v) sucrose, and was grown for
19h (37°C and 5% CO2)(25). The mixed-species biofilm model was designed to mimic the
biofilm formation based on the “ecological plaque-biofilm” concept(41), as described by Xiao et
al. (24). The bacterial cultures of S. mutans, S. oralis and A. naeslundii were diluted to provide
an inoculum with a defined microbial population of S. mutans (10* CFU/mL), S. oralis (10’
CFU/mL), and A. naestundii (10° CFU/mL) in UFTYE medium with 0.1% (w/v) sucrose. The
organisms were grown for the first 29h to form the initial biofilm community, with a medium
change at 19 h. At 29, biofilms were transferred to UFTYE medium containing 1% (w/v) sucrose
to induce environmental changes to simulate a cariogenic challenge. Biofilms were analyzed at
43h (early cariogenic biofilm) or 67h (mature cariogenic biofilm). The culture medium was
replaced twice daily (8 am and 6 pm) with UFTYE medium with 1% (w/v) sucrose for

experimental period longer than 43h.
Screening of combinatory effect of dextranase and mutanase on EPS degradation

For screening of combinatory effect on EPS degradation by dextranase and mutanase at
different activity ratio, 96-well plate was coated with filter-sterilized human whole saliva and
inoculated with 10> CFU/mL actively growing S. mutans in UFTYE medium containing 1%
(w/v) sucrose. Biofilms were grown for 19h (37°C and 5% CQO3) before the combinatory effect of
dextranase and mutanase to disrupt S. mutans biofilms were determined by checkerboard
microdilution assay as described previously with some modification (42). In brief, biofilms in
each well were incubated with 0.1M sodium acetate buffer (pH=5.5) with serially diluted test
glucanohydrolases in combination for 120min at 37°C. The final concentrations of dextranase
and mutanase ranged from 0-17.50U/mL. After incubation, each well was briefly washed with
0.89% sodium chloride to remove solubilized/detached biomass and residual biofilms were

stained with 0.2% crystal violet for visualization and quantification. Relative reduction rate was
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calculated using that of the vehicle control group as control(0% reduction). Coefficient of Drug

Interaction(CDI) was used to evaluate the synergism/antagonism between the two

Rpex+Mut

glucanohydrolases with the equation CDI = (Rpex and R, relative reduction with

Dex*Rput

dextranase or mutanase alone; Rpex+mut, relative reduction of the Dex/Mut combination).
CDI<0.7 indicates a significantly synergistic effect; CDI=1 indicates an additive effect; CDI>1

indicates an antagonistic effect (43).
Treatment regimen of EPS-Degrading/Antimicrobial (EDA) approach

Antibiofilm efficacy of EDA approach was tested using both preformed biofilms
(efficacy of biofilm disruption) and in the process of biofilm formation (efficacy of biofilm
prevention). For biofilm disruption, pre-formed biofilms on sHA (1%h for single-species and
43h/67h for mixed-species biofilms) were treated with: 1) vehicle control (0.1M sodium acetate
buffer, pH=5.5); 2) EPS-degrading enzyme(s) at the optimum concentration for 120 min, after
which the biofilms were challenged with antimicrobial (EOs) at full strength for 1min, and
harvested for further analysis. For biofilm prevention, sHA discs were topically treated with
EPS-degrading enzymes (at the optimum concentration) or vehicle control (0.1M sodium acetate
buffer, pH=5.5) for 60 min before inoculum and were incubated to allow single- or mixed-
species bacterial colonization and biofilm formation. At the end of the experimental period (15h
for single-species biofilm and 43h for mixed-species biofilms), biofilms were exposed to EOs at

full strength for 1min and analyzed upon harvest.
Quantitative biofilm analysis

Biofilms were subjected to biochemical and microbiological analysis, as detailed
elsewhere (22, 25). Briefly, biofilms on HA surfaces were harvested, homogenized by sonication
and plated on blood agar after serial dilution using an automated Eddy Jet Spiral Plater (IUL, SA,
Barcelona, Spain) to determine the CFU on each hydroxyapatite disk (CFU per biofilm). For
mixed-species biofilms, the three species were differentiated by observation of colony
morphology on blood agar, and proportion of different species was calculated(total CFU per
biofilm was regarded as 100%). An aliquot of biofilm suspension was centrifuged (5,500g,
10min, 4°C), and the pellet was washed with water and dried in oven (105°C, 24h) before

measuring water-insoluble dry weight. Water-soluble and water-insoluble polysaccharides in
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biofilm matrix were extracted and colormetrically quantified using phenol-sulfuric acid method
as detailed previously (44, 45). At least 3 independent biofilm experiments were performed for
each of the assays.

The effect of EDA approach on the biofilm 3D architecture was assayed by super-
resolution fluorescence confocal microscopy at different time-point using our well-established
protocols (24). Briefly, EPS were dynamically labelled via incorporation of Alexa Fluor 647
dextran conjugate (Final concentration, 1 u M; molecular weight, 10 kDa;
absorbance/fluorescence emission maxima of 647/668 nm; Molecular Probes, Eugene, OR)
which served as primers for glucan synthesis during biofilm formation while bacterial cells were
stained with 2.5 u M SYTO 9 green-fluorescent nucleic acid stain (485/498 nm; Molecular
Probes). Imaging was performed using a single-photon laser scanning microscope (LSM800,
Zeiss, Germany) equipped with a 20 X (1.0 numerical aperture) water immersion objective. Each
biofilm was scanned at 5 randomly selected areas, and confocal image series were generated by
optical sectioning at each of these positions. Computational analysis of confocal images using
Comstat2 (www.comstat.dk) was conducted to determine the biovolumes of bacteria and EPS in
order to complement our biochemical and microbiological analysis (46). Amira 5.4.1 software
(Visage Imaging, San Diego, CA, USA) was used to create 3D renderings of biofilm

architecture.

