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Abstract

Bacterial biofilms are surface-attached communities of non-replicating bacteria innately tolerant to
antibiotics. Biofilms display differential gene expression profiles and physiologies as compared to
their planktonic counterparts; however, their biology remains largely unknown. In this study, we
used a halogenated phenazine (HP) biofilm eradicator in transcript profiling experiments (RNA-
seq) to define cellular targets and pathways critical to biofilm viability. WoPPER analysis with
time—course validation (RT-gPCR) revealed that HP-14 induces rapid iron starvation in MRSA
biofilms, as evident by the activation of iron-acquisition gene clusters in 1 hour. Serine proteases
and oligopeptide transporters were also found to be up-regulated, whereas glycolysis, arginine
deiminase, and urease gene clusters were down-regulated. KEGG analysis revealed that HP-14
impacts metabolic and ABC transporter functional pathways. These findings suggest that MRSA
biofilm viability relies on iron homeostasis.

Correspondence to: Yasmeen Abouelhassan.
Supporting information and the ORCID identification number(s) for the author(s) of this article can be found under: https://doi.org/
10.1002/anie.201809785.

Conflict of interest
The authors declare no conflict of interest.


https://doi.org/10.1002/anie.201809785
https://doi.org/10.1002/anie.201809785

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abouelhassan et al.

Keywords

Page 2

antibiotics; biofilm eradication; chemical biology; halogenated phenazine; RNA sequencing

Bacteria exist in two distinct lifestyles: 1) free-floating, planktonic bacteria and 2) surface-
attached communities encased in a matrix of biomolecules, known as biofilms.[2:2]
Planktonic bacteria secrete organic signaling molecules in a communication process
(quorum sensing), which enables bacterial cells to monitor population density and
coordinate group behavior, including surface attachment and biofilm formation.[3] Biofilm
cells grow at a dramatically slower rate as compared to their planktonic counterparts, or are
metabolically dormant persister cells.[4]

The non-replicative nature of persister cells in conjunction with the polymeric matrix acting
as a bacterial fortress enables biofilms to thrive in hostile environments (e.g., host immune
responses). Biofilms demonstrate tolerance to all classes of conventional antibiotics, which
were initially discovered as bacterial-growth-inhibiting agents. Therefore, it should be no
surprise that biofilms have led to devastating consequences to human health, as these
bacterial communities of enriched persister-cell populations are credited as the underlying
cause of persistent and recurring infections.[®] Biofilms occur in approximately 80% of
bacterial infections[”] and result in more than 500000 deaths each year.[8] Innovative
therapeutic strategies are required to address the many clinical problems associated with
biofilm infections.[]

Despite a detailed understanding of the molecular biology of planktonic cells over decades
of bacteriological investigations, we have a limited knowledge of bacterial biofilms.
Understanding the biological underpinnings of biofilm survival will enable innovative
strategies to eradicate biofilm-associated infections in a clinical setting. Biofilm
communities are highly complex and consist of heterogeneous cell populations exposed to
diverse microenvironments, complicating biological studies. Despite these challenges, gene
expression profiles obtained for pathogenic biofilms by the use of DNA microarrays have
enabled the study of differential gene expression between planktonic and biofilm cells,[°]
and gene expression profiles of biofilms subjected to innate immune cells.[10]

As NextGen sequencing has become more affordable, RNA-sequencing (RNA-seq)[11] is
now the method of choice for the transcriptomic study of biofilms (Figure 1).[121 RNA-seq
has increased sensitivity and dynamic range as compared to microarrays, which is ideal for
biofilms and persister cells that may synthesize low levels of RNA.[12] Transcriptomic
analyses of bacterial biofilms utilizing RNA-seq technology have been reported for the
following: 1) comparative transcriptomic analysis of biofilms versus planktonic cultures,[3]
2) microbe—microbe interactions,[14] and 3) the impact of biofilm inhibitors (ursolic acid,
resveratrol; note: biofilm inhibitors typically operate on quorum sensing machinery or other
targets that do not eradicate biofilms) on Staphylococcus aureus biofilms.[15.16]

