Sheffield
Hallam _
University

Scorpion Venom Antimicrobial Peptides Induce
Siderophore Biosynthesis and Oxidative Stress Responses
in Escherichia coli

TAWFIK, Mohamed M., BERTELSEN, Magnus, ABDEL-RAHMAN, Mohamed
A., STRONG, Peter N. and MILLER, Keith <http://orcid.org/0000-0001-8633-
6952>

Available from Sheffield Hallam University Research Archive (SHURA) at:
https://shura.shu.ac.uk/28681/

This document is the Published Version [VoR]
Citation:

TAWFIK, Mohamed M., BERTELSEN, Magnus, ABDEL-RAHMAN, Mohamed A.,
STRONG, Peter N. and MILLER, Keith (2021). Scorpion Venom Antimicrobial
Peptides Induce Siderophore Biosynthesis and Oxidative Stress Responses in
Escherichia coli. mSphere, 6 (3). [Article]

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk



http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html

MICROBIOLOGY

il . | mSphere

RESEARCH ARTICLE

L)

Check for
updates

Scorpion Venom Antimicrobial Peptides Induce Siderophore
Biosynthesis and Oxidative Stress Responses in Escherichia coli
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ABSTRACT The increasing development of microbial resistance to classical antimicrobial
agents has led to the search for novel antimicrobials. Antimicrobial peptides (AMPs) derived
from scorpion and snake venoms offer an attractive source for the development of novel
therapeutics. Smp24 (24 amino acids [aa]) and Smp43 (43 aa) are broad-spectrum AMPs
that have been identified from the venom gland of the Egyptian scorpion Scorpio maurus
palmatus and subsequently characterized. Using a DNA microarray approach, we examined
the transcriptomic responses of Escherichia coli to subinhibitory concentrations of Smp24
and Smp43 peptides following 5h of incubation. Seventy-two genes were downregulated
by Smp24, and 79 genes were downregulated by Smp43. Of these genes, 14 genes were
downregulated in common and were associated with bacterial respiration. Fifty-two
genes were specifically upregulated by Smp24. These genes were predominantly
related to cation transport, particularly iron transport. Three diverse genes were inde-
pendently upregulated by Smp43. Strains with knockouts of differentially regulated
genes were screened to assess the effect on susceptibility to Smp peptides. Ten mutants
in the knockout library had increased levels of resistance to Smp24. These genes were
predominantly associated with cation transport and binding. Two mutants increased re-
sistance to Smp43. There was no cross-resistance in mutants resistant to Smp24 or
Smp43. Five mutants showed increased susceptibility to Smp24, and seven mutants
showed increased susceptibility to Smp43. Of these mutants, formate dehydrogenase
knockout (fdnG) resulted in increased susceptibility to both peptides. While the electro-
static association between pore-forming AMPs and bacterial membranes followed by
integration of the peptide into the membrane is the initial starting point, it is clear that
there are numerous subsequent additional intracellular mechanisms that contribute to
their overall antimicrobial effect.

IMPORTANCE The development of life-threatening resistance of pathogenic bacteria to the
antibiotics typically in use in hospitals and the community today has led to an urgent need
to discover novel antimicrobial agents with different mechanisms of action. As an ancient
host defense mechanism of the innate immune system, antimicrobial peptides (AMPs) are
attractive candidates to fill that role. Scorpion venoms have proven to be a rich source of
AMPs. Smp24 and Smp43 are new AMPs that have been identified from the venom gland
of the Egyptian scorpion Scorpio maurus palmatus, and these peptides can kill a wide range
of bacterial pathogens. By better understanding how these AMPs affect bacterial cells, we
can modify their structure to make better drugs in the future.

KEYWORDS AMPs, E. coli, scorpion venom, oxidative stress, microarray analysis, RT-
PCR, Escherichia coli, antimicrobial peptides, microarrays

he development of life-threatening resistance of pathogenic microorganisms to
classic antibiotics has led to an urgent need to discover novel antimicrobial agents
with different mechanisms of action (1). As an ancient host defense mechanism of the
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innate immune system, antimicrobial peptides (AMPs) are attractive candidates to fill
that role (2-4). Although AMPs come in many shapes and sizes, the majority are amphi-
pathic alpha-helical proteins with a net positive charge that selectively bind to bacte-
rial cell membranes, resulting in membrane disruption and direct cell lysis. They are
reported to do this through a diverse variety of mechanisms, from forming pores to
acting as nonspecific detergents. In contrast, a smaller group of nonlytic AMPs are neu-
tral, proline-rich peptides that selectively translocate across bacterial cell membranes,
either by receptor-mediated processes or by forming transient, nondisruptive, mem-
brane pores. Once inside the cell, these peptides most often bind to DNA and RNA,
resulting in inhibition of nucleotide biosynthesis or subsequent protein misfolding (5).
They can also inhibit cell wall and protein biosynthesis.

