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Abstract

Antibacterial resistance is an issue of increasing severity as current antibiotics are

losing their effectiveness and fewer antibiotics are being developed. Newmethods for

combating bacterial virulence are required. Modulating molecular communication

among bacteria can alter phenotype, including attachment to epithelia, biofilm

formation, and even toxin production. Intercepting and modulating communication

networks provide a means to attenuate virulence without directly interacting with the

bacteria of interest. In this work, we target communication mediated by the quorum

sensing (QS) bacterial autoinducer-2, AI-2. We have assembled a capsule of biological

polymers alginate and chitosan, attached anAI-2 processing kinase, LsrK, and provided

substrate, ATP, for enzymatic alteration of AI-2 in culture fluids. Correspondingly, AI-2

mediatedQS activity is diminished. All components of this system are “biofabricated”—

they arebiologically derived and their assembly is accomplishedusingbiologicalmeans.

Initially, component quantities and kinetics were tested as assembled in microtiter

plates. Subsequently, the identical components and assembly means were used to

create the “artificial cell” capsules. The functionalized capsules, when introduced into

populations of bacteria, alter the dynamics of the AI-2 bacterial communication,

attenuating QS activated phenotypes. We envision the assembly of these and other

capsules or similar materials, as means to alter QS activity in a biologically compatible

manner and in many environments, including in humans.
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1 | INTRODUCTION

As bacteria transition from planktonic individual cells to their presence

in biofilms they take on collective behaviors that can be detrimental.

Biofilms can exhibit toxicity to humans (Ding, Quah, & Tan, 2016;

O'Donnell, Tuttlebee, Falkiner, & Coleman, 2005), delay wound-

healing (Metcalf & Bowler, 2015), be problematic in the oral cavity,

especially on permanent fixtures (Jongsma, van der Mei, Atema-Smit,

Busscher, & Ren, 2015), or in older patients (Scannapieco & Shay,

2014), and they can form on medical devices (Desrousseaux, Sautou,

Descamps, & Traoré, 2013). Detection and removal of biofilms is

difficult, and widespread use of antibiotics has precipitated the

emergence of resistant strains, requiring alternate methods for

combating their formation (McKenna, 2013; Reardon, 2014).
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Intercellular communication between bacteria via small molecule-

induced signaling has been shown to influence a variety of bacterial

phenotypes, including biofilm formation and virulence (Dobretsov,

Teplitski, & Paul, 2009; Fuqua, Winans, & Greenberg, 1996; Pereira,

Thompson, & Xavier, 2013). As a result, these small molecules, or

autoinducers, have been the targets of many studies seeking to control

biofilm formation and virulence (Papenfort & Bassler, 2016).

Specifically, interrupting signaling pathways between bacteria, some-

times referred to as “quorum quenching” (QQ), has been demonstrated

to reduce the formation of biofilms and their persistence (Ivanova

et al., 2015; Kim et al., 2012; Li et al., 2015). There have been a variety

of methods explored to interrupt autoinducer-mediated communica-

tion networks (Rampioni, Leoni, & Williams, 2014). These typically

involve their chemical rearrangement (Roy, Fernandes, Tsao, &

Bentley, 2009), their sequestration (Zargar, Quan, Emamian, et al.,

2015), or developing molecular analogues that compete for receptor

binding sites (Roy et al., 2013; Sintim et al., 2015). The various

techniques developed often align with specific features of the

autoinducers, the targeted bacteria, and/or the signal transduction

mechanisms.

Here, we target autoinducer-2 (AI-2) by the incorporation of a

natural enzyme that modifies the autoinducer to its phosphorylated

form, preventing its uptake (Kamaraju et al., 2011) into bacteria that

employ the Lsr signal transduction cascade (Quan & Bentley, 2012;

Roy et al., 2009). AI-2 was chosen for several reasons: it is used in

signaling among Gram-positive and Gram-negative bacteria (Pereira

et al., 2013; Quan & Bentley, 2012), it is not produced by eukaryotic

cells (Vendeville, Winzer, Heurlier, Tang, & Hardie, 2005) and

apparently has minimal effect on gastrointestinal epithelial cells

(Zargar, Quan, Carter, et al., 2015). Also, the mechanism of AI-2

phosphorylation is relatively well understood (Zhu, Hixon, Globisch,

Kaufmann, & Janda, 2013) and previous work has demonstrated that

interfering with AI-2 can alter QS communication in “synthetic

ecosystems” (Roy, Adams, & Bentley, 2011; Roy et al., 2009, 2010)

or otherwise influence biofilm formation and clearance when used in

combinationwith antibiotics (Roy et al., 2013). Specifically, in Roy et al.

(2009), LsrK was added to bacterial populations along with substrate

ATP and the appearance of the reaction products (AI-2P) coincided

with diminished AI-2 mediated communication. The simple addition of

an enzyme and substrate ATP to native environments, however, is

potentially of limited utility as the enzyme is likely subject to

degradation and the ATP could be used in other reactions or be

degraded. Thus, efforts to protect and localize the enzyme with its

substrates would potentially enhance efficacy, decrease cost, and

enhance utility.

