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Abstract 19 

Biofilm production is a key virulence factor that facilitates bacterial colonization on host surfaces and 20 
is regulated by complex pathways, including quorum sensing, that also control pigment production, 21 
among others. To limit colonization, epithelial cells, as part of the first line of defense, utilize a 22 
variety of antimicrobial peptides including defensins. Pore formation is the best investigated 23 
mechanism for the bactericidal activity of antimicrobial peptides. Considering the induction of 24 
human beta-defensin 2 (HBD2) secretion to the epithelial surface in response to bacteria and the 25 
importance of biofilm in microbial infection, we hypothesized that HBD2 has biofilm inhibitory 26 
activity. We assessed the viability and biofilm formation of a pyorubin-producing Pseudomonas 27 
aeruginosa strain in the presence and absence of HBD2 in comparison to the highly bactericidal 28 
HBD3. At nanomolar concentrations, HBD2 – independent of its chiral state – significantly reduced 29 
biofilm formation but not metabolic activity, unlike HBD3, which reduced biofilm and metabolic 30 
activity to the same degree.  A similar discrepancy between biofilm inhibition and maintenance of 31 
metabolic activity was also observed in HBD2 treated   Acinetobacter baumannii, another Gram-32 
negative bacterium. There was no evidence for HBD2 interference with the regulation of biofilm 33 
production. The expression of biofilm-related genes and the extracellular accumulation of pyorubin 34 
pigment, another quorum sensing controlled product, did not differ significantly between HBD2 35 
treated and control bacteria, and in silico modeling did not support direct binding of HBD2 to 36 
quorum sensing molecules. However, alterations in the outer membrane protein profile accompanied 37 
by surface topology changes, documented by atomic force microscopy, was observed after HBD2 38 
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treatment. This suggests that HBD2 induces structural changes that interfere with the transport of 39 
biofilm precursors into the extracellular space. Taken together, these data support a novel mechanism 40 
of biofilm inhibition by nanomolar concentrations of HBD2 that is independent of biofilm regulatory 41 
pathways. 42 

Introduction 43 

 44 

Biofilms are composed of microbial communities encased in a protective layer of self-produced, 45 
extracellular polymers. Biofilms are formed on both abiotic and biotic surfaces and play a significant 46 
role in a variety of settings such as aquaculture [1], the food industry, and the clinical field as a factor 47 
for antimicrobial drug resistance. Biofilms can colonize body surfaces and mechanisms regarding 48 
how our bodies prevent biofilm formation are under extensive investigation [2]. In part, biofilms 49 
provide tolerance to host immune factors and antibiotics through impeding their diffusion.  50 
Furthermore, biofilms enhance bacterial resistance to these factors by altering bacterial metabolism 51 
resulting from to the decreased oxygen levels in the center of the biofilm mass as well as the 52 
acidification of the local microenvironment [2; 3; 4; 5]. The biofilm matrix is primarily composed of 53 
exopolysaccharide, proteins, and extracellular DNA and has been particularly well studied in 54 
Pseudomonas aeruginosa, a ubiquitous, opportunistic, Gram-negative bacterium. The major 55 
structural polysaccharides of P. aeruginosa biofilms are Pel, which is composed of positively 56 
charged amino sugars, and Psl, which is a polymer of glucose, rhamnose, and mannose; and in 57 
certain strains, alginate – an anionic polysaccharide [6; 7; 8]. Proteinaceous components of biofilm 58 
include type 4 pili and cup fimbriae serving attachment and various proteins that connect matrix 59 
components adding strength to the biofilm [9]. Extracellular DNA (eDNA), which is released via cell 60 
lysis [10], plays an important role in priming surfaces for the initial adhesion of the bacteria as well 61 
as in maintaining the structural integrity of the polysaccharide fibers [3; 6; 11; 12; 13; 14].  62 
Multiple regulatory networks govern the complex process of biofilm formation [15], which 63 
progresses from initial attachment mediated by the flagella and the production of pili, to 64 
downregulation of flagellar genes, upregulation of the production and secretion of matrix 65 
components, maturation, and eventual reappearance of flagella and dispersion. For P. aeruginosa, 66 
biofilm regulation has been well studied and several regulatory systems have been identified 67 
including the Las, Rhl, and quinolone quorum sensing systems, the GacA/GacS two-component 68 
system, and c-di-GMP controlled pathways. Key quorum sensing molecules for Las, Rhl, and 69 
quinolone systems are N-(3-oxododecanoyl)-homoserine lactone (3-oxo-C12-HSL), N-butanoyl-70 
homoserine lactone (C4-HSL), and 2-heptyl-3-hydroxy-4-quinolone (known as Pseudomonas 71 
Quorum Sensing molecule or PQS), respectively [16; 17]. These overlapping regulatory systems not 72 
only control the production of biofilm but also the production of pigment and various other virulence 73 
factors [17; 18]. Genes whose expression is modulated during biofilm formation include flgF, which 74 
encodes for the basal rod in bacterial flagellin, and pslA, which is the first gene in the polysaccharide 75 
synthesis locus [19; 20]. 76 
In addition to being able to produce biofilm, P. aeruginosa possesses potent virulence factors such 77 
as: a type III secretion system, which allows it to directly deliver exotoxins to host cells [21]; 78 
rhamnolipids, which enable P. aeruginosa to disrupt the tight junctions of respiratory epithelia [22]; 79 
and pigments with diverse functions in metal-chelation, competitive inhibition of other bacteria, and 80 
resistance to oxidative stress [23; 24; 25]. All of these virulence factors and resistance mechanisms 81 
contribute to P. aeruginosa being one of the leading isolates in healthcare-associated pneumonia in 82 
intensive care units and chronic lung infection in patients with cystic fibrosis, a genetic disorder 83 
characterized by impaired anion transport and increased mucous viscosity [26]. Yet, despite its 84 
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ubiquity in nature and its prevalence in healthcare-associated infections, P. aeruginosa is not known 85 
to cause lung infection in healthy adults, suggesting that humans possess effective innate defense 86 
mechanisms in the airways against this organism.  87 
Antimicrobial peptides (AMPs) are small, highly conserved effector molecules that play a key role in 88 
innate immunity [27; 28]. Present in plants, insects, and mammals, most AMPs are between 2 – 5 89 
kDa in size and are cationic with varying degrees of hydrophobicity. Upon the detection of microbial 90 
components via pattern recognition receptors, AMPs can be synthesized by epithelial cells and 91 
myeloid cells as part of the first line of defense against microbes [29; 30; 31; 32; 33]. A wealth of 92 
research has been performed on the ability of AMPs to displace cations bound to bacterial 93 
membranes, which are rich in either negatively charged lipopolysaccharides or lipoteichoic acids in 94 
addition to anionic phospholipids [34]. After binding to bacterial membranes, AMPs can perturb the 95 
membrane structure and form pores mediated by hydrophobic and electrostatic forces. In addition to 96 
the charge of the membrane, phospholipid species and the presence or absence of cholesterol, which 97 
is absent in bacterial membranes, also affect the binding and orientation of AMPs and hence, their 98 
pore-forming capabilities [35; 36; 37; 38; 39; 40]. While pore-formation has been a widely studied 99 
mechanism of action, an increasing body of research suggests that the antimicrobial activity of AMPs 100 
may also depend on other mechanisms – disruption of cell wall synthesis, metabolic activity, ATP 101 
and nucleic acid synthesis, and amino acid uptake [33; 41]. Furthermore, certain AMPs interact with 102 
the eukaryotic host cells and have immunoregulatory functions in addition to their antimicrobial 103 
activity. A notable example is that LL-37 can also: act as a chemotactic agent to recruit other immune 104 
cells and modulate cytokine and chemokine expression in host cells, bind bacterial 105 
lipopolysaccharide, and dysregulate the expression of genes involved in biofilm formation [42; 43; 106 
44; 45; 46]. Other AMPs have also shown multi-functional capabilities, in particular human beta-107 
defensin 2 (HBD2) and 3 (HBD3), which have been proven to possess mechanisms of action that are 108 
more complex than simple pore formation and membrane perturbation [47; 48; 49]. In fact, HBD2 109 
was the first human beta defensin to demonstrate chemotactic activity [50]. Beta-defensins are 110 
characterized by three, antiparallel β-strands stabilized by three conserved disulfide linkages 111 
preceded by an α-helical domain near the N-terminus [51; 52; 53]. Although HBD2 and HBD3 share 112 
amino acid sequence and some structural similarities, their overall net charge, hydrophobicity, and 113 
charge distribution differ significantly (Table 1) and may play a role in their unique and distinct 114 
mechanisms of action. Expression of HBD2 and HBD3 is low or absent during steady state but both 115 
peptides are induced in airway epithelial tissues during infection or inflammation [31; 32; 48; 54]. 116 
Due to their lasting potency for millions of years and the feasibility of modifying AMP structures, 117 
AMPs continue to be in the spotlight as potential antimicrobial agents [33]. The importance of 118 
biofilm in the infection process and in their resistance to antimicrobial agents has been recognized, 119 
yet there is a lack of drugs that interfere with biofilm. Therefore, knowledge on the structure-function 120 
relationships of AMPs, and the effects of AMPs on bacterial biofilm formation may benefit rational 121 
engineering and design of novel AMP variants and therapeutic regimens that are effective against 122 
microbial biofilms [55]. Considering the induction of HBD2 and HBD3 and their secretion to the 123 
epithelial surface in response to bacteria and their products, we hypothesized that HBD2 and HBD3 124 
have biofilm inhibitory activity. We discovered that biofilm and metabolic inhibition are 125 
proportionally reduced by HBD3 but not by HBD2. At low concentrations, HBD2 inhibits biofilm 126 
production, but not metabolic activity. We undertook multiple approaches to delineate the underlying 127 
mechanism for the selective biofilm inhibitory effects of HBD2. This research may lead to the 128 
identification of novel targets for the engineering of antimicrobials, which, in the era of increasing 129 
multi-drug resistance, is of great importance.  130 