Scorpion venoms have proven to be a rich source of AMPs, which typically belong
to the first group, the amphipathic alpha-helical proteins, interacting with lipid bilayers
and destabilizing membranes, resulting in bacterial lysis. Smp24 (24 amino acids [aa])
and Smp43 (43 aa) are novel amphipathic cationic alpha-helical AMPs that have been
identified from the venom gland of the Egyptian scorpion Scorpio maurus palmatus (6,
7). They have broad-spectrum antimicrobial activity on both Gram-positive and Gram-
negative bacteria with MICs ranging from 4 to 128 ug/ml (8). However, in common
with most AMPs, potency against Gram-negative pathogens is limited. Both Smp24
and Smp43 have good MIC values (4 to 8 wg/ml) for Smp24 against Bacillus subtilis and
Staphylococcus aureus (8) which compare extremely favorably with other scorpion
venom AMPs (7). Understanding the mechanism of action of AMPs is crucial in their de-
velopment as potential antimicrobial agents, and we have previously shown, using
atomic force microscopy and quartz crystal microbalance dissipation, that these pep-
tides create pores in synthetic prototypical prokaryotic membranes and induce the for-
mation of nonlamellar lipid structures (8, 9).

Bacteria have evolved mechanisms to recognize and respond to AMPs that manage
to penetrate cell membranes by differentially regulating genes in response to general-
ized membrane stress or as a unique resistance mechanism against specific AMPs
(10-12). Here, we have extended our previous model lipid studies to investigate the
effects of Smp peptides on native bacteria. Using Escherichia coli as a model for patho-
genic Gram-negative bacteria, we have examined the differential expression of E. coli
genes on cells exposed to Smp24 and Smp43, using DNA microarray analysis.

Our results suggest that Smp24 and Smp43 not only disrupt bacterial cell mem-
branes but may also interfere with intracellular gene expression, combining mechanis-
tic aspects of both lytic and nonlytic AMPs.

RESULTS

Determination of subinhibitory concentrations. Killing curves were performed to
identify subinhibitory concentrations of Smp24, Smp43, and polymyxin B against E. coli.
Antimicrobials at subinhibitory concentrations may act as stress inducers or signaling mole-
cules that induce the expression of specific genes that help in understanding the mechanism
of action of many antimicrobial agents (13, 14). Subinhibitory concentrations were determined
as concentrations that reduced the growth rate of E. coli over a 4- to 5-h time period by half
compared with untreated controls. The growth of E. coli was reduced at Smp24, Smp43, and
polymyxin B concentrations of 12, 7, and 0.18 ;g/ml, respectively.

Microarray gene expression analysis. The satisfactory purity and quality of all pre-
pared RNA samples for microarray analysis were confirmed. Quality control reports
showed high quality hybridization represented by the level and distribution of the
detected signals, and the spike-in linearity plot reflected the accuracy and reproducibil-
ity of the probe signals. Real-time PCR (RT-PCR) analysis showed that the levels of
expression of the assayed genes in cells treated with Smp peptides were comparable
with the microarray analysis results (data not shown).

In total, 313 significantly differentially expressed transcripts were identified, distributed
over the three comparisons for each peptide against the respective inhibitor-free controls.
Smp24 treatment revealed 130 differentially expressed transcripts (109 coding for known
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FIG 1 Distribution of significantly differentially expressed transcripts. The three different treatments
(Smp24, Smp43, and polymyxin B) were assigned and analyzed compared with untreated E. coli.

RefSeq genes), Smp43 induced 84 differentially expressed transcripts (68 known RefSeq
genes), and polymyxin B induced 99 differentially expressed transcripts (76 known RefSeq
genes) (see Fig. S1 to S3 in the supplemental material).

Sixty-nine transcripts were upregulated by all three peptides. Forty-eight unique
upregulated transcripts were identified for Smp24 treatment, in contrast to only 3 and
18 unique transcripts for Smp43 and polymyxin B, respectively (Fig. 1). Ten upregu-
lated transcripts were induced in common by Smp24 and polymyxin B, whereas no up-
regulated genes were induced in common by either a combination of Smp43 and poly-
myxin or a combination of Smp24 and Smp43 (Table 1).