Our labs have previously demonstrated modulation of QS-

mediated behavior by the creation of “artificial cell” capsules containing

AI-2 synthases (Gupta et al., 2013) or othermoieties (Lentini et al., 2014,

2017). Building on this artificial cell concept, here,we created analogous

QS-modulating capsules wherein ATP, the LsrK substrate and a

stabilizer of capsule integrity, is initially contained within and on the

surface is bound LsrK. That is, LsrK has been modified to contain C-

terminal enzyme activatable tags (Bhokisham et al., 2016a, 2016b;

Lewandowski, Small, Chen, Payne, & Bentley, 2006; Wu et al., 2009)

facilitating covalent binding to the capsule's chitosan-based outer

surface.Toconstruct thecapsules,we first demonstrated theexpression

and purification of the LsrKwith two linker tags, assembly onto chitosan

in microtiter plates, and activity as assembled onto hydrogel substrates.

We evaluated efficacy in 2D systems. We then assembled the identical

components onto alginate/chitosan capsules. We demonstrate func-

tioning systems with ATP added both in suspension as well as when

initially containedwithin the capsules, relying on its outward diffusion to

act as an LsrK substrate. In this way, we show that the incorporation of

AI-2 quenching enzyme, LsrK, in polysaccharide “devices” enables

potentially a far more effective means to modulate bacterial

communication.

2 | MATERIALS AND METHODS

2.1 | LsrK-Tyr and LsrK-Gln plasmid construction
and bacterial strains

The plasmid pETLsrK-Tyr was used to express the AI-2 kinase, LsrK,

fused with a spacer and a C-terminal tyrosine rich tag, LsrK-Tyr. To

construct the plasmid, E. coli lsrK (ydeV) was amplified with primers

incorporating the Tyr tag (Supp. Table S1) from E. coliW3110 genomic

DNA. After purifying the PCR product, the blunt-ended fragment was

inserted into pET200/D-TOPO (Invitrogen), containing a hexa-

histidine tag at the N-terminus. The complete lsrK sequence was

verified by sequencing (DNA Core Facility of the IBBR, University of

Maryland). After transforming the plasmid into the BL21 (DE3) host

strain, cells were stored at −80°C, and the LsrK-Tyr enzyme (MW:

62.9 kDa) was expressed and purified.

The plasmid, pETLsrK-Gln, was used to express the AI-2 kinase

fused with a spacer and a C-terminal glutamine rich tag, LsrK-Gln. To

construct the plasmid, the gene LsrK-Tyr was cut from the pET200

backbone (above) with NheI and SacI, and amplified with primers

incorporating the Gln tag (Supp. Table S1). The PCR fragment was

purified, digested and inserted into the pET200 backbone. The

sequence of pETLsrK-Gln was confirmed by Genewiz (Frederick, MD).

After transforming the plasmid into the BL21(DE3) PLysS host strain

(Invitrogen), which was stored at −80°C, the LsrK-Gln enzyme (MW:

62.310 kDa) was expressed and purified.

2.2 | Reporting cells and AI-2 produced in vitro

The AI-2 sensing E. coli, CT104 (pCT6-ampr + pET-dsRed-kanr),

were used to measure AI-2 mediated QS activity. This strain

produces the red fluorescent protein, dsRed, in the presence of AI-

2, and does not produce AI-2 due to a LuxS mutation (Gupta et al.,

2013; Tsao, Hooshangi, Wu, Valdes, & Bentley, 2010). The

BB170 V. harveyi strain was also used here to determine relative

AI-2 activity (Bassler, Wright, Showalter, & Silverman, 1993). AI-2

produced in vitro was used to stimulate QS activity unless

otherwise stated, to best indicate the LsrK-Tyr activity. The AI-2

was produced in vitro using a variation of the nanofactories as
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described in Fernandes, Roy, Wu, and Bentley (2010). In this study,

HLPT was used in lieu of HGLPT as the IgG-binding domain was not

required (Fernandes & Bentley, 2009).

2.3 | Overexpression and purification of LsrK-Tyr

After dilution of overnight cultures in an Erlenmeyer flask, 200mL

grown at 37°C at 250 rpm, expression of LsrK-Tyr and LsrK-Gln was

induced by the addition of isopropyl-β-D-thiogalactopyranoside

(IPTG, 1 mM final concentration) at OD600 0.4, while in the Erlenmeyer

flask were swirled in an ice-water slush during induction. This cold-

shock method is believed to aid in retaining solubility of foreign

proteins (Charollais, Dreyfus, & Iost, 2004; Yasukawa et al., 1995).

After 5 min of cold shock, the induced culture was incubated at 30°C,

250 rpm for approximately 16 hr, and the cells were collected by

centrifugation. The supernatant was discarded. The cell pellet was re-

suspended in phosphate buffered saline (PBS, pH 7.4 0.01M) with

10mM imidazole and sonicated using a Fisher Scientific 550 Sonic

Membrator at power 3 for 15min (0.5 sec on/off duty cycle) to disrupt

the membrane and release the protein. After sonication, the solution

was centrifuged and the supernatant was retained for immediate

purification.

