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membrane lytic and iron chelating
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Abstract

Background: Plant defensins are a broadly distributed family of antimicrobial peptides which have been primarily
studied for agriculturally relevant antifungal activity. Recent studies have probed defensins against Gram-negative
bacteria revealing evidence for multiple mechanisms of action including membrane lysis and ribosomal inhibition.
Herein, a truncated synthetic analog containing the γ-core motif of Amaranthus tricolor DEF2 (Atr-DEF2) reveals
Gram-negative antibacterial activity and its mechanism of action is probed via proteomics, outer membrane
permeability studies, and iron reduction/chelation assays.

Results: Atr-DEF2(G39-C54) demonstrated activity against two Gram-negative human bacterial pathogens,
Escherichia coli and Klebsiella pneumoniae. Quantitative proteomics revealed changes in the E. coli proteome in
response to treatment of sub-lethal concentrations of the truncated defensin, including bacterial outer membrane
(OM) and iron acquisition/processing related proteins. Modification of OM charge is a common response of Gram-
negative bacteria to membrane lytic antimicrobial peptides (AMPs) to reduce electrostatic interactions, and this
mechanism of action was confirmed for Atr-DEF2(G39-C54) via an N-phenylnaphthalen-1-amine uptake assay.
Additionally, in vitro assays confirmed the capacity of Atr-DEF2(G39-C54) to reduce Fe3+ and chelate Fe2+ at cell
culture relevant concentrations, thus limiting the availability of essential enzymatic cofactors.

Conclusions: This study highlights the utility of plant defensin γ-core motif synthetic analogs for characterization of
novel defensin activity. Proteomic changes in E. coli after treatment with Atr-DEF2(G39-C54) supported the
hypothesis that membrane lysis is an important component of γ-core motif mediated antibacterial activity but also
emphasized that other properties, such as metal sequestration, may contribute to a multifaceted mechanism of
action.
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Background
Plant defensins comprise a well-known family of anti-
microbial peptides (AMPs) broadly distributed across
the plant kingdom [1]. Plant defensins can have a
wide variety of functions including antibacterial
activity, trypsin or α- amylase inhibition, and roles in

plant development, but research has primarily focused
on characterizing activity against economically
important agricultural fungi [2, 3]. Antifungal defen-
sins generally act via disruption of the plasma mem-
brane and while mechanisms of action (MOA) vary,
they often require binding to specific cell wall lipids
before inducing secondary effects such as production
of reactive oxygen species, disruption of Ca2+ signal-
ing, or membrane lysis [4–6].
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Although plant defensins’ antibacterial activity is less
commonly characterized, several are known to target hu-
man and agricultural pathogens [2]. While antibacterial
MOA remains poorly understood, recent studies have
revealed contributions of membrane permeabilization
and inhibition of transcription/translation in Gram-
negative bacteria [7–9]. Resistance pathways include
modifications to bacterial OM that decrease negative
charge (lipid A modification and spermidine production)
and mutations to ribosomes [7–9]. As some Gram-
negative bacteria have developed resistance to many
commercially available antibiotics [10], increasing under-
standing of susceptibility to antimicrobial peptides, such
as plant defensins, could aid in the development of novel
peptide-based therapeutics.
Plant defensins are approximately 50 residues in length

and contain eight conserved cysteine residues forming
four disulfide bonds that increase stability against prote-
ases, temperature and pH [11–14]. Plant defensins belong
to the cis-defensin superfamily that have a characteristic
antiparallel β-sheet bound to an α-helix by two disulfide
bonds (Fig. 1a) [4, 15]. The significant length and com-
plexity of defensins can hinder synthetic approaches to
obtain sufficient quantities of defensins for extensive bio-
logical characterization. To circumvent this limitation and
expedite the screening processes, previous studies have
designed truncated defensins which are smaller (~ 1.2
kDa), less structurally complex (no disulfide bonds) and
more synthetically tractable [8, 15, 17–20]. These analogs
include the γ-core motif (GXCX3-9C, where Xn is the
number of residues between cysteines) of target full length