4-dimensional time-lapse confocal live imaging and analysis

The dynamic impact of EDA on biofilm EPS structure, mechanical stability and the
killing efficacy were assessed using 4-dimensional(x, y, z, t) time-lapse confocal live imaging as
described by Xiao et al. (24) with modifications. EPS was labeled using ImM Alexa Fluor 647
dextran conjugate supplemented in the culture medium. At the end of biofilm formation(19h for
single-species biofilm and 67h for mixed-species biofilms), the sHA disk was transferred to a
Petri dish (diameter 35mm) containing 5 © M SYTO9 (for staining live cells; Molecular Probes)
and 30 1 M propidium iodide (for staining dead, or membrane compromised cells; Molecular
Probes) in 4mL of 0.1M sodium acetate buffer(pHS.5), which enabled continuous labeling and

real-time visualization of live and dead bacterial cells over the entire experimental period. After

initial staining for 30min at 37°C, multi-channel images were acquired using LSM800 single-
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photon high-resolution confocal microscope (Zeiss) equipped with a 20 X water immersion
objective. Immediately after completion of the first scan, EPS-degrading enzymes or the vehicle
buffer were carefully added to the solution and mixed well. For 4D time-lapse series, images of
the same field of view were acquired every 10 minutes after adding EPS-degrading enzymes. At
120 min, antimicrobial (EOs) was added to the same buffer solution and mixed to yield a final
concentration of 25% of the full strength. This concentration was optimized in our preliminary
experiment for best killing efficacy with minimal effects on imaging. Imaging of the same field
of view was initiated 1min after the antimicrobial challenge. The total biomass of EPS in each
series of confocal images was algorithmically analyzed using COMSTAT2 (46). Computational
analysis of the dynamics of biofilm structural stability(single particle tracking) was performed
using the open-source platform TrackMate (47, 48). The movement of each microcolony was
quantified as cumulative displacement, a measure of how far it moved over the period of
observation. Fiji(a distribution of ImageJ) (49) and Amira (Visage Imaging) were used for image

processing and creating time-lapse renderings of biofilm architecture.
Effect of EPS-degrading enzymes on glucan synthesis by purified GtfB

GtfB was obtained from Strepfococcus milleri KSB8 and purified to near homogeneity by
hydroxyapatite column chromatography as detailed by Venkitaraman et al. and Koo et al. (50,
51). Gtf activity was measured by the incorporation of *C-glucose from radiolabeled sucrose
(PerkinElmer, MA, USA) into glucans (50). One unit(U) of GtfB activity is defined as the
amount of enzyme that incorporates 1 uz mol of glucose over a 4-h reaction. Glucan synthesis in
the presence of EPS-degrading enzymes was performed as detailed by Hayacibara et al. (21)
with some modifications. Briefly, GtfB (10U) was mixed with dextranase or mutanase (ranging
from 0-50U), and incubated with (['*C]glucosyl)-sucrose substrate (0.2  Ci/mL; 200.0 mM
sucrose, 40 © M dextran T-10, 0.02% sodium azide in Adsorption Buffer: SOmM KCI, 0.35mM
K>HPO4, 0.65mM KH,PO4, ImM CaCl,, 0.1mM MgCl,' 6H,0, pH 6.5) for 4h at 37°C to allow
glucan synthesis. For the combinatory effect of dextranase and mutanase, 1U of mutanase with
various amount of dextranase(0-10U) was used in the assay. Insoluble glucans were collected

after centrifugation (13,400g, 4°C, 10min) and washed three times with water. Soluble glucans
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were precipitated with ethanol(final concentration: 70%) for 18h at -20°C. The amount of

radiolabeled insoluble and soluble glucans were quantified by scintillation counting (50).
Fluorescence in situ hybridization(FISH) of mixed-species biofilm

Mixed-species biofilm morphogenesis and spatial distribution of polymicrobial
population in the ecological biofilm model was assessed using FISH in order to understand the
mechanism of enhanced precision and antibiofilm efficacy induced by EDA, as described
elsewhere with modifications (52—54). Briefly, the mixed-species biofilms formed on sHA were
gently washed twice with phosphate-buffered saline (PBS), and fixed with 4% paraformaldehyde
(in PBS, pH 7.4) for 4h at 4 °C. After washing with PBS, sample was transferred to 50% ethanol
(in PBS, pH 7.4) and stored at —20 °C. For hybridization, we first permeabilized bacterial cells
by treatment with lysozyme (Sigma; 400,000U/mL in 20mM Tris-HCI pH 7.5, SmM EDTA) for
14min at 37°C. Biofilms were incubated for 4h at 46°C in the hybridization solution (25%
formamide, 0.9M NaCl, 0.01% SDS, 20mM Tris-HCI, pH 7.5) containing FISH oligonucleotide
probes (SMU587, 5'- ACTCCAGACTTTCCTGAC-3" (SEQ ID NO: 28) with Alexa Fluor 488
for S. mutans; MIT588, 5' -ACAGCCTTTAACTTCAGACTTATCTAA-3' (SEQ ID NO: 29)
with Cy3 for S. oralis; ACT476, 5'-ATCCAGCTACCGTCAACC-3' (SEQ ID NO: 30) with
Alexa Fluor 594 for A. naeslundii, each probe at a final concentration of 1 1 M), and were
washed against washing solution (0.2M NaCl, 20mM Tris-HCI pH 7.5, 5 mM EDTA, 0.01%
SDS) at 37 °C for 15 min. High-resolution images were acquired using LSM800 single-photon
confocal microscope (Zeiss) equipped with a 20 X water immersion objective. Each field of view
was imaged using sequential excitation with 640-, 561- and 488-nm laser lines, and the whole
fluorescence spectrum emitted was detected as lambda stacks (55). Linear unmixing algorithm
was applied on the lambda stack with Zeiss ZEN software using reference spectra of all

fluorophores in the specimen. Unmixed images were assembled and false colored using Fiji (49).
Assessment of bacterial initial adherence