 131 
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Materials and Methods 132 
 133 
Antimicrobial peptides 134 
Chemical synthesis and purification of human beta-defensin 2 (HBD2/L-HBD2), its D- form (D-135 
HBD2) comprised entirely of D-amino acids, its linearized mutant (Linear HBD2 with alanine 136 
replacing all cysteine residues), and human beta-defensin 3 (HBD3, in L-form) have been described 137 
previously [56; 57]. Table 1 summarizes their physicochemical properties. Stock solutions (500 µM) 138 
were prepared in 0.01% acetic acid and stored at – 20 °C. For experiments, peptides were used as 10-139 
fold concentration in 0.01% acetic acid.  140 
 141 
Bacterial culture  142 
For this study, a pyorubin-producing P. aeruginosa strain (a cystic fibrosis isolate previously 143 
obtained from Dr. Michael J. Welsh, University of Iowa, Iowa City) and A. baumannii ATCC 19606 144 
were used.  For each experiment, snap-frozen 18 h cultures in Tryptic Soy Broth (TSB) (Oxoid) were 145 
quickly thawed, subcultured into prewarmed TSB (750 µL into 50 mL), and brought to mid-log 146 
growth phase (3 h at 37 °C, 200 rpm). Bacterial cells were then sedimented and washed with 140 mM 147 
NaCl by centrifugation for 10 min at 805 × g in a precooled centrifuge (4 °C), and resuspended in 148 
500 µL 140 mM NaCl. For gene expression analysis, the suspended bacteria were used directly. For 149 
all other assays, the concentration of bacteria was first adjusted to 5 × 107 CFU/mL in 140 mM NaCl, 150 
and then further diluted as needed.  151 
 152 
Biofilm quantification 153 
In a round bottom 96-well polystyrene microtiter plate (Costar #3795), 90 µL mid-logarithmic 154 
growth phase bacteria were added to 10 µL of 10-fold concentrated defensin or 0.01% acetic acid as 155 
solvent control to yield the following final assay conditions: 1 × 106 CFU/mL, 10%  Mueller-Hinton 156 
broth (Oxoid, without cations), and 140 mM NaCl. Samples were incubated for 18 h at 37 °C and 157 
biofilms were quantified according to Merritt et al. [58]. Briefly, the content of sample wells 158 
containing non-adherent bacteria (planktonic and/or dead) was carefully discarded without disturbing 159 
the biofilm, and the well walls were rinsed three times with dH2O (200 μL/well) followed by addition 160 
of 125 µL of 0.1% crystal violet (Sigma-Aldrich, St. Louis, MO). After 10 min incubation at RT, the 161 
crystal violet solution was removed, wells were rinsed three times with dH2O (200 μL/well) and air 162 
dried for at least 30 min. To solubilize crystal violet bound to biofilm, 200 µL of 30 % acetic acid 163 
was added to each well and after 15 min incubation at RT 125 µL was transferred to optically clear 164 
flat-bottom 96-well polystyrene microtiter plates (Perkin Elmer from Waltham, MA USA). 165 
Absorbance was read at 570 nm using a Victor X3 Plate Reader (Perkin Elmer). Wells containing 166 
only 125 μL of 30 % acetic acid were used to subtract baseline absorbance values from samples for 167 
analysis.  168 
 169 
Metabolic activity measurement  170 
Resazurin reduction was employed as a measure of bacterial metabolic activity [59; 60]. Metabolites 171 
accumulating during bacterial growth reduce the weakly fluorescent resazurin to the highly 172 
fluorescent resorufin. Samples were prepared as described above but with resazurin (Sigma) added to 173 
the assay buffer to obtain a final concentration of 0.01% resazurin (w/v). Relative fluorescent units 174 
(RFU) were measured every 3 h with a preheated Victor X3 Plate Reader (Perkin Elmer)  at 530 nm 175 
excitation and 616 nm emission wavelength and a top read.  176 
 177 
 178 
 179 
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ATP quantification 180 
ATP concentrations of non-adherent bacteria were determined using the BacTiterGlo kit (Promega), 181 
with ATP standard curves prepared according to the manufacturer’s instructions. Bacteria were 182 
prepared and incubated with defensins for 18 h as described for the biofilm assay. Then, the entire 183 
well contents were transferred to a new 96 well plate, thoroughly resuspended, and of this 75 µL 184 
from each well was transferred to a black 96-well half area plate (Perkin-Elmer).  After addition of 185 
75 µL ATP substrate solution to each well and 5 min mixing on an orbital shaker, luminescence was 186 
quantified with a Victor X3 plate reader. Seventy-five µL aliquots of serially diluted ATP standard 187 
were treated in the same way.   188 
 189 
Pyorubin quantification 190 
Pyorubin is a collection of pigments produced by certain P. aeruginosa strains including our test 191 
strain. Although its full chemical composition is unknown, it consists of at least two, water-soluble, 192 
red-colored pigments [61]. Pyorubin quantification was based on Hosseinidoust et al. [23]. Briefly, 193 
bacteria were grown for 18 h in 10% Mueller-Hinton and 140 mM NaCl in the presence of 0.125 to 1  194 
μM of HBD2 or solvent control in final assay volumes of 1 mL in 12-well microtiter plate (non-tissue 195 
culture treated, Costar). After 18 h incubation, well contents were collected and centrifuged at 5,000 196 
× g for 10 min at 4 °C to remove non-adherent bacteria. Equivolume mixtures of cell free supernatant 197 
(900 µL) and chloroform (900 µL) were mixed and centrifuged at 12,000 × g for 15 min at 4 °C to 198 
separate the aqueous and organic phases and remove cell debris and other molecules. The aqueous 199 
phase containing pyorubin was lyophilized, dissolved in 125 µL volume of dH2O.   From this, 100 200 
µL were transferred to a 96-well flat bottom plate (Perkin Elmer) followed by an absorbance reading 201 
at 535 nm using a Victor X3 Plate Reader (Perkin Elmer).  202 
 203 
 204 
In silico molecular docking studies 205 
The in silico modeling of binding between QS molecules and HBD2 was performed using Autodock 206 
Vina (The Scripps Research Institute) through the UCSF Chimera program 207 
(https://www.cgl.ucsf.edu/chimera/). LasR receptor (RSCB 3IX3) and HBD2 (RSCB 1FQQ) were 208 
considered as rigid receptors and were docked with N-(3-oxododecanoyl) homoserine lactone (3-oxo-209 
C12-HSL), N-butanoyl homoserine lactone (C4-HSL), and 2-heptyl-3-hydroxy-4-quinolone (PQS) as 210 
ligands. Phosphorylcolamine (NEtP) was used as a negative control. Free energy of binding was used 211 
to calculate dissociation constants using equation (1) with R = 0.00198 kcal/(mol K) and T = 37 °C = 212 
310.15 K [62]. 213 