defensins [15, 17–20] (Fig. 1b). Previous activity compari-
sons between full length defensins and γ-core motif ana-
logs suggest that the γ-core motif can exhibit
approximately 10–40% of the activity of full length defen-
sins and can serve as an effective proxy for full length pep-
tides during initial activity screening and characterization
[3].
Herein, we use a truncated γ-core motif analog from a

yet previously uncharacterized A. tricolor defensin to ex-
plore activity against Gram-negative bacteria. We inves-
tigate the response of E. coli to Atr-DEF2(G39-C54) at a
sub-lethal concentration revealing significant changes in
the proteome associated with the OM and iron acquisi-
tion/processing. Validation assays confirm the capacity
of Atr-DEF2(G39-C54) to perturb the outer membrane,
reduce aqueous Fe3+, and chelate Fe2+ supporting the
hypothesis that Atr-DEF2 is membrane lytic and initiates
iron deficiency.

Results
Design of the synthetic truncated defensin
Previous in silico AMP predictions identified 20 putative
defensins within the transcriptome of A. tricolor, nine of
which contained a canonical γ-core motif (Figure S1)
[21]. Three of these (denoted Atr-DEF1–3) included a
highly basic γ-core motif similar to known active syn-
thetic analogs (So-D2, BcDEF, Solyc07g007760, and
MtDef4) (Fig. 1b) [8, 17, 18]. Atr-DEF2 displayed the
most positive charge and thus was used to design a syn-
thetic analog spanning the γ-core motif yielding Atr-
DEF2(G39-C54) (Fig. 1b).

Fig. 1 (a) 3D structure of Medicago truncatula defensin MtDef4 (PDB: 2LR3, figure generated in Pymol) [15] with its γ-core motif (GXCX3-9C, where
Xn is the number of residues between cysteines) highlighted in green. (b) Alignment of Atr-DEF2 (predicted mature sequence) with other plant
defensins including known sequence of Atr-DEF1 [16] and predicted mature sequence of Atr-DEF3. Underlined regions have been synthesized as
γ-core motif analogs [8, 17, 18]. Cysteines forming disulfide bonds are green, basic residues are red, and acidic residues are blue. Conserved basic
residues of membrane lytic γ-core motif analogs are shaded grey. Asterisks note fully conserved residues, two dots note positions with highly
similar residues, and single dots note positions with weakly similar residues
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Antibacterial activity
Atr-DEF2(G39-C54) was screened against Gram-
negative E. coli 25922 (Fig. 2a) and K. pneumoniae
VK148 (Fig. 2b). Both these pathogens belong to the En-
terobacteriaceae family categorized as an urgent threat
by the CDC [22]. Atr-DEF2(G39-C54) was active against
E. coli (IC50 = 9 μM) (Fig. 2a and Supplementary Figure
S2A) and K. pneumoniae (IC50 = 68 μM) (Fig. 2b and
Supplementary Figure S2b).

E. coli proteomic response to Atr-DEF2(G39-C54)
Label-free quantitative proteomics was used to investigate
Atr-DEF2(G39-C54)-induced changes in the E. coli prote-
ome to identify potential mechanisms of action or pathways
to resistance. E. coli were treated with sub-inhibitory concen-
tration of 37 μM Atr-DEF2(G39-C54) which reduced bacter-
ial growth but did not result in complete lethality (Fig. 2a).
Of the 1598 proteins quantified (Table S1), 82 showed in-
creased abundance and 51 showed decreased abundance in
the treatment versus the control (Fig. 3a). Proteomic trends
were identified via manual parsing and gene ontology (GO)

term enrichment analysis of proteins showing significantly
altered abundance (Table S2). This analysis revealed that
proteins associated with modification of outer membrane
charge, Fe-S cluster assembly (GO:1990229), and
siderophore synthesis (GO:0019290)/transport were in-
creased in abundance, while those which utilize Fe-S clusters
(GO:0051536) were generally decreased in abundance (Fig.
3b). These results suggested that Atr-DEF2(G39-C54) per-
turbed the OM and iron homeostasis of E. coli.