The cariogenic pathogen S. mutans produce glucan-binding proteins which greatly
promote its colonization on tooth surface in the presence of Gtf-synthesized glucans (56) while
other commensals rely on adhesin-receptor interaction that mediates preferential adhere to

salivary pellicle(57). In order to investigate the influences of surface-adsorbed EPS-degrading
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enzymes on polymicrobial binding affinities to mechanistically understand their impact on early
microbial colonization, we assayed bacterial adherence using radioisotope tracing spectroscopy
(21, 58). Briefly, S. mutans, S. oralis and A. naeslundii were grown in UFTYE medium
supplemented with 10 1 Ci *H-thymidine (PerkinElmer) and 1% (w/v) glucose at 37°C, 5% CO,
to mid-exponential phase to radiolabel bacteria and the cell density (cells/mL) was measured
using Petroff-Hausser counting chamber. Saliva-coated Hydroxyapatite beads (Bio-rad, CA,
USA; 80 u m particle size) were pretreated with either vehicle or glucanohydrolases at the
optimum combination before GtfB immobilization, and glucans were synthesized in sifu in the

presence of sucrose substrate(200.0 mM sucrose, 40 u M dextran T-10, 0.02% sodium azide in
Adsorption Buffer, pH6.5) for 4h. The glucan-coated surfaces were then incubated with 1.0 X 10’

cells/mL isotope-labeled bacteria in Adsorption Buffer for 1h at 37°C. Hydroxyapatite beads with
salivary pellicle only was used as the control. Unbound bacteria were removed by washing the
beads with Adsorption Buffer 3 times. Affinity of bacterial adhesion was quantified by
scintillation counting. The actual number of adherent cells on the sHA beads was calculated
using calibration curves of measured radioactivity (counts per minutes, CPM) versus number of

radiolabeled bacteria.
Results

EPS-degrading enzymes synergistically enhance antimicrobial killing at the optimum

activity ratio.

EPS produced by streptococcal Gtfs are key components in cariogenic biofilm matrix,
and contain a mixture of glycosidic linkages, comprised predominantly of a-(1—73)-, a-(1—6)-
and o-(1—4)-linked glucans with high structural polymorphism(21). Therefore, targeting the
EPS-rich matrix is challenging, and may require breakdown of more than one specific chemical
bond. Glucanohydrolase, such as dextranase[a-(1—6) glucanohydrolase] and mutanase[a-(1—3)
glucanohydrolase], were shown to disrupt the glucan synthesis by Gtfs and digest preformed EPS
matrix(16, 21, 22). For optimal efficacy, we first screened the EPS-degrading activity of various
combinations of dextranase and mutanase using a high-throughput biofilm model (Figure 19D).
Neither dextranase nor mutanase alone could efficiently degrade the biofilm, even at the highest

concentration tested (17.5U/mL, <25% of reduction rate). However, the dextranase and mutanase
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in combination exhibited synergistic effect on EPS degradation, with the highest reduction
rate(>60%) and the highest synergy(Coefficient of Drug Interaction, CDI=0.635, indicating
significant synergy) achieved with 8.75U/mL dextranase and 1.75U/mL mutanase (5:1 activity

ratio).

To test our multi-targeting concept, we developed a combinatory therapy combining
glucanohydrolases with clinically-used essential oils (EOs)-based formulation, as a model
antimicrobial agent. Antibiofilm effect was assessed using an established saliva-coated
hydroxyapatite (sSHA) oral biofilm model (Figure 19A). Biofilms were topically treated with
EPS-degrading enzymes and then immediately exposed to antimicrobials (Figure 19B).
Consistent with glucanohydrolases optimization, the most potent killing activity was observed
using 8.75U/mL dextranase and 1.75U/mL mutanase (1000-fold more effective versus
antimicrobial alone) (Figure 19C). Because the glucan matrix also harbors significant proportion
of a-(1—4) glycosidic linkages, we also investigated whether efficacy could be further improved
by including glucoamylase [0-(1—4) glucanase]. We observed only a moderate increase in the
killing efficacy (~0.5 log CFU) when compared to the optimized dual-enzyme combination
(Figure 20F), indicating that dual-enzyme approach provide sufficient high EPS-degrading
activity for testing the proof-of-concept proposed in this study. Altogether, the data suggest that
dextranase and mutanase can synergistically degrade the protective EPS-matrix, and significantly

enhance killing of biofilm cells.

EPS-degrading enzymes dismantle biofilm matrix in situ and facilitate antimicrobial

targeting within biofilms.