KD,pred = 𝑒𝑒([∆Gbind]/[(R/1000)∗T]) (1) 214 
 215 
Gene expression analysis 216 
Mid-logarithmic growth phase bacteria were prepared and washed as described above. The assay was 217 
up-scaled using 12-well polystyrene flat bottom plates with non-reversible lids with condensation 218 
rings (Genesee Scientific, San Diego, CA, USA). Twenty µL of the washed bacteria was added to 219 
HBD2 or solvent (100 µL of 10-fold concentrated defensin  in 0.01% acetic acid or 0.01% acetic 220 
acid, respectively,  diluted in 900 µL 10% Mueller Hinton/140 mM NaCl) yielding about 1 × 108 221 
CFU/mL. After incubation at 37 °C for the specified time points, biofilm and planktonic phase 222 
bacteria were homogenized by 10 min vortexing with 1 mm glass beads and tightly secured lids 223 
(Sigma-Aldrich, St. Louis, MO, USA). RNA extraction was performed on the homogenized samples 224 
using an RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s enzymatic lysis 225 
and mechanical disruption protocol with acid-washed 425-600 µm glass beads (Sigma-Aldrich). 226 
Residual genomic DNA was removed with in-solution TurboDNase treatment  (2 U/µL,  Invitrogen, 227 
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Carlsbad, CA, USA) according to the manufacturer’s recommendations followed by purification and 228 
concentration of RNA samples with RNA Clean & Concentrator-5 kit (Zymo Research, Irvin, CA, 229 
USA). Purity of RNA was confirmed by lack of amplification in SsoAdvanced™ Universal SYBR® 230 
Green (Bio-Rad, Hercules, CA, USA) real-time PCR using the RNA samples as template and primers 231 
for the housekeeping gene gapA (see Table 2). Confirmed pure RNA samples were reverse 232 
transcribed with iScript Reverse Transcription Supermix (Bio-Rad) and resulting cDNA was diluted 233 
to 25 ng/µL in nuclease free water. SsoAdvanced™ Universal SYBR® Green real-time PCR was 234 
performed with target primers for pslA and flgF and housekeeping gene gapA as reference gene (see 235 
Table 2, used at 0.75 µM final concentrations) in 10 µL reaction volumes and 12.5 ng cDNA input. 236 
Primers (Integrated DNA Technology’s, IDT, Coralville, IA, USA) were designed using IDT’s 237 
primerQuest Tool. Quantitative PCR (qPCR) and subsequent melt curve was performed using BIO-238 
RAD’s CFX96 Real Time Thermocycler following  standard conditions with annealing/extension at 239 
60°C. CT values and relative gene expression were determined with BIO-RAD’s CFX Maestro 240 
Version 1.1. Amplified products were verified through size determination via standard agarose gel 241 
electrophoresis and melt curve analysis. Each time point was assessed in three independent 242 
experiments conducted in duplicates for a total n of 6. Initially, 16S rRNA was considered as a second 243 
housekeeping gene. However, its CT values (around 5) were substantially earlier than the CT values 244 
for the target genes and gapA (at or above 20) and thus, 16S rRNA gene expression was not further 245 
evaluated in this study. 246 
 247 
Outer membrane protein profile analysis 248 
P. aeruginosa outer membranes were harvested after incubation with HBD2 or solvent control 249 
according to Park et al. 2015 [63] with minor modifications. Briefly, bacteria were prepared as above 250 
and then grown for 18 h in 10% Mueller-Hinton and 140 mM NaCl in the presence of 0.125 to 1 µM 251 
of HBD2 or solvent control in final assay volumes of 1 mL in 12-well microtiter plate (Costar® not 252 
treated, Corning). After 18 h incubation, the well contents were resuspended, transferred into 253 
microfuge tubes, and centrifuged at 5,000 × g for 10 min at 4 °C to pellet the bacterial cells. Cells 254 
were then resuspended in 80 µL of 0.2 M Tris-HCl, pH 8.0. Then, 120 µL lysis buffer was added to 255 
the resuspended cells (final conditions were 200 µg/mL hen egg white lysozyme (Sigma-Aldrich), 20 256 
mM sucrose and 0.2 mM EDTA in 0.2 M Tris-HCl, pH 8.0). After a 10 min incubation at RT, 2 µL 257 
of Protease Inhibitor Cocktail (Sigma Aldrich P8340) was added followed by 202 µL of extraction 258 
buffer (10 µg/mL DNAse I [Sigma-Aldrich DN25] in 50 mM Tris–HCl/10 mM MgCl2/ 2 % Triton 259 
X-100). After 1.5 h incubation on a rocker at 4°C, samples were centrifuged at 1500 × g at 4°C for 5 260 
min. The resulting supernatants from triplicate samples, which contain the outer membranes, were 261 
pooled and placed into 4 mL ultrafiltration tubes with 5 kDa cut off molecular weight (Amicon 262 
Ultracel, 5k, Millipore). PBS was added to yield a volume of 4 mL, and then the tubes were 263 
centrifuged at 2400 ×g until about 500 µL residual volume was obtained. The outer membranes in 264 
this residual were then washed by suspending in 3.5 mL PBS and then centrifuging at 2400 ×g for 25 265 
min at RT, yielding a residual volume of approximately 200 µL. Of this, 4 µL were subjected to 266 
standard SDS-PAGE using Bio-Rad 16.5 % Mini-Protean Tris-Tricine gels followed by silver stain. 267 
Images were acquired with Versadoc (Bio-Rad) and analyzed with Image Lab version 6.01 software 268 
from Bio-Rad Laboratories. 269 
 270 
Atomic force microscopy 271 
P. aeruginosa (1 × 106 CFU/mL inoculum) was incubated in 10 % Mueller Hinton broth/140 mM 272 
NaCl/12.5 mM sodium phosphate pH 7.0 with and without HBD2 (0.25 µM), on glass coverslips 273 
(Borosilicate glass square coverslips, Fisher Scientific)  in 6-well plates (Corning) for 18 h at 37°C. 274 
As negative controls for HBD2 the peptide solvent 0.01% acetic acid was included, respectively. 275 
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Coverslips were then transferred into wells of a fresh 6-well plate and adherent bacteria were fixed 276 
with 2.5 % glutaraldehyde (Ted Pella, CA; 0.25% in PBS, electron microscopy grade) for 20 min at 4 277 
°C followed by washing with deionized water according to Chao and Zhang, 2011 [64], and stored at 278 
4°C until imaging by atomic force microscopy (AFM). 279 
All AFM tests [65] were carried out with a NX12 AFM system (Park System) using an aluminum 280 
coated PPP NCHR (Park systems) cantilever with a spring constant of 42 N/m, a resonance 281 
frequency of 330 kHz, and a nominal tip radius of < 10 nm. At least five images were acquired per 282 
sample in air with non-contact mode (NCM) with settings of 256 pixels/line and 0.75 Hz scan rate 283 
and continuous monitoring of the tip integrity. The images were first order flattened and the 284 
roughness and height of all bacteria were measured using XEI software (Park Systems). Specifically, 285 
roughness of each bacterium was calculated from the root mean square value (RMS, i.e. standard 286 
deviation of the distribution of height over the whole bacterium surface). 287 
 288 
 289 
Data and statistical analysis 290 
Data graphs were generated using Microsoft Excel® 2016 or Graphpad Prism 7.04 Software. 291 
Statistical analyses were performed using IBM SPSS version 24 or Graphpad Prism 7.04 Software. A 292 
p-value < 0.05 was considered statistically significant.   293 
 294 
 295 
Results 296 
 297 
At low concentrations, HBD2 does not reduce metabolic activity but inhibits biofilm production 298 
by P. aeruginosa, unlike HBD3 299 
To compare the antimicrobial activities of HBD2 and HBD3, P. aeruginosa was exposed to either 300 