Outer membrane permeabilization assay
An N-phenylnaphthalen-1-amine (NPN)-based assay
[23] was used to examine OM disruption by Atr-
DEF2(G39-C54) as suggested by the proteomics results.
Upon OM disruption, NPN partitions into the hydro-
phobic environment of the OM where it has increased
fluorescence [23, 24]. Maximum NPN uptake was
achieved at Atr-DEF2(G39-C54) concentrations of
12.5 μM and higher (Fig. 4a), indicating that the 37 μM
concentration used for proteomics was sufficient to dis-
rupt the OM of E. coli.

Fig. 2 Antibacterial activity of Atr-DEF2(G39-C54) against (a) E. coli 25922 and (b) Klebsiella pneumoniae VK148
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Atr-DEF2(G39-C54)-Fe interactions
Proteomics suggested that Atr-DEF2(C39-C54) per-
turbs iron homeostasis. Thus, in vitro assays were
used to confirm the capacity of Atr-DEF2(G39-C54)
to reduce and/or chelate aqueous iron. The ability of
Atr-DEF2(G39-C54) to induce iron-deficient growth
conditions by reducing aqueous Fe3+ was tested using
a ferric reducing antioxidant power (FRAP) assay [25].
This assay measures a decrease in absorbance as Fe3+

is reduced to Fe2+. Results revealed that Atr-
DEF2(G39-C54) can reduce approximately equimolar
Fe3+ at concentrations relevant to cell culture in
Mueller Hinton broth (MHB) (~ 0.5–0.8 μM) [26]
(Fig. 4b).
Chelation of Fe2+ by Atr-DEF2(G39-C54) was mea-

sured via a ferrozine-based spectroscopic assay in
which the UV-absorbing ferrozine-Fe2+ complex is an-
alyzed [27]. The presence of metal chelators in solu-
tion prevents complex formation, thereby decreasing
absorbance. Ethylenediaminetetraacetic acid (EDTA)
was used as a standard to normalize Fe2+ chelation
by Atr-DEF2(G39-C54) to a well characterized chela-
tor. Fe2+ chelation was observed at concentrations of
6.3 μM Atr-DEF2(G39-C54) and higher (Fig. 4c).

Discussion
Defensins are a widely distributed class of antimicrobial
peptides whose antibacterial activity is underexplored.
Due to the size and complexity of full length defensins,
synthetic defensin γ-core motif analogs offer a more
tractable approach to examining the potential of pre-
dicted defensins from a range of host organisms. Herein,
Atr-DEF2(G39-C54) designed from predicted A. tricolor
defensin Atr-DEF2 exhibited Gram-negative antibacter-
ial activity against human pathogens E. coli 25922 and K.
pneumoniae VK148 (Fig. 2). K. pneumoniae VK148, a
streptomycin- and rifampin-resistant mutant K. pneumo-
niae ATCC 43816 [28], was less sensitive to Atr-
DEF2(G39-C54) than E. coli 25922. This decrease in ac-
tivity is likely due to the presence of a thick anionic
extracellular polysaccharide capsule which prevents cat-
ionic AMPs from reaching the bacterial membrane [29].
Atr-DEF2(G39-C54) was used to interrogate changes

in the proteome of Gram-negative E. coli to defensin
γ-core motif analogs via label-free proteomics. A sub-
lethal concentration of Atr-DEF2(G39-C54) resulted
in 133 proteins showing significantly altered abun-
dances (Fig. 3a, Table S1). Trends within the proteins
with significantly altered abundances suggested that E.