A Ni2+-loaded GE Healthcare Life Sciences HiTrap™ Chelating HP

Column was used for protein purification using the hexahistidine-tag

also on the LsrK-Tyr/Gln proteins. After loading, rinses of 10mM and

50mM imidazole in IMAC Buffer (50mMNaPO4, 1.25M NaCl, pH 7.4)

were performed. The enzyme was eluted with 300mM imidazole and

underwent series dialysis in PBS at 4°C to achieve a final concentration

less than 100 nM imidazole. The dialyzed enzyme concentration was

measured using aNanodrop™ (Agilent, Santa Clara, CA) and appropriate

MW/Extinction coefficients (LsrK-Tyr: 102.5 k, LsrK-Gln: 95 k). Protein

samples were stored in 40% sterile glycerol in 50–100μL aliquots at

−20°C until further use. Information on yield of each enzyme as well as

SDS Page gels and western blot results of purification and purified

productsareprovided inSupplemental (Supp.FigureS1,Royetal., 2009;

Tsuchikama, Zhu, Lowery, Kaufmann, & Janda, 2012).

2.4 | Binding of LsrK-Tyr to chitosan

LsrK-Tyr was constructed with a pentatyrosine tag on the C-terminus

for covalent binding to an amine-activated surface. Specifically, this

was chosen based on success in maintaining activity in other proteins

after attachment to chitosan (Wu et al., 2009). Methods similar to Wu

et al. (2009) were used in forming chitosan films on 96-well plates,

except the films remained in the wells. Medium molecular weight

chitosan (MMC) from crab shells (85% deacetylated, Sigma, St. Louis,

MO) was dissolved in deionized water (0.8L) containing 2% glacial

acetic acid with stirring. The chitosan solution was then twice-filtered

to remove undissolved substances and impurities. This yielded a 2%

(w/v), pH 5 solution of chitosan as determined by pH test strips 0.0–

14.0 (Sigma). The chitosan solution was dried either overnight in a

30°C incubator or by vacuum incubation at 30°C, then neutralizedwith

1M NaOH. The films were rinsed with HEPES, pH 7 (Sigma). LsrK-Tyr

was added in varying concentrations with 350 μ of tyrosinase (Sigma)

to a final volume of 125 μL. After allowing the tyrosinase and LsrK-Tyr

to incubate for 1 hr at 37°Cwith shaking, eachwell was rinsedwith 1M

NaCl or 50mM HEPES, pH 7.0, three times. For chitosan film

experiments, AI-2 and ATP were mixed in solution, then added to the

wells as indicated, ensuring all samples had the same ratio of AI-2 to

ATP.

2.5 | Construction of capsules

Alginate solution 2.5% (w/v) was made by dissolving medium viscosity

alginate from brown algae (Sigma) in deionized water. After heating,

without boiling, the alginate solution was filtered with a 0.22 μm

Millex®-GP syringe filter (Merck KGaA, Darmstadt, Germany) to

remove undissolved substances and impurities. MMC from crab shells

(85% deacylated, Sigma) was dissolved in deionized water with 2%

glacial acetic acid, and twice-filtered to remove undissolved sub-

stances and impurities. This yielded a 2% (w/v), pH 5 solution of

chitosan. A 1% (w/v) calcium chloride solution was prepared by

dissolving calcium chloride dihydrate, CaCl2, (JT Baker, Phillipsburg,

NJ) in distilled water, and filtered. ATP, 100mM, was obtained

(Thermo Scientific Inc., Rockford, IL) and diluted to 10mM with

autoclaved MilliQ water (Millipore, Darmstadt, Germany).

Construction of the functionalized capsules is based on the

charged polymers, chitosan, and alginate, for self-assembly as has been

described in previous works (González-Rodrıǵuez, Holgado, Sánchez-

Lafuente, Rabasco, & Fini, 2002; Gupta et al., 2013) and has been

referred to as a one-stage procedure (Takka&Gürel, 2010). In Figure 1,

at room temperature, ATP (10mM) was mixed with alginate (2.5%) for

final concentration of 222 μMATP, vortexed, and added drop-wise by

syringe needle (27G) to a 5mL magnetically-stirred solution of 1.1%

(w/v) chitosan and 0.27% (w/v) CaCl2, in which the formed capsules

incubated for 10min (Figure 1-A2) before being rinsed in 0.02% (w/v)

CaCl2 (Figure 1-A3). These capsules were then transferred to new

wells for attachment of the enzyme, as illustrated in Figure 1-A4. For

imaging, fluorescent microbeads (Gupta et al., 2013) were mixed with

the alginate prior to dropping and vortexing.

2.6 | Estimating LsrK-Tyr bound to
chitosan films and capsules

Enzyme binding to chitosan films and capsules was verified by labeling

LsrK-Tyr with DyLight™ sulfhydryl-reactive dye. Chitosan films were

retained on the bottom of wells within a 96-well plate so the apparent

surface area was defined as the area of well (0.32 cm2). This area was

used as the basis for calculating the quantity of LsrK-Tyr bound per

surface area of chitosan. Analogously, roughly spherical capsules were

made as above and their dimensions were measured using optical and

fluorescence microscopy. The radius (1.375mm) was measured

immediately after rinsing using an MVX10 MacroView fluorescence

stereomicroscope (Olympus, Center Valley, PA), yielding an average

surface area of 0.24 cm2. The Zeiss LSM-310 laser-scanning micro-

scope using the RFP filters was used to construct z-stack confocal
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images, showing that the LsrK-Tyr was bound to the outside of the