EPS-matrix has been recognized as an important factor for biofilm drug recalcitrance (4).
However, how the structural organization of the matrix and biofilm 3D architecture hinder
antimicrobial efficacy remains poorly understood. Using high-resolution time-lapse confocal
microscopy, we observed the spatiotemporal morphological changes that biofilms undergo
following EPS-degradation. As shown in Figure 20A, the vehicle-treated biofilm display clusters
of densely-packed bacterial (in green) cells, termed microcolonies (1-3) embedded by abundant
amount of EPS matrix (in red), typically found in cariogenic biofilms. In sharp contrast, biofilm
treated by dextranase in combination with mutanase were essentially devoid of EPS, while

showing dispersion of bacterial cells (white arrows; Fig 20A-d). Neither dextranase nor
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mutanase alone could completely degrade the matrix of preformed biofilm. Consistent with the
confocal imaging data, the dual-enzyme treatment resulted in significantly less biomass (Figure
20C) with minimal exopolysaccharide content (Figure 20D) compared to either
glucanohydrolase alone, indicating that targeting a single glycosidic bond was insufficient to
fully dismantle the biofilm matrix.

Next, we investigated how EPS-degradation could modulate the antimicrobial killing
profile at single microcolony level. Time-lapse killing assay was performed using real-time
bacterial live/dead staining and EPS imaging (Figure 20 B and Figure 21E). The biofilm without
dual-enzyme treatment (vehicle-treated) contained many live cells (in green) after brief (1 min)
and prolonged (Smin) exposure to topical antimicrobial agent (EOs) (Figure 20B, top). We found
that bacterial cells close to the surface (white arrow) were mostly dead (in magenta) by
antimicrobial exposure, whereas cells residing inside the microcolony remained mostly vital (in
green). However, following EPS degradation by glucanohydrolases, the antimicrobial agent
efficiently killed bacteria both inside and outside of the disrupted microcolony (Figure 20 B,
bottom). These findings were further validated by microbiological analysis, showing that
glucanohydrolases in combination synergistically potentiated antimicrobial killing of
antimicrobial (~3-log more effective killing versus EOs alone, p<<0.001) while the enzymes alone
did not have antibacterial activity (versus vehicle-treated control, p>0.05) (Figure 20E) Thus,
glucanohydrolases appear to ‘disable the physical barrier’ provided by the EPS matrix, thus
exposing the bacterial cells for enhanced antibacterial activity.

To further understand the dynamics of enzymatic EPS-matrix dismantling and its
associated protective mechanism of recalcitrance, we examined the spatiotemporal degradation
of EPS in sifu using time-resolved super-resolution confocal imaging (Figure 21A and 21B).
Visualization of the ultrastructural features of the matrix within a single microcolony reveals a
complex network of cross-linked EPS (Figure 21A, in red). Intriguingly, the dual-enzyme
combination efficiently degraded the EPS located both outside and inside of the microcolony
(Figure 21B, white arrows), resulting in a more effective and homogeneous bacterial killing
following 1 min exposure to EOS (Figure 21D, live and dead bacteria in green and magenta,
respectively). In contrast, the vehicle-treated microcolony showed a center core of bacteria
(Figure 21C, dashed circle) comprised of mostly live cells (in green) while the outer layers

harbored a mix of live and dead cells after antimicrobial exposure (live bacteria shown in the
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inserted dashed boxes). The data indicate that dextranase and mutanase combination, in addition
to degrading the surrounding EPS, is capable of reaching the interior of the bacterial

microcolony and digest the EPS-scaffold within to enhance antimicrobial efficiency.

Mechanical stability and integrity of the biofilm scaffold is damaged by EPS-degradation.

The presence of exopolysaccharide matrix provides essential scaffold for mechanical
stability and modulates the resistance of biofilms to mechanical clearance from the substratum
(23), posing another challenge for the development of biofilm-disruptive strategies. Here, we
examined whether disassembling the matrix-scaffold could impact the physical integrity and
stability of the biofilm architecture. Using time-lapsed imaging, we tracked the dynamic changes
of the biofilm structure during the EPS degradation. We observed an ‘implosion-like’ collapse of
the physical structure as a result of EPS removal where entire microcolony essentially crumbled
down to the bottom of the sHA surface accompanied with cellular dispersion (Figure 22A). To
further measure this dynamic process, computational analysis were performed to generate time-
resolved EPS degradation (red squares) and microcolony spatial displacement (green circle)
curves. As shown in Figure 22B, the EPS was removed over time with higher breakdown rate
during the first 30min (~70% reduction), at which point the EPS degradation slowed down as the
time elapsed. Notably, the ‘physical collapse’ was detected during the later-phase of EPS
degradation (after 70 min), which manifested as detectable displacement of microcolonies,
indicating that complete dismantling of the EPS scaffold may be required to fully compromise
the biofilm mechanical stability and 3D integrity. Altogether, the data show that EPS-
degrading/antimicrobial dual-approach (EDA) can potently disrupt biofilms mediated by EPS-

producing and cariogenic S. mutans.

EDA locally degrade EPS for enhanced targeting of EPS-producing pathogen in mixed-

species biofilms.

The production of EPS in the presence of sucrose favors the establishment of S. mutans
modulating the transition from commensal-rich community to pathological biofilms (22). Here,
we hypothesized that EDA approach could target the EPS-producing pathogens in an mixed-

species model that mimics the ecological development of cariogenic biofilms (22, 24). In the