peptide at various concentrations over a period of 18 h. Viability was assessed by measuring 301 
metabolic activity every 3 h via quantification of resazurin reduction to the highly fluorescent 302 
resorufin by bacterial metabolites. Biofilm was assessed at 18 h post-incubation via quantification of 303 
crystal violet staining through absorbance readings. The resazurin reduction assay showed that both 304 
HBD2 and HBD3 reduced metabolic activity in a dose-dependent manner, with HBD3 being more 305 
effective on a per molar basis, producing around a 30% reduction at 0.5 µM compared to the 4 µM 306 
needed by HBD2 at 18 h for the same effect (Figure 1). However, when comparing the effect on 307 
biofilm production between the two peptides, a notable difference was observed. At concentrations of 308 
0.25 and 0.5 µM, HBD2 reduced P. aeruginosa biofilm to ~ 75% of the control without significantly 309 
reducing the metabolic activity (Figure 2A). In contrast, at these concentrations, HBD3 reduced the 310 
formation of P. aeruginosa biofilm in a dose dependent manner that was directly proportional to the 311 
cumulative effect on metabolic activity and further reduced both biofilm and resorufin production to 312 
nearly undetectable levels at a concentration of 1 μM (Figure 2B) consistent with direct microbicidal 313 
activity. ATP concentrations measured at the end of the 18 h incubation period corroborated the 314 
resazurin data (Figure 3), showing maintained ATP levels in HBD2 treated bacteria but a significant 315 
reduction of ATP levels in HBD3 treated P. aeruginosa (at 2 µM defensin, 17.65 ± 5.31 nM ATP 316 
compared to 3.6 ± 2.88 nM ATP, respectively, p = 0.011). These data suggest a differential 317 
mechanism for the antimicrobial activity between HBD2 and HBD3, and that HBD2 selectively 318 
inhibits biofilm formation at low concentrations.  319 
 320 
 321 
HBD2 similarly inhibits biofilm production by A. baumannii without reducing metabolic 322 
activity at lower concentrations 323 
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To rule out that the observed differential biofilm reducing activity of HBD2 activity was strain-324 
specific and restricted to P. aeruginosa, we also subjected A. baumannii-another opportunistic Gram-325 
negative rod of clinical relevance - to varying doses of HBD2 and determined resazurin reduction and 326 
biofilm production after 18 h incubation. As shown in Figure 4, at low concentrations, HBD2 327 
similarly inhibited biofilm formation while not reducing metabolic activity of A. baumannii. For 328 
example, at 1 µM, HBD2 effected a significant reduction of biofilm to 51.77 ± 2.93 % of the control 329 
(p < 0.001) while resazurin reduction was still at 115 ± 0.67 % (p = 1.0,) of the control (means ± S.D, 330 
n = 3). At higher concentrations though, HBD2 appeared to have greater effects on A. baumannii 331 
compared to P. aeruginosa as both biofilm and metabolic activity were reduced to less than 2 %  and 332 
20 % of the control at 4 µM HBD2, respectively (1.23 ± 0.48 % and 18.71 ± 10.43 %, means ± S.D, 333 
n = 3). 334 
 335 
HBD2 biofilm inhibitory activity does not depend on chirality but on folding state 336 
Since HBD2 appeared to selectively reduce biofilm formation and it has been known to bind to 337 
chemokine receptors on eukaryotic cells [66; 67], it was possible that the effects of HBD2 were due 338 
to binding to receptors involved in the biofilm regulatory pathway such as the GacA/GacS system. 339 
To test this, we assessed the activity of the D-form of HBD2, which, due to mismatched chirality, 340 
does not bind to proteinaceous receptors of L-HBD2. Like L-HBD2, D-HBD2 effected a significant 341 
reduction of biofilm production by P. aeruginosa without reducing metabolic activity (Figure 5A). 342 
Thus, this suggests that the observed HBD2 effect on P. aeruginosa biofilm production was not due 343 
to binding to receptors important for biofilm regulatory pathways.  344 
Upon proper folding, defensins form three intramolecular disulfide bridges, which stabilize an 345 
amphipathic structure where cationic and hydrophobic amino acid residues are spatially segregated. 346 
To assess the importance of the structure and thus, charge distribution of HBD2 for its observed 347 
activity, a comparison was made between wildtype HBD2 and a linearized HBD2 mutant (Linear 348 
HBD2) with cysteine residues replaced by alanine residues. Loss of the cysteine residues prevents the 349 
formation of stabilizing disulfide bonds, drastically limits proper folding, and disrupts the 350 
organization of charged domains thought to be critical for AMP activity [68; 69; 70]. As shown in 351 
Figure 5B, linearization of HBD2 resulted in a pronounced loss of activity.  352 
Taken together, these data provided evidence for a receptor-independent activity that requires proper 353 
sequestration of charged and hydrophobic residues. We next asked whether HBD2 disrupts 354 
regulatory pathways of biofilm production through QS molecule binding. To answer this question, 355 
we took a three-pronged approach and performed in silico docking studies with known QS molecules 356 
involved in biofilm regulation, employed qPCR probing for genes differentially expressed during 357 
biofilm formation, and quantified pyorubin, a pigment regulated by the pathways that also affect 358 
biofilm production.  359 
 360 
HBD2 binding to QS molecules is unlikely based on Autodock Vina prediction  361 
QS molecules are small and flexible molecules with a potential for hydrogen bonding and 362 
hydrophobic interactions. Thus, they may bind to and be sequestered by HBD2. To explore this 363 
further, Autodock Vina was used (Figure 6) to predict HBD2 binding to known P. aeruginosa QS 364 
molecules representing three different QS systems, namely 3-oxo-C12-HSL – as the major QS 365 
molecule for P. aeruginosa  utilized by the Las system, C4-HSL primarily  utilized by the Rhl 366 
system, and PQS a key sensing molecule in the 4-quinolone system [71]. As a positive control, 367 
Autodock Vina was also used to match the known binding pocket of the QS molecule 3-oxo-C12-368 
HSL to its receptor LasR that has been previously assessed by X-ray diffraction (RSCB 3IX3 [72]. 369 
Phosphorylcolamine (NEtP), which is not expected to bind to either LasR receptor or HBD2, was 370 
used as a negative control. Using the same methodology that confirmed binding of 3-oxo-C12-HSL 371 
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to LasR here, (Figure 6A) no binding  of  3-oxo-C12-HSL to HBD2 was found (Figure 6B). 372 
Furthermore, we calculated the free energy of binding and found for LasR values corresponding to 373 
those reported in the literature [62; 73]. Employing a -6 kcal/mol threshold for  likely binding 374 
between ligand and receptor,  binding between LasR and 3-oxo-C12-HSL, C4-HSL, and PQS was 375 
much more favorable (Figure 6C) than binding between HBD2 and these sensing molecules (Figure 376 
6D).  377 
Using equation [1], the dissociation constants (KD) for the most favorable binding pair between either 378 
LasR or HBD2 with each QS molecule was calculated (Table 3). This method predicted the KD of 3-379 
oxo-C12-HSL and LasR (1.15 µM) near that of previously reported values (~5.5 μM) [74]. 380 