capsule. Labeled LsrK-Tyr was also incubated with chitosan films on

the bottom of the wells of a 96-well plate, and fluorescence

measurements were taken during incubation and after rinsing. Using

initial protein loading concentrations and pre- and postrinse fluores-

cent readings we developed a standard curve for the amount bound

(see Supp. Figure S2). In addition, we estimated enzyme loaded per

surface area, assuming a monolayer of protein arranged in a hexagonal

close-packed configuration within a round well and that the chitosan

film surface was flat. That is, LsrK-Tyr (62.9 kDa) was assumed to be a

soluble, globular (spherical) protein with partial specific volume of

0.74 cm3/g (Richards, 1977); hence an equivalent radius of

2.64 × 10−7 cm was used to downward project occupied area on the

chitosan surface (2.19 × 10−13 cm2) (Supp. Figure S3). Using hexagonal

order, ∼7/9 or 78% of the well surface area is covered (5.94 pico-

moles/cm2 chitosan) by a layer 5.28 × 10−7 cm thick. We used this

quantity as the minimum measure of protein on the surface of the

chitosan (well or capsule) assuming a uniformly distributed surface.

2.7 | Verifying activity of LsrK-Tyr/Gln

Activity of the modified enzyme, both in solution and attached to

chitosan, was verified using three methods: an ATP assay, Kinase-

Glo® Plus (Promega, Madison, WI); the commonly-used V. fischeri

BB170 AI-2 assay (Bassler et al., 1993; Zargar, Quan, Emamian, et al.,

2015); and using a previously developed E. coli reporter cell, CT104

(Tsao et al., 2010). The AI-2 assays are based on biological activity and

the ATP assay is based on fluorescence. Both are expressed relative to

internal controls (Supp. Figures S4 and S5). For the V. fischeri BB170

AI-2 assay overnight cultures were diluted 1:5,000, and 90 μL of

diluted cells were added to 10 μL samples and incubated in the dark for

∼3 hr at 30°C, 250 rpm, until the control reached a minimum

luminescence. The use of reporter cells is an increasingly common

means of verifying QS inhibition (Jha, Kavita, Westphal, Hartmann, &

Schmitt-Kopplin, 2013; McInnis & Blackwell, 2014). In addition, the

quantity of AI-2, produced by nanofactories in vitro (Fernandes et al.,

2010) and as supplemented to cell cultures, has also been used as an

indirect indicator of QS activity (Servinsky et al., 2015; Tsao et al.,

2010). The final step in verification of the system involved using

conditioned media from the AI-2 producing E. coli BL21, incubating

with the CT104 reporter cells, and then evaluating whether or not QS

activity was altered (e.g., quorum quenching) via alteration of the

naturally-produced AI-2.

3 | RESULTS

3.1 | LsrK-Tyr and LsrK-Gln activity

To evaluate enzyme activity and impact on AI-2 mediated QS, both

LsrK-Tyr and LsrK-Gln were incubated in a 200 μL solution of 20 μM

AI-2 and 30 μMATP at 37°C with shaking for up to 2 hr. This reaction

mixture (and controls without LsrK) was provided to V. fischeri BB170

in order to quantify AI-2 activity levels (Figures 2A and 2B). In

Figure 2A (LsrK-Gln), the first five columns/bars show the AI-2 activity

after the samples were incubated for half an hour with LsrK-Gln. Here

it can be seen that with 200 picomoles LsrK present, there was a nearly

sixty percent decrease in AI-2 activity as indicated by a Student's T-test

p-value less than 0.0008. In addition, both the 100 and 50 picomole

additions resulted in significantly decreased AI-2 activity. As expected,

these results indicated a concentration dependent level of QQ based

on LsrK level. While not statistically different than the controls, even

25 picomoles of LsrK-Gln decreased the level of AI-2 activity, though

inconsistencies are noted between time samples. Also, our results also

demonstrate that after only ½ hr, the LsrK-Gln was active.

Similarly, in Figure 2B, LsrK-Tyr demonstrated a more dramatic

drop in QS activity after just half an hour, and for all samples (200, 100,

50, and 25 picomoles). The LsrK-Tyr exhibited far more activity than

LsrK-Gln under identical conditions. Unfortunately, the structure of

LsrK has not yet been published so we are unable to provide

mechanistic rationale for the observed differences due to the different

tags. There could be many reasons for the apparent differences (e.g.,

the linkers, differences due to glutamine's additional positive charge,

etc.). Ultimately, as a result of the far better performance in reducing

AI-2 activity in solutions of LsrK-Tyr and the apparent inconsistency in

quenching between time-points of LsrK-Gln, it was decided to proceed

with additional experiments using LsrK-Tyr only.