Herein, we report our transcript profiling investigations of methicillin-resistant S. aureus
(MRSA BAA-1707, or MW-2) biofilms treated with a halogenated phenazine (HP) biofilm-
eradicating agent to define cellular targets and pathways critical for biofilm survival. HPs
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have demonstrated biofilm eradication (killing) activities against several pathogens,
including MRSA, methicillin-resistant S. epidermidis (MRSE), and vancomycin-resistant
Enterococcus faecium (VRE).[17-201 HPs operate through a unique, and not well understood,
metal-dependent mechanism that enables high levels of bacterial targeting (minimal
mammalian cytotoxicity or cell-membrane lysis).[18-20] During these investigations, we
aimed to gain extensive mechanistic and biological information regarding HP-14 (minimum
biofilm eradication concentration, MBEC = 6.25 um, MRSA-1707)[17.18] and MRSA
biofilm viability through transcript profiling using RNA-seq technology (Figure 1).

We began these investigations by treating 20 hour (established) MRSA-1707 biofilms with
HP-14 at sub-MBEC concentrations (1/10 MBEC, 0.625 um; 20 hour treatment) in 24-well
plates. Following compound treatment, media and planktonic cells were removed, and total
RNA was isolated from HP-14 treated and vehicle (DMSQ) treated biofilms. Total RNA was
subjected to RNA sequencing at the Interdisciplinary Center for Biotechnology Research
(RNA Integrity Number, RIN = 7 quality control cutoff; see the Supporting Information).

Results from these experiments revealed 217 of 2738 gene transcripts to be differentially
expressed between HP-14-treated and untreated MRSA biofilm samples (= 2.0-fold change
in gene expression). Volcano plot (Figure 2A) and heatmap analysis (Figure 2B) of our
RNA-seq results show 83 genes down-regulated and 134 genes up-regulated in MRSA
biofilms as a result of HP-14 treatment. We found the WoPPER analysis tool[21] to be the
most useful approach to analyzing our RNA-seq data. The WoPPER tool enabled us to
determine gene clusters up-regulated (“activated”) and down-regulated (“inhibited”) in
response to HP-14 (Figure 2C).

WOPPER results showed alterations in gene expression profiles for 37 gene clusters,
including several involved in iron acquisition (Figures 2C and 3A): Ats/sfa (staphyloferrin
AL22ly sjr/sbn (staphyloferrin BI23]), jsd/ (iron-regulated surface determinant; heme iron
acquisition[24), MWO0695 (hypothetical protein, similar to ferrichrome ABC transporters),
and ffu (ferric hydroxamate uptakel2]).[26.271 Other MRSA biofilm gene clusters with
changes in expression profiles due to HP-14 include: sp/ (serine proteases;[28] activated),
opp (oligopeptide transporters;[29] activated), gap (glycolysis;[3% inhibited), arc (arginine
deiminase;[31] inhibited), ure (urease;[32] inhibited), hem (heme biosynthesis;[33] inhibited),
and an uncharacterized gene cluster containing dnaC (DNA synthesis and repair;[34]
inhibited; see Figures 1 and 2 in the Supporting Information). Several gene clusters with
unknown functions or lower levels of activation/inhibition in response to HP-14 are
presented in the Supporting Information (for WoPPER details, see Tables 6 and 7). One
representative gene from each of the up- and down-regulated clusters was subjected to real-
time gPCR assessment (RT-gPCR; Figure 3E) to confirm activation or inhibition results
from our WoPPER analysis.

A time—course assessment using RT-qPCR of MRSA biofilms (Figure 3B-E) treated with
low concentrations of HP-14 (1/10 MBEC = 0.625 pm) revealed that four iron-acquisition
gene clusters (/sd, sbn, sfa, MW0695) were activated in 1 hour. We found this rapid
activation of iron-uptake genes to be profound, as bacterial biofilms are notorious for high
levels of dormancy and persistence. We were unable to find other reports to suggest that
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biofilms rapidly respond to small molecules and conclude the rapid activation of iron-uptake
systems to be the primary mechanism by which HP-14 operates through the iron starvation
of MRSA biofilms. Our data demonstrate that, although dormant, bacterial biofilms are
highly sensitive and possess the ability to rapidly respond to small-molecule threats (e.g.,
HP-14) to enable survival.