Furthermore, KD values for LasR binding with all three P. aeruginosa QS molecules were 381 
consistently two to three orders of magnitude lower than those of HBD2 binding with any of these 382 
QS molecules. This suggests that it is unlikely for HBD2 at physiological concentrations [75; 76; 77] 383 
to significantly bind these QS molecules.  384 
 385 
Gene expression of flgF and pslA is not affected by HBD2 386 
During biofilm formation, motility and production of exopolysaccharide are reciprocally regulated 387 
with reduction of the expression of flagella-related genes and increase in the expression of genes 388 
contributing to polysacharide synthesis including Pls polysaccharide. Thus, we compared the 389 
expression of flgF (Figure 7A) and pslA (Figure 7B) in P. aeruginosa treated with 0.25 µM HBD2 390 
or solvent at various timepoints for up to 12 h . For solvent treated control bacteria, as expected, flgF 391 
gene expression decreased within 2 h reaching statistical significance after 6 h and the expression of 392 
pslA was signficantly increased after 2 h compared to the later time points (p < 0.01 and p < 0.05 in 393 
multivariate ANOVA with Bonferroni posthoc analysis). As observed for control bacteria, flgF gene 394 
expression decreased over time and was significantly reduced in HBD2 treated bacteria (p < 0.05) 395 
though changes in pslA gene expression did not reach statistical significance. However, there was 396 
overall no statistical significant difference between solvent and HBD2 treated bacteria. Thus, 397 
expression analysis of genes altered early in the biofilm production process does not support that 398 
HBD2 interference with biofilm production occurs at the transcriptional level. 399 
 400 
Pyorubin accumulation is not reduced in media collected from HBD2 treated P. aeruginosa  401 
Pigment production in P. aeruginosa has been shown to be also regulated by QS [24; 61]. To further 402 
corroborate that HBD2 does not interfere with QS, we quantified pyorubin released into culture 403 
supernatants in the presence and absence of HBD2. At 0.125 and 0.25 µM HBD2 there was no 404 
difference in pyorubin accumulation compared to the control (data not shown). In the presence of 0.5 405 
and 1 µM HBD2, there was a slight increase of pyorubin (109.5 ± 4.9% and 109.9 ± 5.8 % of the 406 
control, respectively, p < 0.01 in univariate ANOVA with Bonferroni posthoc adjustment). This 407 
finding further supports that HBD2 does not inhibit quorum sensing and next, we explored whether 408 
HBD2 may induce structural changes in the outer membrane that could interfere with the transport of 409 
biofilm precursors to the extracellular space.   410 
 411 
 412 
HBD2 alters the outer membrane protein profile of P. aeruginosa 413 
Outer membrane proteins participate in the process of biofilm formation [78]. Hence, we probed 414 
whether incubation with HBD2 leads to changes in the outer membrane protein profile of P. 415 
aeruginosa (Figure 8). A representative image of outer membrane preparations resolved by silver 416 
stained SDS-PAGE is depicted in Figure 8A. Numerous bands are detected ranging from about 10 417 
kDa to over 200 kDa with the most dominant bands appearing above 25 kDa, in particular a band 418 
around 35 kDa similar to the molecular weights of previously reported P. aeruginosa outer 419 
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membrane proteins [79]. Two weaker bands around 10 kDa are consistently visible only in the outer 420 
membrane preparations from control bacteria. Overall, the outer membranes from HBD2 treated 421 
bacteria appear to contain less proteins between 35 and 75kDa. A prominent band between 10 and 15 422 
kDa is detected in all samples, including the medium control, consistent with the molecular weight of 423 
the lysozyme (14 kDa) added during the extraction procedure. Figure 8B summarizes the protein 424 
profiles of the outer membrane preparations from control bacteria and HBD2 treated bacteria. To 425 
control for variations during the ultrafiltration process and gel loading, the band intensities of the 426 
various proteins were normalized with the presumptive lysozyme band intensity. HBD2 appears to 427 
affect a decrease in outer membrane proteins in particular at about 22 kDa, 34 kDa, 40 kDa, 45 kDa, 428 
and 50 kDa, with the changes noticeable at all concentrations tested.  429 
 430 
 431 
 432 
Atomic force microscopy reveals ultrastructural changes in HBD2 treated bacteria reflected in 433 
increased surface roughness 434 
We also assessed whether the changes at the outer membrane induced by HBD2 resulted in 435 
topographical changes and employed atomic force microscopy to measure bacterial height and 436 
roughness after incubation for 18 h in the presence or absence of 0.25 µM HBD2 (Figure 9). 437 
Representative images of control and HBD2 treated bacteria are shown in Figure 9A. The surface of 438 
control bacteria appears smoother compared to the surface of HBD2 treated bacteria, the latter 439 
showing irregular dents. While the overall bacterial height is not significantly different in HBD2-440 
treated bacteria compared to solvent only exposed bacteria (215.22 ± 3.96 nm versus 220.24 ± 3.23 441 
nm, means ± S.E.M, n = 85 and n = 69, respectively, p = 0.343), there is a significant increase in 442 
roughness in HBD2 treated samples (Figure 9B) consistent with a structurally altered surface (43.39 443 
± 1.52 versus 51.86 ± 1.5 nm, means ± S.E.M., n = 85 and n = 69, p < 0.001 in independent samples 444 
T test).    445 
 446 
 447 
Taken together, our data demonstrate that at low concentrations L- and D-forms of HBD2 inhibit 448 
biofilm formation while not reducing metabolic activity in Gram-negative bacteria of two different 449 
genera, Pseudomonas and Acinetobacter. Furthermore, this activity appears to be receptor-450 
independent and not mediated by interference with quorum sensing or other regulatory pathways of 451 
biofilm production at the transcriptional level. Instead, our data are consistent with structural changes 452 
induced by HBD2 that interfere with the transport of biofilm precursors into the extracellular space 453 
suggesting a novel mechanism of action for the antimicrobial peptide HBD2.  454 
 455 
 456 
Discussion 457 
 458 
In this study, we demonstrate that, HBD2, at nanomolar concentrations, and independent of its chiral 459 
state, significantly reduced biofilm formation of P. aeruginosa without affecting metabolic activity. 460 
This was unlike HBD3, which equally reduced biofilm and metabolic activity at nanomolar 461 
concentrations. HBD2 similarly affected A. baumannii, another Gram-negative bacterium, at low 462 
concentrations. In silico modeling did not support direct binding of HBD2 to QS molecules, the 463 
release of a QS regulated pigment was not inhibited, and the expression of biofilm-related genes was 464 
not influenced by HBD2. However, the outer membrane protein profile was altered in HBD2 treated 465 
bacteria with reduced representation of several proteins, which was accompanied by increased 466 
roughness of the bacterial surface. Taken together, these data support a novel mechanism of biofilm 467 
inhibition by HBD2 at low concentrations that is independent of biofilm regulatory pathways but 468 