3.2 | LsrK-Tyr binding to chitosan and activity

Initial studies were performed to estimate binding and activity of

bound LsrK. Specifically, we covalently conjugated the enzyme to a

chitosan film (Methods) using the pentatyrosine tag added to the

FIGURE 1 Capsule construction. Capsules were constructed by
dropping a mixture of 2.5% w/v filtered alginate and 222 μM ATP
via 27G needle into 5mL stirred chitosan-CaCl2 solution (A1). These
were incubated 10min (A2), removed from incubation solution and
rinsed with 0.02% w/v CaCl2 (A3), followed by enzyme binding (A4)
and quenching experiments
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C-terminus of the LsrK. For binding to occur, the tyrosine residues

are converted to reactive o-quinone residues by tyrosinase which

can then bind to the amine groups of chitosan as illustrated in

Figure 3A. This method was chosen based on success in

maintaining activity of other proteins after attachment to chitosan

(Lewandowski et al., 2006, 2008; Wu et al., 2009). To verify

binding, known quantities of fluorescently-labeled LsrK-Tyr were

incubated with tyrosinase in wells of a 96-well plate that had

chitosan films in the bottom as illustrated in the yellow (upper) well

in Figure 3B. During incubation, fluorescence was measured

(yellow marker symbols) for each amount of labeled LsrK-Tyr.

After incubation, the wells were washed multiple times and

additional readings were taken (represented by the Post-Wash

illustration, blue marker symbols). Simultaneously, samples with

known quantities of labeled LsrK-Tyr were assembled into a

standard curve, as indicated by gray dots in Figure 3B. Concor-

dance of these linear relationships implies that both the chitosan

and the tyrosinase did not contribute substantially to the

fluorescence of the LsrK-Tyr. We note also that fluorescence of

the washed wells containing the conjugated enzyme increased

monotonically until ∼100 picomoles. Using this linear relationship

for LsrK and raw fluorescence units, we roughly estimated the

quantity of LsrK bound to the chitosan after washing. Noting there

was no apparent increase in fluorescence in solutions with above

100 picomoles LsrK (suggesting saturation), we calculated the

putative maximum quantity of enzyme bound to the chitosan

(∼13.7 picomoles). Again, this is represented by the difference in

fluorescence from the incubation solution and the washed

chitosan. Interestingly, this quantity is ∼7-fold higher than the

quantity of LsrK-Tyr that would be bound based strictly on the

gross assumption of an enzyme monolayer of the appropriate

molecular size and available surface area (∼1.9 picomoles),

suggesting that binding to an area larger than the surface of the

well was likely. That is, these estimates suggest that the initial

assumptions of protein construct, surface flatness and steric

restrictions did not hold. We offer the following possibilities that

contribute the apparent increase in LsrK-Tyr bound to chitosan:

the surface is not flat at the molecular scale, labeled LsrK-Tyr binds

within the chitosan matrix, and/or as LsrK to itself in complexes.

Simple calculations (see section 2) using the diameter of the LsrK-

Tyr and the area of the well indicate that 13.7 picomoles would

contribute to a chitosan-LsrK-Tyr layer that is 3.07 × 10−6 cm thick,

or less than 0.1% the thickness of the available chitosan film.

Roughly speaking, this is 42 picomoles LsrK-Tyr/cm2. These values

are used later in designing QQ capsules.

In addition to the samples with tyrosinase, three samples (200

picomoles) were incubatedwithout tyrosinase, andwashed identically.

The fluorescence from these samples is seen on the right side of the

chart, labeled “No Tyrosinase.” Results suggested that ∼30 picomoles

were bound non-covalently and/or nonspecifically, demonstrating

there is no absolute requirement in using tyrosinase for binding to

chitosan even under wash conditions and agitation (data not shown).

We note further, that the addition of tyrosinase may have attenuated

the quantity of enzyme bound to chitosan, in accordance with our

recent work (Bhokisham, Liu, Pakhchanian, Payne, & Bentley, 2017).

Having shownbinding of LsrK-Tyr, kinase activitywas verified two

ways, both by measuring the unreacted ATP and the resultant AI-2

activity. Tests were run in 96-well plates containing dried and

neutralized chitosan solution (initially 75 μL) with (i) active LsrK-Tyr

conjugated to the bottom of the well; (ii) 20 μM AI-2; and (iii) 30 μM

ATP in LB media. To provide enzyme access to the substrate in

solution, these plates were incubated at 37°C and shaken for 2 hr.

Figure 4A illustrates the kinase activity using ATP quantification (via

luciferase as indicated) in triplicate with error bars representing

FIGURE 2 Modified LsrK activity. Both forms of LsrK, chart (a) is LsrK-Gln, and chart (b) is LsrK-Tyr, were incubated with 20 μM AI-2 and
30 μM ATP, adding varying amounts of enzyme as indicated. Aliquots of three biological samples of each enzyme incubation were taken at
the stated times, and were subsequently measured for AI-2 Activity using the BB170 assay. Each bar is the result of the average of the three
samples that have been normalized to the positive control for that time-point (0.5, 1, or 2 hr) with standard deviation shown by error bars.
The zero LsrK control values for LysK-Gln were found to decrease monotonically in time (t0.5 = 130; t1.0 = 77; t2.0 = 65 RLU); the values for
LsrK-Tyr were more steady (t0.5 = 40; t1.0 = 48; t2.0 = 37 RLU). p-values are calculated using a Student's T-Test, two-tailed, type 2; *, <0.05;
**, <0.008; ***, <0.0008
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standard deviation. LsrK-Tyr phosphorylates AI-2 to AI-2P and a 1:1

stoichiometric decrease in ATP should be observed. As expected,

increased LsrK-Tyr resulted in less residual ATP. Rough estimates

suggest ∼40–50% loss of the initial ATP or ∼10–15 μM. In Figure 4B,

the remaining AI-2 activity (indicated by V. fischeri BB170) is also

depicted. From left to right are a positive control (no LsrK-Tyr), another

positive control (+Tyr, no LsrK-Tyr), and bound LsrK-Tyr (with and

without tyrosinase), with approximate amounts of LsrK-Tyr indicated

as previously calculated. These results suggest ∼20 μM consumption,

which is higher but not too dissimilar to the corresponding ATP

reduction considering the differences in the assays.