Fig. 3 (a) Volcano plot visualizing global changes in E. coli proteome after treatment with Atr-DEF2(G39-C54). Fold change is defined as the
average of treatment values divided by control values across four biological replicates. The two vertical black lines indicate log2 fold change
values of 1 and − 1. The horizontal black line indicates an FDR-adjusted P-value of 0.05. In total, 1598 proteins were quantified. Upon treatment
with Atr-DEF2(G39-C54) 51 proteins showed decreased abundance (blue) and 82 showed increased abundance (red). (B) Fold changes of proteins
showing significantly altered abundance associated with modification of OM charge, Fe-S cluster assembly (GO:1990229), Fe-S cluster binding
(GO:0051536), and siderophore synthesis (GO:0019290)/transportation
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Fig. 4 Atr-DEF2(G39-C54) validation experiments. (a) E. coli NPN uptake after treatment with Atr-DEF2(G39-C54). (b) Ferric reducing potential of
Atr-DEF2(G39-C54) measured via FRAP assay. (c) Fe2+ chelating activity of Atr-DEF2(G39-C54) measured via decreased formation of UV-absorbing
Fe2+-ferrozine complex and normalized to the chelating activity of EDTA. P value: *, p < 0.05 compared to negative control; **, p < 0.01; ***,
p < 0.0001; n = 3
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coli cells were responding to OM and iron deficiency
stress (Fig. 3b).

Outer membrane perturbation
A common adaptation of Gram-negative bacteria to
membrane lytic antibiotics results in decreased elec-
trostatic attraction between lipid A and cationic
AMPs [30–33]. One pathway for charge reduction in-
volves the addition of 4-amino-4-deoxy-L-arabinose
(L-Ara4N) moieties to the phospholipid head group
of lipid A, inhibiting electrostatic attraction of cat-
ionic AMPs [34] (Fig. 5). Lipid A aminoarabinose
modification has been previously shown to impact the
antibacterial activity of γ-core motif analogs of plant
defensins Mtdef4 and So-D2 against Gram-negative
bacteria [8]. Gram-negative P. aeruginosa strains with
inhibited aminoarabinose modification pathways were
more susceptible to Mtdef4/So-D2 γ-core motif ana-
logs than the wild type strain [8]. So-D2, Mtdef4, and
Atr-DEF2 all have similar highly charged γ-core mo-
tifs including a “RRR” repeat, (Fig. 1b) suggesting that
high net charge enables membrane/peptide electro-
static interactions.
Six proteins within the lipid A aminoarabinose modifi-

cation pathway showed increased abundance in Atr-
DEF2(G39-C54) treated E. coli (Fig. 5, Table S1). This
modification is mediated by the arn gene cluster and
controlled via crosstalk between two signal regulatory

systems transcriptional regulatory protein PhoP (P23837,
FC: 4.8) / Sensor protein PhoQ (P23837, FC:8.6) and
transcriptional regulatory protein PmrA (alternative
name: BasR, A0A0H2VDK2) / Sensor protein PmrB (al-
ternative name: BasS, A0A0H2VD68) [31–33, 35, 36].
These two histidine kinase/response regulator pairs are
connected by PhoP activated signal transduction protein
PmrD (P37590, FC: 5.1) which blocks dephosphorylation
of PmrA [33] (Fig. 5, Table S1). The increase in abun-
dance of these proteins suggests that E. coli is enhancing
signaling related to OM stress response. Furthermore,
bifunctional polymyxin resistance protein ArnA
(Q8FFM1, FC: 2.7), undecaprenyl-phosphate 4-deoxy-4-
formamido-L-arabinose transferase ArnC (Q8FFM2, FC:
3.1), and probable 4-deoxy-4-formamido-L-arabinose-
phosphoundecaprenol deformylase ArnD (Q8FFM0, FC:
2.4) which are arn gene cluster protein products that
catalyze the biosynthesis of L-Ara4N are also increased
in abundance (Fig. 5, Table S1). This indicates that E.
coli are masking OM negative charge with L-Ara4N
moieties to prevent membrane lysis with Atr-DEF2(G39-
G54). Thus, Atr-DEF2(G39-C54) was screened for the
ability to disrupt membranes using an NPN-uptake assay
(Fig. 4a). These results indicated that the sub-lethal
37 μM concentration of Atr-DEF2(G39-C54) used for
the proteomic analysis would have been sufficient to
perturb the OM of E. coli and contribute to the adaptive
responses observed in the proteome.