With Smp24 treatment, there were 56 unique downregulated transcripts, and 30
and 28 unique transcripts for Smp43 and polymyxin B, respectively. Smp43 and poly-
myxin B share 38 out of 152 downregulated expressed transcripts (25%); in contrast,
only 3 and 11 downregulated transcripts were induced in common between Smp24
and Smp43 and between Smp24 and polymyxin B, respectively.

All differentially expressed genes were analyzed using the DAVID analysis tool.
Functional annotation clustering (FAC) analysis of unique upregulated genes in response
to Smp24 treatment resulted in nine enriched functional clusters under medium strin-
gency. Siderophore biosynthetic processing and di-trivalent ion binding and transport
were the most biologically important gene groups with enrichment scores (ES) of 5.45
and 4.86, respectively (P < 0.05) for Smp24 (Fig. 2A). FAC revealed four genes in a cluster
of siderophore biosynthesis processing and 13 genes in a cluster of cation binding and
transport functions. The remaining clusters of upregulated genes were dominated by
genes of amino acid biosynthesis, magnesium ion binding, and nucleotide binding. The
majority (60%) of enriched clusters identified for polymyxin B upregulated genes were
similar to those clustered for Smp24 upregulated genes, and both treatments share clus-
ters related to cation binding, siderophore biosynthesis, and nucleotide binding
(Fig. 2A). FAC analysis clustered the common upregulated genes in response to Smp24
and polymyxin B treatments in one enriched functional cluster, including mainly cation
binding and transport processes under the medium stringency option (ES = 3.82, P < 0.05).
Due to the low number of differentially regulated genes following Smp43 exposure, FAC clus-
tering was not possible.

FAC analysis of downregulated genes of Smp24 generated seven enriched clusters. The
highest enriched gene group was cellular respiration (ES = 10.11), followed by cation (iron)
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TABLE 1 Fold change values of most differentially expressed gene following exposure to Smp24, Smp43, and polymyxin B

Microarray fold change

Category and
gene symbol Smp24 Polymyxin B Smp43 Gene description
Upregulated
cirA 56 39 Ferric iron-catecholate outer membrane transporter
ECs0636 20 15 Hypothetical protein
entA 18 2,3-Dihydro-2,3-dihydroxybenzoate dehydrogenase
entB 19 12 2,3-Dihydro-2,3-dihydroxybenzoate synthase
entC 33 Isochorismate synthase
entE 11 2,3-Dihydroxybenzoate-AMP ligase
entF 17 14 Enterobactin synthetase component F
feoA 9 Ferrous iron transporter
feoC 8 Orf, hypothetical protein
fepA 35 23 Iron-enterobactin outer membrane transporter
fiu 39 Predicted iron outer membrane transporter
flgG 3 Flagellar biosynthesis
nrdl 19 Orf, hypothetical protein
ubiH 2 2-Octaprenyl-6-methoxyphenol hydroxylase
ybdB 23 18 Hypothetical protein YbdB
ybil 33 Predicted iron outer membrane transporter
yncE 10 Putative receptor
Downregulated
betB 127 151 NAD*-dependent betaine aldehyde dehydrogenase
betl 87 Probably transcriptional repressor of bet genes
betT 107 High-affinity choline transport
ccdB 52 Plasmid maintenance protein
Crl 109 Transcriptional regulator of cryptic csgA gene
ECs0346 31 Putative transporter
ECs0360 30 High-affinity choline transport
ECs0981 5 Anaerobic dimethyl sulfoxide reductase subunitC
fdnG 1 Formate dehydrogenase-N
fdnH 7 Formate dehydrogenase-N
fdnl 9 Formate dehydrogenase-N
fimC 98 88 Hypothetical protein
frsA 135 11 Orf, hypothetical protein
ftnA 9 Cytoplasmic ferritin
gpt 117 109 Guanine-hypoxanthine phosphoribosyltransferase
intF 30 Putative phage integrase
lacl 226 948 Transcriptional repressor of the Lac operon
lacz 54 Beta-p-galactosidase
narG 45 39 Nitrate reductase 1, alpha subunit
narH 42 Nitrate reductase 1, beta subunit
narJ 27 Nitrate reductase 1, delta subunit
pepD 94 372 Aminoacyl-histidine dipeptidase
proB 37 Gamma-glutamate kinase
SopA 90 100 Plasmid partitioning protein
sopB 80 Plasmid partitioning protein
HOS 5 Regulation of superoxide response regulon
tdcF 24 Orf, hypothetical protein
yagN 94 92 Orf, hypothetical protein
yahK 62 Putative oxidoreductase
yahN 34 Putative cytochrome subunit of dehydrogenase
dedehydehdehydrogenase
yeiT 8 Putative oxidoreductase
yijl 6 Orf, hypothetical protein
ykfB 71 54 Orf, hypothetical protein
ykgF 72 Orf, hypothetical protein