Importantly, these data reflect the results from the incubation

solutions in Figure 2 and demonstrated a statistically significant

decrease in ATP and AI-2 compared to the negative controls.

Moreover, the data using ATP measurements corroborate those using

V. harveyi. That is, in Figure 4B, the same samples were evaluated using

the V. harveyi BB170 bioassay which determines relative AI-2 activity.

The samples are indicated in the same order and it can be seen in

Figure 4B that the non-covalent/non-specifically bound LsrK-Tyr

(estimated to be∼30 picomoles bound LsrK-Tyr), when comparedwith

the tyrosinase-free sample, demonstrated a statistically significant

decrease in AI-2 activity. In this case, the AI-2 activity dropped nearly

20-fold. Naturally, differences in the assays, the differences in reaction

and sampling times, and the relative quantities of the substrates

preclude direct comparison between the assays as ATP was present in

saturating conditions (30 μM) and AI-2 was present at naturally

occurring levels (20 μM). We also note that the presence of tyrosinase

even after washing, likely also non-specifically bound to chitosan

(Lewandowski et al., 2008) and seemed to reduce AI-2 activity or had

an independent effect on the BB170 assay (Bhokisham et al., 2017),

but activity of the tyrosinase-bound enzyme is clearly seen.

3.3 | LsrK-Tyr quorum quenching (QQ) capsules

Having demonstrated QQ with LsrK-Tyr bound to chitosan films, we

next developed capsules with LsrK-Tyr bound to their outer surfaces

and sought to characterize effects directly on QS phenotypic activity.

In addition to simple supplementation with free enzyme, capsules

provide a facile means to introduce QQ activity into natural environ-

ments, but also a potential means to store molecules in their interior

(e.g., ATP). Accordingly, capsules were constructed of an alginate core

and a chitosan surface capable of delivering ATP. They were

FIGURE 3 LsrK-Tyr bound to chitosan film. (a) Fluorescently-labeled LsrK-Tyr was incubated with tyrosinase converting tyrosine's phenolic
moeity to an o-quinone for binding to the primary amine of chitosan. This was completed in 96-well plate formats with chitosan cast on the
bottom of the wells (rightmost schemes). (b) Fluorescence of labeled LsrK added to wells with (blue) and without (gray) chitosan. Data are
from triplicate readings of triplicate wells. Samples with chitosan were washed twice and retested (blue). The error bars indicated represent
standard deviation of triplicates. The grey line is a standard curve of labeled enzyme, and the corresponding linear best-fit line and R2 are for
this standard
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specifically designed for ease of construction, requiring only a syringe,

needle and stir-plate, and to be robust to withstand bacterial growth

conditions (10+ hr, 37°C, 250 rpm, LB media) as described in the

section 2. Note that the identical materials and chemistries from the

previous results are used here for capsule formation. Using confocal

microscopy, we measured capsule dimensions as seen in Figures 5 and

Supp. Figure S6. Specifically, we built the capsules to have roughly the

same average capsule surface area as the area in the bottom of 96-well

plates (∼0.24 cm2). The theoretical monolayer of coverage would be

1.4 picomoles, assuming 78% occupancy of protein. After incubation

with excess fluorescently labeled LsrK-Tyr and washing, fluorescence

measurements indicated that the capsule fluorescence was not

statistically different than the wells (Supp. Figure S7). This too

suggested that a greater amount of LsrK-Tyr was bound per surface

area of the capsule (57 picomoles/cm2) than a theoretical monolayer

(∼5 picomoles/cm2) and further, that it was similar to the well

(43 picomoles/cm2, Supp. Figure S7). Analogous to the films, the

LsrK-Tyr layer comprised ∼0.1% the depth of the capsule chitosan

layer.

We next evaluated whether ATP could be contained within the

capsule and used as a substrate as it diffused into extracellular spaces.

Twenty-four ATP/alginate-chitosan capsules, constructed as de-

scribed previously, were divided into eight capsules per well across

three wells of a 6-well plate, and 5mL of LB was added to each well.

The capsules were then shaken at 37°C and aliquots of LB were

removed at various time intervals until 120min had elapsed. At the

completion of the 120min, ATP levels were measured (Supp.

Figure S8), demonstrating rapid but not complete diffusion from the

inner core. A diffusion model for this spherical geometry was

developed (Rhoads, 2016) confirming expected versus measured

rates of ATP diffusion. After about 50min in a 5mL volume, the ATP

concentration had equilibrated to 2.2 μM.