The RNA-seq data align with previous results demonstrating that HPs bind metal(Il) cations
and cotreatment of iron(Il) in antibacterial assays against S. aureus results in reduced
potencies.[18.19] We believe that the loss in antibacterial activity is most likely due to free
iron(11) co-administered in the MIC assay being directly bound to the HP test compound
(inactivation of the HP occurs through iron(lI1) chelation between the hydroxy oxygen and
adjacent nitrogen atoms to form a five-membered iron(ll) chelate, a 2:1 HP:iron(11) complex
according to UV/Vis spectroscopy!18.19]),

Iron-acquisition genes /isaB, sbnC, sfaA, MWO0695 demonstrated increased levels of
activation in MRSA biofilms subjected to HP-14 for 4 hours (isdB: 22.3-fold up-regulation;
Figure 3C) and 8 hours (sbnC: 36.0-fold up-regulation; Figure 3D) through RT-qPCR.
Known metal-chelating agents N, V,N’, N -tetrakis(2-pyridylmethyl)ethylenediamine (TPEN;
5 um) and ethylenediaminetetraacetic acid (EDTA; 5 um) were unable to activate /sdB and
sbnC upon treatment of MRSA biofilms for 1, 4, and 8 hours (Figure 3B-D), thus
demonstrating a unique mechanism of action for HP-14. These results align with previous
findings that TPEN and EDTA are unable to eradicate MRSA biofilms at high
concentrations (MBEC > 2000 pum) when tested alongside HP-14 (MBEC = 6.25 pm).[18]

Time—course studies provided insight into the timing of gene activation and inhibition, thus
enabling us to differentiate primary biofilm activities (early time points, RT-qPCR) from
secondary changes in gene expression triggered by HP-14. Interestingly, fuD1 (ferric
hydroxamate xenosiderophore, iron acquisition) was not activated upon HP-14 treatment of
MRSA biofilms at 1, 4, or 8 hours, despite being activated at 20 hours. This result suggests
the 7hu gene cluster does not play as critical a role in iron acquisition as the isd, sir/sbn, hts/
sfa, and MWO0695 (ferrichrome ABC transporters) gene clusters, which demonstrated rapid
activation in MRSA biofilms upon HP-14 treatment.

Gene transcripts unrelated to iron uptake, such as sp/B (serine protease) and gppF
(oligopeptide transporter), were not activated in MRSA biofilms upon HP-14 treatment for 1
hour; however, both genes were up-regulated in MRSA biofilms treated with HP-14 after 8
hours. This result suggests that serine proteases and oligopeptide transporters are involved in
secondary responses to HP-14 in addition to the possibility of interplay with iron-acquisition
genes, or the iron-starvation response in MRSA biofilms. Additionally, gap (glycolysis)
expression was investigated in MRSA biofilms treated with HP-14 after 8 hours; however,
no change in gap expression was observed at this earlier time point, thus suggesting the
down-regulation of gap is a downstream response to HP-14 treatment (gap gene expression
reduced after 20 hour treatment, aligns with KEGG assessment, as described below).

We analyzed the RNA-seq data using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway assessment[3°] to gain insight into the impact HP-14 has on functional
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pathways critical to MRSA biofilms. By assessing differentially expressed genes from our
RNA-seq findings, genes can be assigned to functional bacterial pathways. The top 13
pathways are presented in Figure 4, with the most frequently assigned functional pathway
alterations being metabolic pathways (38 genes affected by HP-14 treatment). Metabolic-
pathway genes identified by KEGG analysis align with our WoPPER findings, including:
sbnH (6.2-fold A; staphyloferrin B), gap (=3.7-fold A; glycolysis), pykA (-2.8-fold A,
glycolysis), pfk (-2.4-fold A; glycolysis), hemL (=2.6-fold A; heme biosynthesis), ureC
(-2.2-fold A; urease alpha subunit), arcB (-2.1-fold A; arginine deiminase), and arcC (-2.9-
fold A; arginine deiminase). These findings indicate that metabolic pathways are important
to the response of MRSA biofilm cells to HP-14. We found this result to be intriguing, as
biofilm cells are considered metabolically dormant; however, under the threat of iron
starvation, it appears that metabolic pathways in MRSA biofilms are greatly impacted.