binding and transport (ES = 5.1). Some other clusters with lower ES were mainly
related to cellular respiration such as electron transport and formate dehydrogen-
ase (NAD) activity. All of these clusters are shown in Fig. 2B. Smp43 downregulated
genes were clustered into 14 enriched clusters, the highest enrichment scores were for
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FIG 2 DAVID functional annotation clustering (FAC) analysis of differentially expressed genes obtained
by microarray analysis of E. coli following exposures to subinhibitory concentrations of AMPs. (A) Enriched
functional gene clusters for the 58 and 28 upregulated genes of Smp24 and polymyxin B, respectively. (B)
Enriched functional gene clusters for the 72, 81, and 71 downregulated genes of Smp24, Smp43, and
polymyxin B, respectively. Significance is determined by corresponding enrichment scores.

clusters relating to cellular respiration and cation (iron) binding, the same as identified for
Smp24. The next highest Smp43 downregulated gene groups according to ES values were
postsegregation antitoxin ccdA, stress response, electron transport chain pathways.
Clusters such as postsegregation antitoxin ccdA (ES = 3.84), arginine and proline metabo-
lism (ES = 3.59), stress response (ES = 3.21), cation binding (ES = 1.99), iron-sulfur cluster
binding (ES = 1.4), and electron transport chain (ES = 1.1) were also identified for poly-
myxin B downregulated genes (Fig. 2B).
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TABLE 2 Susceptibility profile of Keio mutant strains to Smp peptides

mSphere

Susceptibility Peptide Functional group Gene function

Increased susceptibility Smp24 Oxidative stress response  Global transcription regulator for superoxide response
Superoxide dismutase; response to oxidative stress

Anaerobic respiration Formate dehydrogenase-N

Heme exporter subunit;cytochrome ¢ biogenesis system

Unknown function Unknown function

Smp43  Oxidative stress response  2-Octaprenyl-6-methoxyphenol hydroxylase

Anaerobic respiration Dimethyl sulfoxide reductase
Formate dehydrogenase-N
Metal ion binding

Quinol dehydrogenase, electron source for NapAB;
cytochrome c-type protein (electron carrier)

Formate dehydrogenase-N
Glycerate kinase

Increased resistance Smp24  Siderophore transport Putative outer membrane receptor for iron

and biosynthesis transport

Outer membrane receptor for ferric enterobactin
Outer membrane ferrichrometransport system

Isochorismate synthase

2,3-Dihydro-2,3-dihydroxybenzoate dehydrogenase
2,3-Dihydro-2,3-dihydroxybenzoate synthase;

asochorismatase

Thioesterase required for efficient enterobactin production
Protein transporter activity Component of TatABCE protein export complex; Protein

translocase

Smp43  Nuclease activity Putative DNase (nuclease activity)
Protein binding Periplasmic chaperone
Unknown function Unknown function

Magnesium ion binding Glutamate 5-kinase, proline biosynthesis

Gene Fold change
knockout vs MIC
soxS =0.5x%
sodB =0.5x%
fdnG =0.5%
ccmB =0.5x%
ycgK =0.5%x
ubiH =0.5%
dmsA =0.5%
fdnH =0.5%x
hypA =0.5x%
napC =0.5x%
fdnG =0.5x
garK =0.5%
Fiu =2x
fepA =2x
fhuA =2x
entC =2x
entA =2x
entB =2x

ybdB (entH) =2x

tatE

yiiv
fimC

ykfB
proB

=2x

=2x
=2x
=2x
=2x

Interestingly, the biological processes of cation binding, cellular respiration, and
electron transport were the most affected processes, either up- or downregulated in
response to both Smp24 and Smp43 treatments.