78



10

15

20

25

30

WO 2018/209345 PCT/US2018/032549

ecological biofilm model, S. mutans is co-cultured with the early colonizers S. oralis and A.
naeslundii to form an initial polymicrobial community on sHA (Figue 23 A and 23B). Then,
sucrose is introduced to induce ecological shifts from a commensal-rich community(with high
levels of S. oralis, few A. naeslundii cells and S. mutans as the least abundant species) to a
biofilm characterized by EPS-rich matrix and acidic microenvironments (22, 25) that favors S.
mutans growth (Figure 23A and 23B). Hence, we examined whether EDA approach can disrupt
the establishment of pathogen-dominant biofilm under cariogenic conditions (treatment regimen
shown in Figure 23A). To show this concept, we tested EDA approach in two different time
points, representing different ecological stages of the mixed-species biofilm (Figure 23B). At 43
h (the early stage), when S. mutans was not dominant with low EPS production, we observed
similar killing by antimicrobial (EOs) with and without EPS-degradation (Figure 23C). At 67 h
(the late stage), when S. mutans became dominant with high abundance of EPS accumulated,
EDA had higher overall killing efficacy compared to antimicrobial (EOs) alone (Figure 23D,
top). Intriguingly, the inclusion of EPS-degrading enzymes resulted in more selective bacterial
killing (Figure 23D, top), with significantly higher efficacy against S. mutans (~2.0-log reduction
versus antimicrobial) than on S. oralis (~0.5-log reduction), resulting in commensal’s dominance
in the biofilm (Figure 23D, bottom).

Given the efficiency in disrupting pathogenic dominance, we further characterized the
spatial organization of EPS-matrix, the pathogens and commensals in the mature mixed-species
biofilm with fluorescence in situ hybridization (FISH). Representative confocal images showed
the bacterial components were organized into a highly structured and distinctive spatial
organization (Figure 23E). The biofilm structure was characterized by the presence of EPS-
embedded S. mutans cell cluster that were surrounded by S. oralis cells forming a peripheral
layer (Figure 23E b, cross-section superimposed view). We use the phrase “core-corona” to
describe this consortium structure generated from the radially oriented S. oralis community
(depicted in yellow) which forms a halo-like structure surrounding a densely packed S. mutans
microcolony (depicted in green) enmeshed by EPS (depicted in red) (Figure 23E b-f). Such
spatial and protected organization appears to make it difficult to target S. mutans within the
established mixed biofilms using antimicrobials alone. Conversely, time-lapse confocal
microscopy revealed that the inclusion of dual-enzyme combination can locally degrade the EPS,

exposing the embedded bacterial for enhanced killing by antimicrobial (Figure 23 F). Taken
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together, EDA approach could target the EPS-producing pathogens in an mixed-species by

eliminating their structural and virulent traits, thus enhancing antibiofilm precision and efficacy.

EPS-degrading enzymes prevent biofilm formation by inhibiting glucan synthesis in situ

Previous studies have shown that EPS formed on hydroxyapatite and microbial surfaces
promote bacterial adhesion and cohesion. Specifically, EPS glucans synthesized from dietary
sucrose by streptococcal Gtfs are of central importance in adhesive interactions providing
scaffolding material for biofilm initiation (26). Our data indicate that EPS-degrading enzymes
could also prevent biofilm formation given their potent efficacy on pre-formed biofilms. To
address this question, EPS-degrading enzymes were topically applied to the experimental
salivary pellicle surface (sHA) before biofilm formation (Figure 24A). We confirmed
glucanohydrolase activity of dextranase/mutanase pretreated sHA surface (Table 3), which were
capable of degrading the surface-formed EPS (Figure 22C). Representative 3D renderings of the
S. mutans biofilm formed on sHA were shown in Figure 24B. The biofilm formation on dual-
enzyme pretreated sHA was highly defective and unable to form an EPS matrix or
microcolonies, whereas those formed on single enzyme pretreated sHA showed formation of
altered microcolony structure (white arrow, Figure 24B) with detectable EPS (albeit reduced).
The microbiological data showed that the dual-enzyme combination had higher effect than either
dextranase or mutanase alone in inhibiting the biomass accumulation (Figure 24C) and reducing
the total CFU in biofilms (Figure 24D). We also exposed the biofilms formed on pre-treated sHA
surfaces to antimicrobials to examine whether the susceptibility to killing would be enhanced. A
100-fold more effective killing (resulting in >4-log CFU reduction in total) was observed in

biofilms on enzyme-pretreated sHA surface (versus vehicle-pretreated ones) (Figure 23E).

Table 3
Dex/Mut Activityy on sHA beads (U/g)
Dex 672+ 0.12

Mut  0.88+0.01
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To further understand the EPS degradation in sifu, we performed glucan synthesis assay
in the presence of dextranase and/or mutanase to determine whether biosynthesis and
composition of Gtf-derived glucans would be affected. In general, both glucanohydrolases
interfered with the amount and proportion of soluble/insoluble glucan synthesized (Figure 24F).
The presence of dextranase affected the ability of GtfB to synthesize insoluble glucans but
reached the plateau of inhibitory activity (up to 60% less insoluble glucan reduction versus
vehicle control) (Figure 24F, left), consistent with previous observations (21). Mutanase
completely inhibited insoluble glucan synthesis at low concentration but the soluble glucan
production was enhanced (Figure 24 F, middle). However, the dual-enzyme combination
completely disrupted both insoluble and soluble glucans synthesis, confirming a synergistic
action between dextranase and mutanase (Figure 24F, right). Taken together, these data indicated
the EPS-degrading enzymes could inhibit glucan biosynthesis by bacteria-derived Gtf, thus

preventing biofilm formation in situ via a glucan-dependent mechanism.
EDA approach selectively prevents early colonization . mutans in mixed-species biofilms.