The second most altered KEGG functional pathway by HP-14 was ABC transporters (33
genes affected). ABC transporters are crucial transport systems for nutrient uptake by
bacteria,[36] including iron.[27] Altered genes expressed in the ABC transporter category
include sirAB, fhuBC, isdEF, and oppDF. Overall, this KEGG analysis leads us to conclude
that metabolic pathways and ABC transporters are important for MRSA biofilm survival, as
HP-14 significantly impacts genes involved in these functions.

From our findings, it is clear that MRSA biofilms are highly sensitive to HP-14-induced iron
starvation. It is well-established that iron is essential for bacteria to thrive;[26:27] however,
iron(I11) is unable to diffuse through bacterial membranes. Bacteria utilize siderophore
molecules with high binding affinities to acquire iron(l1). Siderophores are synthesized by
bacteria and secreted into their surrounding environment to sequester iron(l11) and deliver
the iron(l11)—siderophore complex into bacteria through protein transporters that recognize
the complex. Once the iron(l11)-siderophore complex has entered the bacterial cell, iron(I11)
is reduced to iron(1l) by the reductive cytoplasm of the bacterium. Upon reduction to
iron(l1), the siderophore loses affinity and releases iron(Il) for the bacterium to utilize (for
respiration, DNA biosynthesis, metalloproteins, etc.).[27]

HP-14 is a potent biofilm-eradicating agent that directly binds iron(I1); however, other metal
chelators (EDTA, TPEN) are unable to eradicate biofilms.[28] During these studies, EDTA
and TPEN were unable to activate iron-acquisition genes when tested alongside HP-14. On
the basis of these findings and considering the lipophilic properties of HP-14 (cLogP =
6.25), we propose that this HP rapidly diffuses through the cellular membrane of biofilm
cells to bind iron(Il), which has been released from a siderophore for utilization by the
bacterium (Figure 5). Once HP-14 binds iron(ll), intracellular concentrations of free iron(l1)
decreases. Insufficient iron(l1) is sensed by the MRSA biofilm cell, which elicits rapid
activation of iron-acquisition gene clusters to counteract iron starvation (/sd, heme iron
acquisition; sbn, staphyloferrin B, siderophore; sfa, staphyloferrin A, siderophore; MWO0695,
ferrichrome ABC transporter).

In conclusion, transcript profiling of MRSA biofilms treated with the biofilm-eradicating
agent HP-14 has been performed to define cellular targets and pathways critical to biofilm
survival. RNA-seq was utilized in conjunction with WoPPER analysis to identify MRSA
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biofilm gene clusters differentially expressed in response to HP-14. We found that HP-14
rapidly up-regulated iron-acquisition gene clusters after 1 hour. We found this rapid
activation of iron-acquisition gene clusters to be profound, as bacterial biofilms are
notorious for their metabolic dormancy. KEGG analysis revealed that HP-14 significantly
impacts 1) metabolic pathways and 2) ABC transporters in MRSA biofilms. Combined, our
data demonstrate that HP-14 induces rapid iron starvation in MRSA biofilms while
impacting other genes (e.g., sp/, opp, gap, ure) and functional pathways critical for the
viability of the surface-attached bacterial community. We aim to extend this platform to
other biofilm-eradicating agents that operate through alternative modes of action to identify
new targets and pathways that can be exploited to eradicate persistent biofilm infections in
the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transcript profiling (RNA-seq) of MRSA biofilms treated with HP-14 to define cellular

targets and pathways critical to biofilms.
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A) Volcano plot and B) heatmap analysis of RNA-seq profiles of MRSA biofilms treated

with HP-14. C) WoPPER analysis reveals that HP-14 up-regulates MRSA biofilm gene
clusters involved in iron acquisition.
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MRSA biofilms treated with HP-14 for 1 hour (B), 4 hours (C), 8 hours (D), and 20 hours
(E). Note: *pvalue <0.05, **pvalue <0.01.
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Figureb.
Model for the mechanism of MRSA biofilm eradication by HP-14. The primary mode of

action is iron starvation, with additional MRSA biofilm gene clusters affected based on
WOPPER analysis.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 March 08.




	Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