Screening the Keio collection. In order to identify the phenotypic effect of genes
predicted to be differentially requlated by Smp peptide treatment, the effects of Smp pep-
tides on knockout strains from the Keio E. coli collection, selected on the basis of differen-
tial regulation of these genes following exposure to the peptides, were examined. The sen-
sitivity profile of Smp24 was determined against 47 single-gene knockouts. Only 15
mutants showed different MICs against Smp24 compared with the wild-type parent Keio
strain (MG1655, MIC=32 ng/ml). Ten mutant strains were more resistant to Smp24 and
had an increased MIC (64 wg/ml) with respect to the parent strain. The majority (>75%) of
these genes (fiu, entC, entA, entB, entH, fepA, and fhuA) are involved in the biosynthesis of
siderophores and cation transport. Additionally, the deletion of the protein binding gene
fimC increased resistance to Smp24, as did the deletion of tatE, a component of TatABCE
protein export complex (Table 2).

Knocking out genes sodB, fdnG, ycgK, soxS, and ccmB resulted in cellular sensitivity
to Smp24 with a twofold decrease in the MIC compared with the wild-type strain. Two
of these genes (sodB and soxS) play an important role in bacterial protection from
superoxide radicals; however, fdnG and ccmB are involved in the nitrate reduction pro-
cess during anaerobic respiration (Table 2). Forty-one strains from the Keio knockout
strains were tested for Smp43 susceptibility. Only nine mutants displayed different
MICs against Smp43. The single deletion mutants of the genes napC, garK, fdnG, dsmA,
hypA, and fdnH, which are involved in anaerobic respiration, and oxidoreductase gene
ubiH, implicated in response to oxidative stress, exhibited increases in susceptibility to
Smp43 (16 uwg/ml). Two strains showed increased resistance, one of these carried a de-
letion of proB, a gene that has a function in magnesium ion binding and kinase activity.
The other resistant strain has a deletion of an uncharacterized “hypothetical” gene,
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ykfB (Table 2). To ensure that any changes in susceptibility to Smp peptides of the
knockout strains selected from the Keio collection were not a consequence of the
genetic modification process, the growth rates of all strains were compared with the
growth rate of the unmodified parental strain. Cross-resistance studies were conducted
using ampicillin, ciprofloxacin, and doxycycline (three antibiotics with unrelated mech-
anisms of action compared with each other or with the Smp peptides), and all of the
constructs had the same growth rate and susceptibility profile as the parent strain
(data not shown).

DISCUSSION

Antimicrobial agents may act as stress inducers at subinhibitory concentrations,
and microarray analysis has identified many bacterial genes that are either up- or
downregulated by a variety of antibiotics, helping in turn to enable a detailed under-
standing of their mechanism of action (13-16). Conventional antibiotics work by
directly targeting a specific target within the bacterial cell. Pore-forming antimicrobial
peptides are a promising new avenue for the development of novel antimicrobials
because the nonspecific pores that they create in the bacterial cell membrane allow in-
tracellular contents to leak out, resulting in the generalized metabolic death of the bac-
terium. Although many studies have examined pore formation, it is unclear whether
this, rather nonspecific event, is the sole contributor to bacterial cell death, or whether
AMPs themselves, either directly or indirectly, alter gene expression, and consequently
cell metabolism, before catastrophic membrane disruption occurs—and thereby possi-
bly contributing to the final destruction of the cell from an intracellular perspective.

Scorpion venoms are a rich source of pore-forming AMPs, and we have extensively
studied peptide-membrane interactions of two of these (Smp24 and Smp43) peptides
from the Egyptian scorpion Scorpio maurus palmatus. Here, we have sought to examine
whether sublethal exposure to Smp24 and Smp43 affects transcriptomic responses of
E. coli using microarray analysis as a rapid and cost-effective method to evaluate global
expression profiles and thus provide evidence for a potential additional, secondary
mechanism of action for pore-forming AMPs. In our analysis, we have compared our
scorpion venom AMPs with polymyxin B which, although structurally unrelated, is one
of a small number of pore-forming antimicrobials in therapeutic use. By including poly-
myxin B, we sought to eliminate generalized transcriptomic responses to peptide-
induced membrane damage to allow for a clearer analysis of Smp peptide-specific
responses that may shed light on secondary mechanisms of action.

Sublethal doses of Smp24, Smp43, and polymyxin B all alter E. coli gene transcrip-
tion, although each by a different mechanism. A common tenet of biology today is
that the function of a peptide or protein correlates with its structure, an idea devel-
oped from the recognition of the importance of gene structure in being able to predict
protein function. However, it must be realized that the holistic term antimicrobial pep-
tide has been applied to characterize an incredibly diverse set of genes that are related
only because they encode molecules that can kill or inhibit the growth of microbes.
Cationic scorpion venom AMPs are typical in this respect, and biological activity
depends on the three-dimensional alignment of hydrophobic and basic amino acid
residues on opposing faces of the peptide. Consequently, the transcriptomic responses
of Smp24 and Smp43 are quite different, even though they both adopt amphipathic
alpha-helical structures in the nonpolar environment of a membrane.