FIGURE 4 Activity of LsrK-Tyr bound to chitosan. (a) Measured via ATP remaining after incubation with LsrK. Kinase-Glo (Promega)
luminescence assays indicate ATP via light production from luciferin conversion to oxyluciferin (see scheme at top). (b) An AI-2 assay (via
Vibrio harveyi BB170 assay) indicates level of AI-2 activity in fluids. In both, the bars are the result of the average of the three samples that
have been normalized to the positive control with standard deviation shown by error bars. In a, the control ATP Raw Luminescence (no
tyrosinase, no LsrK) average was 131,1681 prior to normalization and in (b) the control AI-2 Activity Raw Luminescence (no tyrosinase, no
LsrK) was 24.17 prior to normalization. In all wells, dried and neutralized chitosan is present with 20 μM AI-2 and 30 μM ATP. Estimated
quantities of LsrK are also indicated. p-values are calculated using a Student's T-Test, two-tailed, type 2; *, <0.03; **, < 0.008; ***, <0.0008

FIGURE 5 LsrK binding to quenching capsules. The images of the
capsules as taken by a stereo microscope (B1, B2, B3) are shown.
Here red fluorescently-labeled LsrK is bound to a capsule with
green fluorophore beads (Gupta et al., 2013) mixed in the alginate.
A confocal microscope was used to produce the image in B4 which
shows the labeled LsrK on the outermost edge of the capsule.
Images of non-fluorescent control capsules are provided in
Supplemental Figure S6
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3.3.1 | Exogenous addition of ATP

Capsules with bound LsrK and ATP added exogenously (Figure 6A)

were verified for quenching capability, note the calculated quantities

of LsrK-Tyr bound to the capsules are indicated (Figure 6B). Capsules

were placed in the wells of a 24-well plate with media containing

30 μM ATP and 20 μM AI-2 and incubated for 10min. To this, E. coli

reporter cells OD600 0.4 were added and cultures were then incubated

at 37°C for 8 hr with shaking. After extended incubation, the capsules

were still intact, demonstrating their structural integrity during

bacterial growth environments at body temperature. In these experi-

ments, owing to themore complex nature of the solutions involved, we

report AI-2 mediated quorum sensing (QS) directly as the fraction of

the incubated cells that exhibit lsr-mediated gene expression in E. coli

(Servinsky et al., 2015). Aliquots of each solution were taken to

calculate percent fluorescing cells via FACS. That is, cells undergoing a

QS response were engineered to express a red fluorescent protein

upon contact with AI-2 (Servinsky et al., 2015) so that a reduction in

the fraction of fluorescent cells indicates diminishedQS activity orQQ.

Results indicate that LsrK-Tyr nearly completely prevented CT104

reporter cell fluorescence (only 1% fluorescent population) when

compared to cell populations where LsrK-Tyr was not present. We

note further in Supp. Figure S9, that capsules with LsrK-Tyr bound

both with and without tyrosinase were effective. As with the film

studies, these results demonstrate QQ activity was due to the

presence of active LsrK-Tyr

These results clearly indicated that the LsrK-Tyr functionalized

capsule was capable of reducing the AI-2 communication signal for a

population of E. coli reporter cells such that, on average, no cells were

fluorescing. By comparison to earlier studies with these reporter cells,

the post-treatment AI-2 level in these experiments was likely less than

1 μM (Servinsky et al., 2015). It is noteworthy that these levels are also

in line with studies suggesting impaired biofilm formation (Gonzalez

Barrios, Zuo, Hashimoto, Yang, & Bentley, 2006).

3.3.2 | Capsule-secreted ATP

To further demonstrate capsule functionality, we tested whether

capsules containing ATP could provide the necessary ATP to the

LsrK as a substrate, as it was secreted from the capsule into the

surrounding medium. Also, we tested their functionality among cells

incubated within conditioned media (CM) obtained from quorum-

communicating cells. That is, the E. coli reporter cells were incubated

in media from cultures of BL-21 along with LsrK-decorated capsules

containing ATP within the capsule (Figure 7A). The BL-21 AI-2

producing cells were first grown to OD600 of 1.0 in LB media, and the

cells were removed by syringe filtering with a 0.22 μm filter. This

conditioned media was then diluted with LB (2:1) and incubated with

the capsules for 10 min at 37°C. After incubation, an equal amount

of reporting E. coli was added to the solution and capsules, followed

by additional incubation for 8 hr with shaking at 37°C. Then, aliquots

were taken and diluted with PBS for flow cytometry (FACS).