The surface-formed EPS were shown to provide binding sites for glucan-binding
cariogenic pathogens (e.g. S. mutans) in the presence of sucrose and enhance their colonization,
disrupting the commensal-rich community (22). Using a mixed-species ecological model (as
described earlier), we first explored the impact of EDA approach on dynamics of microbial
population change using the treatment regimen as illustrated in Figure 25A. At 43h (early
cariogenic biofilm, 14h after introduction of sucrose), dramatic changes of microbial population
were noted. Early mixed biofilms formed on sHA pretreated with EPS-degrading enzymes
showed a 2-log reduction of S. mutans population (CFU) in comparison to the vehicle control,
while neither S. oralis or A. naeslundii population was affected (Figure 25B), suggesting
selective inhibitory effect on bacterial colonization. FISH using three species-specific probes
(representative images shown in Figure 25C) showed large numbers of S. oralis (depicted in
yellow) associated with A. naeslundii (depicted in cyan) and S. mutans (depicted in green) cells
(Figure 24C left). In contrast, commensals, particularly S. oralis, dominated the biofilms formed
on enzyme-treated sHA (Figure 25B right graph and 25C right). Notably, topical treatment with
antimicrobial completely eliminated S. mutans in the enzyme-pretreated group, while high

numbers of S. mutans cells were detected in vehicle-pretreated group (Figure 25D).
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Since S. mutans could express glucan-binding proteins that facilitated avid adhesion to
surface-formed EPS(27), we reasoned that glucanohydrolases could selectively disrupt the
colonization of the EPS-producing pathogen. To further understand the selective S. mutans
disruption, bacterial adherence to glucan-coated sHA surface was assessed by *H-thymidine
radioisotope tracing spectroscopy. We found that the commensals (S. oralis and A. naeslundii)
bound more effectively to the salivary pellicle than the pathogen (S. mutans), while glucans
produced on pellicle significantly suppressed binding of the commensals and enhanced that of .
mutans (Figure 25E). Intriguingly, glucanohydrolase pretreatment of pellicle before glucan
formation showed divergent effects on the bacterial binding affinity, favoring commensal
adherence with detriment to that of S. mutans. This finding indicated the selective inhibition on
bacterial colonization was related to the disrupted adhesion of pathogens by glucan-dependent

mechanism.
Discussion

Biofilm drug recalcitrance imposes great challenges for existing antimicrobial
monotherapies and indicates urgent need for multi-targeted or combinatorial approaches(2).
Here, we demonstrate that readily available EPS-degrading enzymes combined with a clinically
used antimicrobial agent can synergize and potentiate antibiofilm efficacy by targeting the
protective matrix and amplifying localized killing under topical treatment regimen. Importantly,
this strategy can spatially target EPS-producing pathogens within mixed-species biofilms by
disrupting colonization and exposing them in sifu for enhanced antimicrobial elimination. Our
work indicates that matrix disruption accompanied by antimicrobial action produces optimal
biofilm control while also targeting EPS-producing pathogens in the context of mixed-species

community, thereby providing a potent yet selective antibiofilm approach.

The importance of the extracellular matrix in biofilm antimicrobial recalcitrance has been
increasingly recognized (28). However, the mechanisms by which the matrix enhances bacterial
resistance against antimicrobial remain poorly understood. Detailing the spatiotemporal
degradation of the EPS-matrix and its impact on potentiating bacterial killing and causing
biofilm disassembly could provide further insights on the role of EPS-matrix in creating a
‘protective physical scaffold’ for the residing bacteria. Using time-resolved biofilm imaging with

highly specific EPS-degrading enzymes, we found how matrix dismantling can optimize biofilm
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prevention and disruption and help overcome antimicrobial resistance. First, enhancement of
antimicrobial efficacy by glucanohydrolases was closely associated with effectiveness of EPS-
degradation. Our data revealed that simultaneous degradation of a-(1—3) and a-(1—06) glycosyl
linkages of the glucan matrix was required to effectively digest the matrix and disorganize the
microcolony structure. Concurrently with structural dismantling, we observed significant
potentiation of antibacterial efficacy by promoting access and killing of bacterial cells in the
interior of the EPS-degraded microcolony. Furthermore, sHA surfaces pre-treated with
glucanohydrolases can reduce EPS production in sifu preventing establishment of EPS-
embedded bacterial clusters and facilitating killing of the resultant defective biofilm. Thus,
despite lack of intrinsic antibacterial activity, glucanohydrolases can be potent adjuvants for
various types of antimicrobials. Although the combination of dextranase and mutanase was
effective in EPS matrix degradation, additional glucosyl linkages such as a-(1—4) as well as
other biopolymers have been also found in the matrix of cariogenic biofilms(29-31). For
example, the presence of extracellular DNA and lipoteichoic acid in the dental biofilm matrix is
also important for the biofilm structure and topical treatment with DNase has been shown to help
disperse early biofilms. We also found that inclusion of glucoamylase which targets o -(1—4)
bonds can enhance the overall digestion of the EPS matrix and further enhance antimicrobial
efficacy. Therefore, we predict that the matrix-degrading performance can be maximized by
targeting the various extracellular polymeric substance, which may further potentiate efficacy in

eliminating matrix-induced antimicrobial recalcitrance.

The resistance to mechanical clearance represents another important mechanism by
which the biofilms persistently attach to abiotic and biotic surfaces, making physical removal
challenging (13, 32). Our data highlight the ability of EPS-degrading enzymes to weaken the
mechanical stability and cause structural collapse of the biofilm architecture. The “physical
collapse” observed strongly indicate that the glucanohydrolases are capable of dismantling the
core structural-scaffold structure of the biofilm. Notably, the enzymes can also induce dispersal
of the bacterial cells by degrading the adhesive polysaccharide that encases and stabilizes the
bacterial cells. In the clinical setting, the dispersed cells from biofilms will return to an
planktonic state and become more sensitive to killing by antimicrobial agents and host
defenses(2). However, it is noteworthy that biofilm dispersal also contributes to the

communicable transmission and mediates the intra-host spread/persistence of the pathogen(33),
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posing risk of recolonization or bacteraemia. Thus, reinforcing the concept that EPS degradation
approaches should be co-administered with antimicrobials to synergistically kill the bacteria and
prevent bacterial recolonization in situ. These findings suggest the potential use of EDA as a

antibiofilm therapeutic approach with both dispersing and prophylactic efficacy.