Most bacterial genes differentially expressed in response to treatment with Smp
peptides were stress genes that have previously been upregulated during siderophore
biosynthesis (17, 18), as well as cation binding and transport. Genes implicated in anti-
oxidant responses and anaerobic respiration were also prominent. Our findings sug-
gest that an imbalance in iron homeostasis coupled with oxidative stress may be
involved in E. coli responses to Smp peptides. In order to increase iron uptake, bacteria
synthesize siderophores to chelate Fe3* iron and make complexes (19). The Ent gene
cluster encodes proteins related to the biosynthesis of enterobactin (20-22), and in the
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present study, entC, entA, and entH were uniquely upregulated in response to Smp24
stress. This suggests that Smp24 stimulates the production of siderophores in E.coli
and that siderophore transport mechanisms may have a role in the antimicrobial activ-
ity of this peptide.

Fe3*-siderophore complexes cross the Gram-negative outer membrane through
specific membrane receptors and are translocated to the cytoplasm by inner mem-
brane transporter proteins in order to deliver iron (19, 23). Four genes encoding sidero-
phore receptors (fiu, fepA, cirA, and fhuA), as well as the siderophore transporter, fepC,
were significantly overexpressed in response to Smp24, compared with untreated cells.
Siderophore biosynthesis is regulated by the Fe3* uptake regulator (Fur) system, as Fur
cluster genes repress siderophore biosynthesis according to the availability of iron (24,
25). Fur is regulated by the oxidative stress response regulon soxS (26), as well as hav-
ing roles in cellular oxidative stress defense such as the activation of superoxide dismu-
tase sodB (27, 28). Both soxS and sodB were significantly downregulated in response to
Smp24 treatment, and the downregulation of both these oxidative stress response
genes leads directly to lower bacterial resistance to oxidative stress. Similarly, the dele-
tion of oxidative response gene ubiH generated a higher susceptibility to Smp43.

Functional annotation clustering (FAC) analysis showed that the Fe-S cluster was sig-
nificantly downregulated in response to both Smp peptide treatments, again supporting
the involvement of oxidative stress. The sensory domain of fumarate and nitrate reduc-
tase (FNR), which is a transcriptional regulator for anaerobic growth, contains an Fe-S
cluster, and Fe-S inactivation inhibits the switch from aerobic growth (29). Under aerobic
conditions, bacteria rapidly acquire and oxidize iron in a siderophore-mediated process
(30). During anaerobic conditions, Fe?* levels are stable and in soluble form (31, 32). The
process of Fe3* solubilization during anaerobic respiration is not siderophore dependent
(33). Gene clusters, mainly related to the electron transport chain and cellular respiration,
were also found to be abundant in the analysis of downregulated genes in response to
Smp24 and Smp43, which may explain the highly significant downregulation of anaero-
bic-related genes following exposure to sublethal doses of both peptides.

The results of experiments with the Keio collection of E. coli mutants support these
hypotheses. Knockout mutants of genes from the enterobactin gene cluster (AentB,
AentH, AentC, and AentA) and iron-regulated outer membrane receptors (AfepA, Afiu,
and AfhuA) showed a marginally higher, but nevertheless significant, level of resistance
to Smp24. Deletion of either the sodB superoxide dismutase gene or the soxS oxidative
stress response regulon gene resulted in increased cellular sensitivity to Smp24 com-
pared with the wild-type strain, and similarly, deletion of the ubiH oxidative response
gene generated higher susceptibility to Smp43. In general, all genes related to oxida-
tive stress responses showed a marginally higher level of sensitivity to either Smp24 or
Smp43 compared with the parent strain. Mutants with deletions related to anaerobic
respiration also resulted in a decreased MIC for either peptide.