Figure 7B shows the FACS results depicting the fraction of

fluorescing cells. As a control, we repeated a similar experiment to

those in Figure 6, where a known quantity of AI-2 (20 μM) was

added to the capsules and cells. In this case, ATP (30 μM) was also

added exogenously so that the net concentration of ATP within and

outside the cells was roughly 30 μM. Again, in these studies, all

samples had a capsule with ATP, but the second, fourth, and sixth

columns from the left contained a capsule with covalently bound

LsrK-Tyr. The first two columns indicate reporter cells fluorescence

and the decrease in fluorescence when using a known quantity of AI-

2 and ATP in addition to that found in the capsule. The last four

columns represent the reporter cell fluorescence as a result of the

conditioned media from the AI-2-producing cells and subsequent

decrease when a capsule with bound LsrK is present. In columns

three and four, ATP (30 μM) was added exogenously, in addition to

that originally contained within the capsule. In the final two columns,

no exogenously added ATP is present so the bulk of reactive

FIGURE 6 Capsules with in vitro produced AI-2. (a) Capsules without ATP in the core are introduced to solutions containing 30 μM ATP
and 20 μM AI-2. LsrK-Tyr bound to the outside of the capsule phosphorylates AI-2 yielding AI-2P, which, in turn, is not internalized,
quenching QS activity. Controls without exposure to AI-2 yield QS active cells (expressing red fluorescent protein). (b) Data from flow
cytometry (50,000 cells) indicating fraction of population fluorescing (QS active). Experiments were performed in triplicate, averages, and
standard deviations are indicated. p-values are calculated using a Student's T-Test, two-tailed, type 2; **, <0.008; ***, <0.0008
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substrate from within the capsules was available. In Supplementary

Information (Supp. Figure S8), we show measured diffusion from the

capsules when placed in LB. As noted above, a corresponding

diffusion model (Rhoads, 2016), illustrated that the contained ATP

diffused from the capsule to equilibrium with the 5 mL LB solution

within 35 min potentially reaching ∼2 μM in the bulk. From the

results shown, in all cases, the capsules composed of ATP/alginate

and chitosan with covalently bound LsrK-Tyr were capable of

modulating the QS activity in E. coli reporting cells. Interestingly,

these results suggest nearly complete elimination of AI-2 in solution.

4 | DISCUSSION AND CONCLUSIONS

LsrK was expressed and purified from E. coli with linker tags containing

tyrosine or glutamine residues. In all cases, the enzyme was active in

solution. The tyrosine-tagged LsrK was successfully attached to both a

chitosan film and a capsule, although in 2D studies the enzyme exhibited

significant non-specific affinity to chitosan presumably obviating the need

for covalent attachment. Further, we found that surface bound (films and

capsules) LsrK activity successfully lowered the AI-2 level in growthmedia.

Thiswas shownboth by exogenous addition of co-substrate ATP aswell as

FIGURE 7 Capsules with in vitro produced AI-2. (a) Capsules were prepared with ATP inside and LsrK-Tyr on the outside as illustrated.
ATP that diffuses out of the capsule (blue glow) interacts with LsrK-Tyr and AI-2 yielding AI-2P (inactive autoinducer). Experiments are run
using AI-2 synthesized in vitro and with conditioned media (CM) from AI-2 producing cells (E. coli BL21). The red fluorescence of E. coli
reporting cells as counted by flow cytometry is shown (b), where each bar indicates the average of three samples of 50,000 cells. The first,
third and fifth bars are controls. The first two bars are samples with 20 μM in vitro produced AI-2 and 30 μM ATP added exogenously. The
third and fourth bars are samples with naturally produced AI-2 (CM) with 30 μM ATP added exogenously, and the fifth and sixth bars
represent samples with naturally produced AI-2 and no exogenously added ATP (only that preexisting in the capsules). All show the percent
of fluorescing E. coli reporting cells as counted by flow cytometry. p-values are calculated using a Student's T-Test, two-tailed, type 2;
**, <0.008; ***, <0.0008
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by forming the capsules with ATP retained inside. While we found fairly

rapid release of ATP (35min characteristic time), other chitosan-based

nanoparticles have been shown to provide slower release of ATP (Du et al.,

2010). Interestingly, ATP is present naturally in the supernatants of cultures

of E. coli, Salmonella, Klebsiella, Acinetobacter, Pseudomonas, and Staphylo-

coccus, however, at concentrations of 20–600nM, which is significantly

lower thanour currentwork. This does, however, suggest thatbothdelivery

mechanisms (capsules with and without ATP) may potentially exhibit

activity in native environments with bacteria (Ding et al., 2016; Hironaka

et al., 2013). In this vein, these capsules could beused tounderstandeffects

of depleting AI-2 concentration in cellular populations.

Delivery of enzymes in lieuof bacteria provides distinct advantages:

they eliminate concerns associated with release of genetically modified

bacteria andenzymatic systemsarepotentiallymoreeasily designedand

controlled (Galloway, Hodgkinson, Bowden, Welch, & Spring, 2012;

Huang et al., 2016). In addition, enzymes are naturally degraded by

proteases and further, we found that LsrKwas relatively unstable when

freely suspended in solutions of 40% glyercol at room temperature;

though it exhibited enhanced stability and maintained activity when

bound to a surface (both covalently and non-covalently, not shown).

Additional studies are warranted to examine this more thoroughly. We

also note that both chitosan and alginate are currently used in wound

dressings (Jayakumar, Prabaharan, Sudheesh Kumar, Nair, & Tamura,

2011; Walter, Dumville, Sharp, & Page, 2012). Hence, while we have

described ameans for the assembly of themulticomponent capsules for

deployment in culture fluids, their application may be anticipated in

other environments, including in human wound dressings. The

biofabrication assembly methodologies exploited here and shown

previously (Wu et al., 2017) would be suitable for a variety of

applications. Functionalizing these biopolymers, and others, with

bacterial kinase, LsrK, may provide yet another active barrier in the

prevention of infection by the quenching of AI-2 mediated QS activity.
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