  Running Title 

 
11 

involves structural changes induced by HBD2 that may interfere with the transport of biofilm 469 
precursors into the extracellular space. 470 
 471 
HBD2 has been previously reported to reduce bacterial survival in existing biofilm cultures of 472 
Lactobacillus ssp., Gram-positive bacteria, at higher, micromolar concentrations.  [80]. However, 473 
inhibition of biofilm formation by HBD2 has not been reported previously to the best of our 474 
knowledge. Considering the rapid induction of HBD2 in epithelial cells’ response to 475 
proinflammatory cytokines and bacterial challenge [81], the ability to interfere with biofilm 476 
formation at low concentrations adds importance to the role of HBD2 in innate host defense during 477 
the early interaction between host and pathogen. Bacteria are more susceptible to host-derived and 478 
exogenous antimicrobial agents while they are metabolically active in the planktonic state prior to 479 
biofilm production. Thus, HBD2 may amplify host defenses early in the attempted infection process 480 
and could improve the action of antibiotics in a clinical setting [82]. Synergism studies will be able to 481 
address this experimentally in the future. 482 
 483 
Anti-biofilm activity of HBD2 in the absence of inhibition of metabolic activity of P. aeruginosa 484 
occurred only at low concentrations. A concentration dependent mechanism of action has been well 485 
documented for the lantibiotic nisin, which, at nanomolar concentrations, preferentially binds to lipid 486 
II disrupting cell wall synthesis and, at micromolar concentrations, embeds into the bacterial 487 
membrane causing pore formation [83; 84; 85; 86; 87]. More recently, the alpha-defensin human 488 
neutrophil peptide 1 (HNP1) has been added to the list of antimicrobial peptides that initially interact 489 
with lipid II, and when concentrations increase, with the bacterial cell membrane [88]. Binding of 490 
HBD3 to lipid II has also been described, albeit at higher concentrations, in the micromolar range 491 
[47]. It is conceivable that HBD2 could similarly interfere with membrane-embedded proteins 492 
responsible for the transport of biofilm components [17] at low concentrations followed by 493 
membrane perturbation at higher concentrations.  494 
 495 
The differential effect of HBD2 on biofilm production and metabolic activity of P. aeruginosa was 496 
not observed in the related beta-defensin HBD3, which was active at lower concentrations than 497 
HBD2 and equally reduced biofilm and metabolic activity reflecting a strong bactericidal activity. 498 
These differences in their activity could be at least in part attributed to the differences in their 499 
physicochemical properties with respect to net charge, surface charge distribution, hydrophobicity 500 
index, and behaviour in solution [51; 89]. Biofilm is a complex matrix with numerous components 501 
that can be affected in different ways by HBD2 and HBD3. For example, alginate has been shown to 502 
affect antimicrobial peptide conformation inducing alpha-helices contigent on the hydrophobicity 503 
[90], and HBD2 and HBD3 substantially differ in their hydrophobicity with HBD2 being more 504 
hydrophobic than HBD3.  505 
 506 
HBD2, at low concentrations, similarly inhibited biofilm production in A. baumannii without 507 
reducing metabolic activity suggesting the observed effects are not strain specific. However, at higher 508 
HBD2 concentrations differences between the effects on P. aeruginosa and A. baumannii emerged as 509 
reflected in a near complete inhibition of biofilm production of A. baumannii contrasting the stalled 510 
biofilm inhibition of P. aeruginosa. The lesser susceptibility of P. aeruginosa to HBD2 may be due 511 
to a greater outer membrane vesicle production in P. aeruginosa that may sequester HBD2 before it 512 
reaches the bacterial cell [91]. 513 
 514 
Like other defensins, HBD2 forms three intramolecular disulfide bridges and linearization of the 515 
peptide can reveal the importance of its structure for its antimicrobial activity [92]. Here, 516 
linearization of full length HBD2 led to a pronounced loss of both its antimicrobial and biofilm 517 
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inhibitory activity. This contrasts reports for other defensins including HBD3 and could be attributed 518 
to a lack of accumulation of positively charged amino acid residues at the C-terminus of HBD2 519 
compared to HBD3. Chandrababu and colleagues [93] have shown that positively charged residues 520 
cluster in the C-terminal segment of a linearized form of HBD3 allowing them to interact with the 521 
negatively charged phospholipids of micelles. The inherent antimicrobial activity of this patch of 522 
cationic residues is also reflected in studies with HBD3 analogues truncated to the C-terminal region 523 
[94].  The here observed loss of activity after linearization could indicate that HBD2 functions 524 
through a receptor [56]. However, D- and L forms of HBD2 did not differ in their activity and thus, 525 
we interrogated the possibility that HBD2 interferes with regulatory networks of biofilm production.  526 
 527 
QS molecules are key to the regulation of virulence factor production  including biofilm and pigment 528 
in P.  aeruginosa.  They are small hydrophobic molecules [95] and thus, we interrogated possible 529 
binding of HBD2 to QS molecules in silico. We found favorable binding of LasR to not only its 530 
cognate ligand 3-oxo-C12-HSL but also to C4-HSL and PQS. This is in line with a recent study 531 
describing LasR as promiscuis for binding a variety of QS molecules [96]. The unfavorable binding 532 
energies derived for HBD2 suggest that interference of QS-dependent processes through direct 533 
HBD2 binding to individual QS molecules is unlikely. Another type of QS molecule, (2S,4S)-2-534 
methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate (S-THMF-borate), has been shown to increase 535 
biofilm formation in P. aeruginosa [97; 98]. However,  although S-THMF-borate – a molecule with a 536 
distinct structure from major Gram-negative QS molecules – has been identified in some Gram-537 
positive and Gram-negative bacteria [99], P. aeruginosa does not encode the luxS gene required for 538 
its synthesis [100] and binding to this S-THMF-borate should not be further considered as an 539 
underlying mechanism for the observed biofilm inhibition. 540 
   541 
In agreement with the in silico data, HBD2 did not affect the expression of flgF and pslA. Thus, 542 
interference of HBD2 with regulatory networks at the transcriptional level is not likely to account for 543 
its biofilm inhibitory activity. However, we cannot rule out that HBD2 has posttranscriptional effects 544 
through interference with the two component signal transduction system GacS/GacA [71; 101]. GacS 545 
is a transmembrane sensor kinase phosphorylating GacA, which in turn induces the expression of 546 
small RNA molecules that antagonize the protein RsmA, a translational repressor interfering with psl 547 
translation and known to normally block exopolysaccharide production[102]. It is conceivable that 548 
HBD2 could interfere with GacS upon inserting into the bacterial membrane. Finally, HBD2 might 549 
bind to the secondary messenger molecule c-di-GMP, which regulates biofilm formation in P. 550 
aeruginosa at multiple levels [103]. Previously, de la Fuente-Nunez and colleagues [104] 551 
demonstrated that peptide 1018, derived from the antimicrobial peptide bovine Bac2a [105], inhibited 552 
biofilm formation in P. aeruginosa while not affecting planktonic growth by binding to the second 553 
messenger p(pp)Gpp and promoting its degradation. A similar mode of action could apply to HBD2. 554 
 555 
Further supporting that HBD2 does not act through interference with regulatory networks is our 556 
finding that pyorubin accumulation in the extracellular fluid was not diminished after incubation with 557 
HBD2. Pyorubin is composed of several pigments including aeruginosin A, which is a phenazine, 558 
like the much better studied P. aeruginosa pigment pyocyanin [106]. Phenazines typically traverse 559 
the bacterial membrane freely and their production is under the same controls that govern biofilm 560 
production [107; 108].  561 
 562 
Considering the lack of evidence for interference with regulatory networks and the stereoisometry 563 
independent activity of HBD2, we conceived that the observed HBD2 mediated inhibition of biofilm 564 
production is most likely due to embedding in the bacterial membrane and disruption of transport of 565 
biofilm precursor molecules across the membrane. An increasing amount of research suggests that 566 
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antimicrobial peptides can target discrete loci in bacterial membranes and thereby disrupt biological 567 
processes [109]. For example, antimicrobial peptides are known to impair the assembly of 568 
multicomponent enzyme complexes in the bacterial cell membrane [110] or disrupt periplasmic 569 
protein-protein interaction interfering with molecular transport [111]. In 2013, Kandaswamy and 570 
colleagues showed that HBD2 localizes to the mid-cell region of the Gram-positive bacterium E. 571 
faecalis [112]. The authors determined that this mid-cell region is rich in anionic phospholipids and 572 
that HBD2 delocalized the spatial organization of protein translocase SecA and sortases, both of 573 
which are important for pilus biogenesis [112; 113]. It is possible that HBD2 targets similar 574 
machinery in P. aeruginosa to impair biofilm formation. SecA also plays a role in the transport of 575 
outer membrane proteins in Gram-negative bacteria [114] and outer membrane proteins have been 576 
shown to participate in biofilm formation, including the 11 kDa LecB protein and the 38 kDa OprF 577 
[115; 116]. Consistent with this we found an altered outer membrane protein profile in HBD2 treated 578 
bacteria with a paucity of proteins around 10kDa and proteins around the molecular weights of 579 
previously reported outer membrane proteins. This may indicate structural changes of the outer 580 
membrane, which was further supported by our atomic force microscopy data demonstrating an 581 
increased roughness of the bacterial surface after HBD2 treatment. It is important to note, however, 582 
that increased roughness could also represent changes in the LPS profile. Atomic force microscopy 583 
has been previously employed elsewhere to demonstrate outer membrane damages in P. aeruginosa 584 
[117]. Resolving the outer membrane proteins by 2D gel electrophoresis could further delineate the 585 
observed changes in future experiments, which should also revisit the action of the D form of HBD2 586 
and effects on the outer membrane of A. baumannii. Finally, outer membrane vesicles have been 587 
recognized to take part in the formation of biofilm by interacting with extracellular DNA and HBD2 588 
interference with proper outer membrane formation may disrupt this process [118].   589 
 590 
In conclusion, this study reveals distinct activity of two epithelial beta-defensins, HBD2 and HBD3, 591 
and provides evidence for a novel antibacterial action of HBD2. At low concentrations in the 592 
nanomolar range, HBD2 reduced biofilm formation without reducing the metabolic activity of P. 593 
aeruginosa. Biofilm production of A. baumannii was similarly affected, indicating that the observed 594 
HBD2 activity is not strain specific. This activity is unlikely mediated through a receptor-dependent 595 
interference with regulatory networks but contingent on preservation of HBD2 structure. Our 596 
findings are consistent with a membrane-targeted action of HBD2 that affects proper function of 597 
membrane-associated proteins involved in biofilm precursor transport into the extracellular 598 
environment. Future studies dissecting the molecular basis for the described HBD2 activity may 599 
inform the development of new methods for the manipulation of biofilms in aquaculture, in the food 600 
industry, and in the healthcare setting, which is in particular of interest for the latter considering the 601 
rise of multidrug resistance.  602 
 603 
Conflict of Interest  604 
The authors declare that the research was conducted in the absence of any commercial or financial 605 
relationships that could be construed as a potential conflict of interest. 606 
 607 
Author Contributions 608 
KRP, BB, TY, MB, EE, ATT, AC, and YW: acquisition of data. KRP, BB, TY, MB, EE, ATT, AC, 609 
HP, YW, WL, and EP: analysis and interpretation of data. KRP, MM, and CA: method development. 610 
KRP and EP: statistical analysis. KRP: molecular docking. KRP, HP, YW, WL, and EP: conceptual 611 
and experimental design. KRP, HP, and EP: drafted manuscript. KRP, BB, TY, MB, EE, ATT, AC, 612 
MM, CA, HP, YW, WL, and EP: critical revision of the manuscript for important intellectual 613 
content. All authors approved the final manuscript submission. 614 
 615 