It is interesting to note that polymyxin B, a structurally unrelated pore-forming lipo-
peptide, also induced downregulation of siderophore genes entB and entF, as well as
upregulating the siderophore membrane transporters fepA and cirA, in common with
Smp24. In common with both Smp24 and Smp43, gene clusters related to the electron
transport chain (e.g., porfE) and cellular respiration were also found to be abundant in
the analysis of downregulated genes in response to polymyxin (34). The antimicrobial
activity of a modified form of microcin E492, another pore-forming AMP, is also medi-
ated by FepA, Cir, and Fiu (35-38). Microcins are rich in serine and glycine residues
with a conserved serine-rich C terminus (39). Both Smp24 and Smp43 have serine resi-
dues in their C-terminal tail and are rich in serine and glycine amino acids that may
enhance binding to siderophores to form Smp24-siderophore conjugates that facilitate
their delivery intracellularly. The siderophore outer membrane receptor FhuA is also
the target of the AMP microcin J25, which induces oxidative stress through the
increased production of reactive oxygen species (ROS) (40, 41). AMPs exert their effects
through multiple complex modes of action. The activities of AMPs are typically
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reported as being dependent upon an initial interaction with the bacterial cell mem-
brane (42). However, the upregulation of siderophore biosynthesis in the presence of
Smp peptides and the reduction in the susceptibility of strains deficient in siderophore
transport genes support the proposal that these peptides are transported, either inde-
pendently or in complex with siderophores, via iron transport mechanisms. Additionally,
the upregulation of cation transport and oxidative stress response genes, coupled with
the increased sensitivity of E. coli strains with deletions of these upregulated genes to both
Smp peptides, is consistent with the observation that a major component of AMP activity
is linked to ROS generation. While the electrostatic association between pore-forming
AMPs and bacterial membranes followed by integration of the peptide into the membrane
is the initial starting point, it is clear that there are numerous subsequent additional intra-
cellular mechanisms that contribute to their overall antimicrobial effect.

One of the biggest drawbacks for proposing native AMPs as broad-spectrum antibi-
otics has been their limited potency against Gram-negative bacterial pathogens. Poor
stability of AMPs in serum has also limited their use as novel therapeutics. However, di-
sulfide-bridged peptides are more resistant to protease degradation than linear pep-
tides; therefore, joining the terminal ends of peptides by disulfide bridges (cyclization)
constrains the peptide structure and thereby enhances antimicrobial activity (43, 44).
The delivery of AMPs is another crucial factor limiting their clinical application. Systemic
and presystemic enzymatic degradation and rapid hepatic and renal removal from the cir-
culation are challenging for oral and systemic administration routes. Therefore, the most
common administration route of AMPs is localized topical application (45).

Smp43 has a helix-hinge-helix topology, characteristic of several longer-chain
AMPs, all of which have respectable therapeutic indices, for example, pandinin-1 (46)
and dermaseptin B2 (47). In contrast to Smp43, Smp24 is a single alpha-helical peptide,
and it has been demonstrated that the potency of Smp24 can be increased by increas-
ing the positive charge density at its N terminus (48). Increasing the hydrophobicity of
Smp24 reduced its cytotoxicity to a level comparable to those of established pore-
forming antibiotics such as daptomycin and polymyxin B (48). These studies suggest
that, used as templates, this class of AMPs has considerable potential for the develop-
ment of effective anti-infective agents.

Although more than 3,000 AMPs have been discovered thus far, there are several chal-
lenges for the large-scale development of antimicrobial peptides for therapeutic applica-
tions, and these have been discussed recently (49). Those AMPs in clinical use are primarily
restricted to topical applications because, as peptides, most AMPs are susceptible to non-
specific degradation by intracellular proteases. It has been recognized that venom peptides
with multiple disulfide bonds have remarkable thermal stability and resistance to pro-
teases; as a result, several disulfide-bridged venom peptides are in use in a variety of clini-
cal applications (e.g., ziconotide for severe chronic pain and eptifibatide for acute coronary
syndrome) (50). The cyclization of linear AMPs has been shown both to increase peptide
stability and to increase antimicrobial activity (44, 51, 52); it will be interesting to see
whether chemical modification of Smp24 and Smp43 to produce disulfide-bridged or cycli-
cal peptides will increase antimicrobial activity as well as improve resistance to proteases.

MATERIALS AND METHODS

Peptide synthesis. Peptides were synthesized by solid-phase 9-fluorenylmethoxy carbonyl
(FMOCQ) synthesis (Prolmmune Limited, Oxford, UK) with >90% purity. The Smp24 peptide (IWSFLIK
AATKLLPSLFGGGKKDS) and the Smp43 peptide (GVWDWIKKTAGKIWNSEPVKALKSQALNAAKNFVA
EKIGATPS) were used.