Bacterial species within a mixed-species biofilm display extensive and complex
competition affected by the multifactorial microenvironment(34). Previous studies on matrix-
targeting strategies were performed primarily using mono-species biofilm model. Here, we
assess the efficacy of this approach for the first time using a mixed-species biofilm model.
Unexpectedly, we found that EDA approach can selectively target the EPS-producing oral
pathogen S. mutans, preventing their colonization and overgrowth in a mixed-species ecological
biofilm model, thus providing a competitive advantage to the commensals. We found that
glucanohydrolases can target S. mutans colonization by disrupting their glucan-dependent
binding mechanisms, which provides an advantage for adherence and accumulation of the
pathogenic bacteria. Unlike the adherence of commensals (such as S. oralis and A. naeslundii)
which largely depend on interactions of saliva-derived adhesin and surface-anchored
receptors(35), S.mutans greatly promote their adhesion by glucan-dependent mechanism such as
surface-adsorbed Gtf and the glucan-binding proteins(Gbps) (36). Using single-cell based
analysis, we found that glucanohydrolases selectively interfered with the colonization of the
EPS-producing pathogens by disrupting glucan production in situ. We found that glucan-coated
sHA surface favored S. mutans cells adhesion and further accumulation. Conversely, EPS-
degradation of the glucan-coated surface reestablished colonization by commensals likely by

exposing the pellicle receptors for adhesin-mediated binding by the commensal bacteria.

Because of the heterogeneous architecture and diverse multi-species distribution, certain
species are able to develop protective microenvironment against killing (2). In our model, S.
mutans can create an EPS-microcolony complex which confers higher resistance to the
antimicrobial challenge than the commensals. Our data show that EDA approach can spatially
target EPS-producing pathogens by locally degrading the protective matrix and facilitating
bacterial killing in sifu. Such synergy provides clear advantages compared to conventional
antimicrobial monotherapy whereby the agent is incapable of eradicating the matrix of the pre-

formed biofilms, leaving behind pathogens enmeshed in the matrix. Collectively, our combined

84



WO 2018/209345 PCT/US2018/032549

approach has a community-level impact on the mixed-species biofilms, which from the

ecological point of view, prevent the colonization and overgrowth of pathogenic bacteria.

While certain of the preferred embodiments of the present invention have been described
and specifically exemplified above, it is not intended that the invention be limited to such
embodiments. Various modifications may be made thereto without departing from the scope and

spirit of the present invention, as set forth in the following claims.
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In the claims:

1. A composition comprising one or more essential oils and at least one biofilm degrading
enzyme which act synergistically to degrade biofilm structures and inhibit biofilm deposition, in

a biologically acceptable carrier for delivery of said composition.

2. The composition as claimed in claim 1 where the essential oils comprise one or more of
menthol, thymol, eucalyptol and methyl salicylate and the at least one biofilm degrading enzyme

is selected from mutanase, dextranase and glucoamylase.

3. The composition as claimed in claim 2 where the essential oils are menthol, thymol,

eucalyptol and methyl salicylate, said biofilm degrading enzymes are mutanase and dextranase.

4. The composition as claimed in claim 2, wherein said biofilm degrading enzymes are produced

in a plant plastid.
5. The composition of claim 3 further comprising glucoamylase.

6. The compositon of claim 1 wherein said biofilm degrading enzymes are dextranase to

mutanase ratio in said compositon is 5:1.

7. A composition comprising an effective amount of one or more biofilm degrading enzymes
selected from mutanase, dextranase and glucoamylase and one or more essential oils selected
from the group consisting of menthol, thymol, eucalyptol, methyl salicylate, and combinations of
two or more thereof in a carrier suitable for oral delivery, wherein said carrier is selected from
the group consisting of mouthwash, mouth rinse, mouth spray, toothpaste, chewing gum, tooth

gel, sub-gingival gel, mousse, foam, chewable tablet, dentifrice, lozenge, and dissolvable strip.
8. The composition of claim 7, wherein said carrier is mouthwash, mouth rinse, or mouth spray.

9. The composition of claim 7, wherein the carrier is a chewing gum, chewable tablet, lozenge,

or dissolvable strip.
10. The composition of claim 7, wherein the carrier is a chewing gum.

11. The composition of claim 7, wherein said essential oils comprise a combination of menthol,

thymol, eucalyptol and methyl salicylate.
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12. A method of degrading and/or removing unwanted biofilm from the oral cavity, comprising
administering an effective amount of one or more biofilm degrading enzymes selected from the
group consisting of mutanase, dextranase, glucoamylase, and combinations of two or more
thereof, and one or more essential oils selected from the group consisting of menthol, thymol,
eucalyptol, methyl salicylate, and combinations of two or more thereof, to a surface of the oral
cavity having said biofilm, said enzymes degrading said film and said essential oil(s) exerting a

bactericidal effect, thereby synergistically reducing or eliminating said unwanted biofilm.

13. The method of claim 11, wherein the one or more essential oils comprises at least two

essential oils selected from menthol, thymol, eucalyptol andmethylsalicylate.

14. The method of claim 13, wherein said essential oils comprise a combination of of menthol,

thymol, eucalyptol, and methyl salicylate.