  Running Title 

 
14 

This is a provisional file, not the final typeset article 

Funding 616 
The authors disclosed receipt of the following financial support for the research, authorship, and/or 617 
publication of this article: This work was supported by the National Institutes of Health [grants NIH 618 
SC1 GM096916, NIH RISE GM061331 and NIH LA Basin Bridges to PhD GM054939], the 619 
National Science Foundation [grant NSF-MRI 1828334], the California State University Library 620 
Open Access Author Fund,  and the College of Natural and Social Sciences at California State 621 
University Los Angeles [NSS Research and Scholarship Award 2018]. The funders provided no input 622 
to the study design nor in the collection, analyses and interpretation of data. 623 
 624 
Acknowledgments 625 
We thank Susan Cohen for helpful discussions. Parts of the result presented here have been included 626 
in the Master’s Thesis of KRP [119] and presented at the Microbe 2019 General Meeting of the 627 
American Society for Microbiology in San Francisco, CA, June 20 – 24, 2019.  628 
 629 
 630 
Contribution to the Field 631 
Biofilms are microbial communities enwrapped in a sticky substance made out of carbohydrates, 632 
proteins, and extracellular DNA. They are formed in water environments but also on body surfaces 633 
where they often precede the development of infectious disease and protect the microbes against host 634 
immune factors and antibiotics. The bacterium P. aeruginosa is known to produce biofilms in 635 
patients with a compromised immune system contributing to significant health care burden that is 636 
aggravated by the increasing resistance to antibiotics. Novel approaches to prevent and treat biofilm-637 
associated infections are needed and innate immune factors that normally prevent infections with P. 638 
aeruginosa may inform new drug design. Antimicrobial peptides are ancient natural antimicrobial 639 
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Tables 1005 

Table 1. Human Beta Defensins-2 and -3 physicochemical properties.  1006 

Peptide Amino acid sequence a MW 
(Da)  

Net 
Charge 

Hydrophobicity index 

Kyte-
Doolittleb 

Wimley-
Whitec 

HBD2 GIGDPVTC1LKSGAIC2HPVFC3PRRY
KQIGTC2GLPGTKC1C3KKP 

4,328.22  6 -0.1 6.16 

Linear 
HBD2 

GIGDPVTALKSGAIAHPVFAPRRYK
QIGTAGLPGTKAAKKP 

4,141.88 6 -0.21 8.62 

HBD3 GIINTLQKYYC1RVRGGRC2AVLSC3

LPKEEQIGKC2STRGRKC1C3RRKK 
5,155.19 11 -0.7 12.65 

a Amino acid sequences are given in one-letter code starting from the N and ending with the C terminus. Underlined 1007 
residues denote mutation sites for the linearized HBD2. Cationic residues are in boldface. Anionic residues are italicized. 1008 
b Values were calculated based on the Kyte-Doolittle hydrophobicity scale [120] using the grand average of hydropathy 1009 
(GRAVY) program. Higher values represent an increase in hydrophobicity. 1010 
c Values were calculated based on the Wimley-White whole residue hydrophobicity interface scale (Wimley & White 1011 
1996) [121] using the APD3 antimicrobial peptide calculator and predictor. Lower values represent an increase in 1012 
hydrophobicity. 1013 
1 – 3 Numbers denote disulfide bond connectivity. 1014 
 1015 

 1016 

Table 2. Primers used in this study. 1017 

Gene target   5' - 3' Sequence 
TM 

(°C) 
Product size 

(bp) 
Product melt 

peak (°C) 

pslA  F CGTTCTGCCTGCTGTTGTTC 56.9 160 88.5 

R TACATGCCGCGTTTCATCCA 57.3 

gapA  F CCATCGGATCGTCTCGAA 61.0 130 88.0 

R GTTCTGGTCGTTGGTGTAG 60.0 

flgF  F ACAACCTGGCGAACATCTC 62.0 137 89.0 

R GCCATGGCTGAAATCGGTA 62.0 

  1018 
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Table 3.  Dissociation constants for quorum sensing molecules calculated using AutoDock Vina 1019 
measurements. The best binding energies (predicted by AutoDock Vina) for each ligand-receptor pair 1020 
were used to manually calculate dissociation constants (KD) using Equation [1]. NEtP: 1021 
phosphorylcolamine; 3-oxo-C12-HSL: N-(3-oxododecanoyl) homoserine lactone; C4-HSL: N-1022 
butanoyl homoserine lactone; PQS: 2-heptyl-3-hydroxy-4-quinolone. 1023 
 1024 