Bacterial growth conditions and determination of subinhibitory concentrations. Four independ-
ent cultures of the E. coli strain JM109 were exposed to various subinhibitory concentrations of each
Smp peptide, and polymyxin B as positive control, in order to identify subinhibitory concentrations of
peptides that lowered growth rates to 50%. A culture of E. coli JIM109 was grown overnight in Mueller-
Hinton broth and then diluted into fresh broth (2 x 107 CFU/ml). The culture was then exposed to each
peptide, incubated at 37°C with shaking, and grown to the exponential growth phase (Ag,, = 0.6).
Untreated bacteria were used as negative controls.

Gene expression microarray analysis. A gene expression analysis protocol was followed using a
one-color microarray technique (v6.5) (Agilent, Wokingham, UK). Bacterial samples were collected during
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the mid-logarithmic growth phase. Total RNA was extracted by using an SV total RNA isolation system
(Promega Corporation, Madison, WI, USA). Extracted RNA was assessed for concentration, purity, and integ-
rity using an Agilent 2100 bioanalyzer (Agilent, Wokingham, UK) to reduce biases in microarray analysis
caused by poor RNA quality. Sample RNA, together with the internal control transcripts, were labeled with
cyanine 3-CTP (Cy3) dye during an amplification reaction using an Agilent Low Input Quick Amp kit. The
amplified fluorescent cRNA products were then purified (RNeasy minikit; Qiagen), and the Cy3 specific ac-
tivity was quantified by absorbance at 260 nm. Each slide was hybridized with 600 ng Cy3-labeled cRNA
for 17h (Gene Expression Hybridization kit; Agilent). Hybridized slides were disassembled, washed, and
then scanned at 3-um resolution (Agilent C microarray scanner), preset with the default settings for an 8
x 15,000 (15K) microarray format. All samples were tested in duplicate on each of two separate arrays.

Data analysis. Agilent feature extraction (FE) software (version 10.7) was used to process the generated
images. Raw “txt” data files were analyzed (Agilent GeneSpring GX software, version 13.1; Agilent, Santa Clara,
CA). Briefly, intensity values were subjected to a log, transformation and normalized to the 75th percentile-shift
normalization. The imported data files were then grouped and assigned to the experiment parameters and
conditions. Differentially expressed genes were statistically selected with P < 0.01 by using unpaired t test and
applying a Benjamini-Hochberg multiple testing correction method to correct the computed P values. Finally,
the list of the identified genes was filtered to include only genes with a =2-fold change.

Gene cluster enrichment analysis. The DAVID database of software tools was used for gene and
molecular pathway analysis (https://david.ncifcrf.gov/home.jsp). Enrichment analyses of the differentially
expressed genes were performed using DAVID 6.7 with the thresholds of P value of <0.05 and enrich-
ment gene count of >2. Functional annotation clustering (FAC) allowed clustering of Gene Ontology
(GO) categories sharing a significant number of genes.

Validation of microarray data by real-time PCR (RT-PCR). The expression levels of four representa-
tive genes (two upregulated genes, fiu and fepA, and two downregulated genes, proB and fdnG) were
examined by RT-PCR to validate the microarray expression data. RNA was reverse transcribed into cDNA
with a QuantiTect reverse transcription kit (Qiagen Inc., Chatsworth, CA, USA). RT-PCRs were performed
on a StepOnePlus real-time PCR system, using TagMan probes (Applied Biosystems, CA, USA). cysG, idnT,
and hcat were used as housekeeping genes (53). Results were analyzed using the 2-24¢ method and
presented as relative gene expression normalized to the average cycle threshold for the three house-
keeping genes. To test the primers for specificity and quality, efficiency curves were performed, and
samples were run in triplicate.

Keio collection screen. In order to identify essential genes whose products were involved in the
response of E. coli when treated by Smp peptides, the susceptibility of 88 E. coli single-knockout mutant
strains from the Keio collection (National BioResource Project, National Institute of Genetics, Japan) was
assayed using the BSAC broth microdilution technique (54). The preselection of the mutants for the
assay was based on the differentially expressed genes identified from microarray analysis. Strains with
knockouts in the identified genes were compared with that of the Keio collection E. coli MG1655 parent
strain. Eight Keio strains with genes not identified as significant in the microarray screen (ihfB, uxuR,
hacT, cysG, ugpQ, idnT, yghB, and pbpC), were selected as controls. The MIC was determined as the low-
est concentration of peptides for which no growth was observed.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, DOCX file, 0.03 MB.
FIG S2, DOCX file, 0.1 MB.
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