15. The method of any one of claim 12, claim 13, or claim 14, which is effective to selectively
kill pathogenic S. mutans without adversely affecting commensal bacteria, A. naeslundii and S.

oralis.

16. The method of claim 12 wherein said administering step comprises first administering the

biofilm degrading enzymes followed by administering the essential oils.

17. A method for inhibiting biofilm deposition on the surface in the oral cavity comprising
contacting a surface of the oral cavity susceptible to biofilm deposition with an effective amount
of one or more biofilm degrading enzymes selected from the group consisting of mutanase,
dextranase, glucoamylase, and combinations of two or more thereof, and one or more essential
oils selected from the group consisting of menthol, thymol, eucalyptol, methyl salicylate, and
combinations of two or more thereof, to a surface of the oral cavity having said biofilm said
enzymes degrading said biofilm and said essential oils exerting a bactericidal effect, thereby

synergistically inhibiting deposition of said unwanted biofilm..

18. The method of claim 17, wherein the antimicrobial oral rinse comprises at least two essential

oils selected from menthol, thymol, eucalyptol and methylsalicylate.

19. The method of claim 18, wherein said essential oils comprise a combination of of menthol,

thymol, eucalyptol, and methyl salicylate.
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20. The method of any one of claim 17, claim 18, or claim 19, which is effective to selectively
kill pathogenic S. mutans without adversely affecting commensal bacteria, A. naeslundii and S.

oralis.

21. The method of claim 17 wherein said administering step comprises first administering the

biofilm degrading enzymes followed by administering the essential oils.
22. The composition of claim 4, further comprising a plant remnant.
23. The composition of claim 20, wherein said plant is a tobacco or lettuce plant.

24. The composition of claim 1, wherein said enzymes are recombinant and are expressed as

fusion proteins in bacteria and purified therefrom.

25. The composition of claim 1, wherein said enzymes are purified from non recombinant

enzyme expressing bacteria.
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A. CLASSIFICATION OF SUBJECT MATTER
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IPC(8) - AB1K 38/00, A61K 38/04, A61K 38/08 (2018.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document
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See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X US 5,741,487 A (Asai et al.) 21 April 1998 (21.04.1998); col1, col2, col5, col8, col14, col17, 1-2, 4, 6-10, 24-25
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A US 2012/0315260 A1 (Ivanova et al.) 13 December 2012 (13.12.2012); para[0208] 1,7

US 2012/0128599 A1 (Schaeffer-Korbylo et al.) 24 May 2012 (24.05.2012); entire document 1-11, 22-25
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D See patent family annex.
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cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date ordprion‘ty
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family
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Date of mailing of the international search report
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. I:l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Supplemental Box

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-11, 22-25

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additiona!l examination fees must be paid.

Group |: Claims 1-11, 22-25 drawn to a composition comprising an effective amount of one or more biofilm degrading enzymes selected
from mutanase, dextranase and glucoamylase and one or more essential oils selected from the group consisting of menthol, thymol,
eucalyptol, methyl salicylate, and combinations of two or more thereof in a carrier suitable for oral delivery, wherein said carrier is
selected from the group consisting of mouthwash, mouth rinse, mouth spray, toothpaste, chewing gum, tooth gel, sub-gingival gel,
mousse, foam, chewable tablet, dentifrice, lozenge, and dissolvable strip

Group II: Claims 12-21 drawn to a method of degrading unwanted biofilm or inhibiting biofilm deposition on the surface of the oral cavity,
comprising administering an effective amount of one or more biofilm degrading enzymes selected from the group consisting of
mutanase, dextranase, glucoamylase, and combinations of two or more thereof, and one or more essential oils selected from the group
consisting of menthol, thymol, eucalyptol, methyl salicylate, and combinations of two or more thereof, to a surface of the oral cavity
having said biofilm, said enzymes degrading said film and said essential oil(s) exerting a bactericidal effect

The inventions listed as Groups I-11 do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features

Group |l requires a method of degrading unwanted biofilm or inhibiting biofilm deposition on the surface of the oral cavity, not required by
Group |

Shared Common Features

Groups |-l share technical feature of a composition comprising an effective amount of one or more biofilm degrading enzymes selected
from mutanase, dextranase and glucoamylase and one or more essential oils selected from the group consisting of menthol, thymol,
eucalyptol, methyl salicylate, and combinations of two or more thereof.

However, theses shared technical feature does not represent a contribution over prior art, because the shared technical feature as being
anticipated by US 5,741,487 A to Asai et al. (hereinafter ‘Asai'). Asai discloses a composition comprising an effective amount of two
biofilm degrading enzymes mutanase and dextranase, and one essential oif of menthol (col19, Table 1: "1-menthol 0.7%", "Dextranase
3000 U/g", "RM1 enzyme 300 U/g"; col17, In65-67 "An animal test was done for examining the caries preventive effect of the three
mutanases: RM1, RM4 and M7 enzymes”, col1, In19-22 "It is known in the art that dextranase capable of cleaving a-1,6 links and
mutanase capable of cleaving a-1,3 links are effective for suppressing dental plaque formation; plaque is biofilm, see US 2012/0315260
A1 to Ivanova et al. (hereinafter 'lvanova'), para[0208] "Since the bacterial biofilm is the essence of the dental plaque”).

As the technical features were known in the art at the time of the invention, this cannot be considered a special technical feature that
would otherwise unify the groups. Groups -l therefore lack unity under PCT Rule 13 because they do not share a same or
corresponding special technical feature.

Note: claim 13 is improperly depending from claim 11. For the purposes of completing this ISR, claim 13 is assumed to depend from
claim 12.

Form PCT/ISA/210 (extra sheet) (January 2015)
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