Receptor NEtP 
 

3-oxo-C12--HSL 
 

C4-HSL 
 

PQSt 
 

LasR 558 µM 1.15 µM 18.3 µM 191 nM 

HBD2 4.637 mM 3.348 mM 2.417 mM 403 µM 

 1025 

  1026 
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Figure Legends 1027 

Figure 1 1028 
Metabolic activity of P. aeruginosa in the presence and absence of  HBD2 and HBD3 over 18 h. 1029 
Bacteria were incubated in 10% Mueller-Hinton/140 mM NaCl supplemented with 0.01 % resazurin 1030 
and fluorescence emitted by resorufin reflecting the production of reducing metabolites was 1031 
measured every 3 h (530 nmex, 616 nmem). Shown are the means ± SD of three independent 1032 
experiments conducted in duplicates. RFU: relative fluorescence units. p < 0.001 for HBD2 (A) at 1, 1033 
2, and 4 µM  and for HBD3 (B) at 0.25, 0.5, and 1 µM compared to the solvent control in univariate 1034 
ANOVA with Bonferrroni posthoc analysis. All other concentrations were not significantly different 1035 
from the solvent controls.  1036 
 1037 
Figure 2 1038 
Comparative effects of HBD2 and HBD3 on P. aeruginosa biofilm and metabolic activity. 1039 
Shown are biofilm formation and accumulated resorufin fluorescence after 18 h of incubation with 1040 
HBD2 (A) and HBD3 (B) at the concentrations given. Data are expressed relative to the control and 1041 
represent means ± SD of three independent experiments conducted in triplicates. ***p = 0.0004 in 1042 
Two-way ANOVA. N.S: not significant (p = 0.7721). 1043 
 1044 
Figure 3 1045 
ATP quantification in P. aeruginosa after 18 h incubation in the presence or absence of HBD2 1046 
and HBD3 at the concentrations given. ATP concentrations are in nM and were calculated based 1047 
on a standard curve. Shown are means ± SD of three independent experiments conducted in 1048 
duplicates. p = 0.01 in One way ANOVA with Bonferroni posthoc analysis for 2 µM HBD2 1049 
compared to 2 µM HBD3. 1050 
 1051 
Figure 4 1052 
Effects of HBD2 on A. baumannii biofilm formation and metabolic activity. Shown are crystal 1053 
violet absorbance and accumulated resorufin fluorescence expressed as % of the control after 18 h of 1054 
incubation with HBD2 at the concentrations given. Data represent means ± SD of three independent 1055 
experiments conducted in triplicates. **p = 0.004 for biofilm reduction versus reduction of metabolic 1056 
activity in two tailed Paired Samples Test. In Oneway ANOVA with Bonferroni posthoc analysis, p 1057 
=0.001 for resazurin reduction at 4 µM HBD2, and p < 0.001 for biofilm reduction at 1, 2, and 4 µM 1058 
HBD2, compared to the solvent control. All other data points were not significantly different from 1059 
the control.  1060 
 1061 
Figure 5 1062 
Comparative effects of D- HBD2 and linear HBD2 on P. aeruginosa biofilm and metabolic 1063 
activity. Shown are biofilm formation and accumulated resorufin fluorescence expressed as % of the 1064 
control after 18 h of incubation with all D- HBD2 (A) and linear HBD2 (B) at the concentrations 1065 
given. Data represent means ± SD of three independent experiments conducted in triplicates. In 1066 
Paired T test comparing biofilm reduction and reduction of metabolic activity, ***p < 0.001 for D-1067 
HBD2 (A) and not significant (N.S.) for linear HBD2 (B). In Oneway ANOVA with Bonferroni 1068 
posthoc analysis, biofilm formation (p = 0.033) but not metabolic activity (p = 0.473) is significantly 1069 
reduced by D-HBD2. For linear HBD2, none of the data is significantly different from the solvent 1070 
control.   1071 
 1072 
 1073 
Figure 6 1074 
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In silico docking and binding energies (ΔG) of various QS molecules calculated for LasR and 1075 
HBD2. AutoDock Vina was used to predict binding sites and potential hits for HBD2 and quorum 1076 
sensing molecules in comparison to LasR. (A) Test N-(3-oxohexanoyl) homoserine lactone (3-oxo-1077 
C12-HSL, green) lies inside the LasR binding pocket in the same region as co-crystallized 3-oxo-1078 
C12-HSL (blue) with LasR (RSCB 3IX3). (B) HBD2 does not contain a binding pocket for test 3-1079 
oxo-C12-HSL (green). Free energy of binding (ΔG) for various hits were determined for 1080 
phosphorylcolamine (NEtP), 3-oxo-C12-HSL, N-butyryl homoserine lactone (C4-HSL), and 2-1081 
heptyl-3-hydroxy-4-quinolone (PQS) as ligands with either LasR (C) or HBD2 (D) as rigid receptors. 1082 
Dashed lines indicate the -6 kcal/mol threshold for actively bound molecules. 1083 
 1084 
Figure 7 1085 
Relative gene expression of flgF and pslA in the presence and absence of 0.25 µM HBD2 as 1086 
determined by qPCR. Gene expression of flgF (A) and pslA (B) in P. aeruginosa was calculated 1087 
relative to the reference gene gapA after incubation in the presence or absence of HBD2 for up to 12 1088 
h. Shown are means ± SEM, n = 6. In multivariate ANOVA with Bonferroni posthoc analysis (*p < 1089 
0.05 and **p < 0.01), gene expression of flgF and pslA changed over time (Control: p < 0.01 for flgF 1090 
0.5 h versus 6 h and 12h, and p < 0.05 for pslA 2 h versus 6 h and 12 h; HBD2: p < 0.05 for flgF 0.5 1091 
h versus 12 h) but there was no significant difference between the control  and HBD2 treated 1092 
bacteria.  1093 
 1094 
 1095 
Figure 8 1096 
Outer membrane protein profile of P. aeruginosa after 18 h incubation in the presence and 1097 
absence of HBD2. (A) Four µL of concentrated outer membrane preparations from HBD2 treated 1098 
(0.125 – 1 µM) or solvent control exposed bacteria (0) were resolved by SDS Tris-Tricine PAGE and 1099 
visualized by silver stain.  (Med) indicates medium only processed like bacteria-containing samples. 1100 
The band migrating between 10 and 15 kDa in all samples is consistent with the expected molecular 1101 
weight of lysozyme (14 kDa) that was added to the extraction buffer. (B) Approximate molecular 1102 
weight and intensities of bands were quantified with Image Lab software and band intensities 1103 
detected in both replicates were normalized to the intensity of the presumptive lysozyme band. Each 1104 
data point represents the average of replicates. Each line represents the protein profile for the 1105 
indicated HBD2 concentration (in µM). 1106 
 1107 
 1108 
Figure 9 1109 
Atomic force microscopy of P. aeruginosa after 18 h incubation in the presence and absence of 1110 
0.25 µM HBD2. Bacteria were incubated on glass slides and fixed with 2.5 % glutaraldehyde prior to 1111 
imaging. Images taken with the atomic force microscope were first order flattened before extracting 1112 
measurement for bacterial roughness.  (A) Representative images. CTRL: solvent control exposed 1113 
bacteria. (B) Box and whisker chart (with inner points and outliers) of roughness measurements from 1114 
multiple images of solvent exposed control bacteria (CTRL, n = 85) and 0.25 µM HBD2 treated 1115 
bacteria (n = 69). *** p < 0.001 in independent samples T test. 1116 
 1117 
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