Fig. 5 Decoration of lipid A in the outer membrane with L-Ara4N moieties is regulated by cross talk between two-component regulatory
systems. Membrane lytic AMPs initiates the phosphorylation (orange) of PhoP by PhoQ activating translation of pmrD. PmrD protects PmrA
(phosphorylated by PmrB) from dephosphorylation. Phosphorylated PmrA activates translation of the arn gene cluster. Proteins produced by the
arn gene cluster synthesize L-Ara4N moieties (green) which are transferred by ArnT to lipid A (yellow). Modified lipopolysaccharides (LPS) are
transported to outer membrane decreasing electrostatic interactions and inhibiting membrane lysis. Color scheme indicates proteins or protein
products of genes whose abundance increased (red) or did not change (purple) after treatment with Atr-DEF2(G39-G54). Genes whose proteins
products were not detected in either conditions are grey
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Iron-deficient environment
Transition metal sequestration is a known contributor to
the activity of AMPs by limiting the availability of im-
portant inorganic cofactors and could account for the
proteomic changes in iron acquisition, processing, and
use [37]. Several plant defensins are known to chelate
metal ions to confer heavy metal tolerance [38–40].
Although metal sequestration has not been previously
reported as a direct antibacterial mechanism of action of
plant defensins, AtPDF1.1 from Arabidopsis thaliana
indirectly induces antibacterial resistance by chelating
Fe2+ and triggering the ethylene signaling pathway [9].
Initiation of iron deficiency by Atr-DEF2(G39-C54) was

the second major trend to emerge from the proteomics
analysis. Gene Ontology analysis revealed that several
identifiers associated with Fe-S cluster assembly pathways
(GO:1990229) or that bind Fe-S cluster cofactors (GO:
0051536) were over represented in the proteomic changes
induced by Atr-DEF2(G39-C54) (Table S2). Fe-S com-
plexes are metal cofactors required for the function of a
variety of essential processes (e.g. respiration and DNA re-
pair) and can be assembled by E. coli via either the iron-
sulfur cluster (ISC) or the sulfur formation (SUF) path-
ways [41]. The SUF pathway in E. coli is associated with
Fe-S cluster assembly during iron deficiency or oxidative
stress [41]. Upon treatment with Atr-DEF2(G39-C54),
cysteine desulfurase SufS (Q8FH54, FC: 3.0), Fe-S cluster
assembly protein SufD (A0A0H2V7L8, FC: 4.3), probable
ATP-dependent transporter SufC (A0A0H2V7V5, FC:
4.2), and Fe-S cluster assembly protein SufB
(A0A0H2V9X7, FC: 6.2) showed increased abundance
(Fig. 6A, Table S1). All these proteins participate in the
SUF pathway, suggesting the cell is adapting Fe-S assem-
bly processes to an iron-limited environment.
Furthermore, fourteen proteins which use Fe-S cluster

cofactors showed decreased abundance (FC: 0.07–0.49,

Table S1) after treatment constituting a general trend to-
wards reduction of Fe-S cluster utilization (Fig. 3b) and
an overrepresentation within the decreasing proteins
(Table S2). Eleven of the decreasing Fe-S cluster binding
proteins were also associated with the GO term
“generation of precursor metabolites and energy” (GO:
0006091, Table S2) suggesting that iron limitation is
causing changes to energy metabolism. For example, Fe-
S binding proteins fumarate reductase iron-sulfur sub-
unit FrdB (P0AC48, FC: 0.5), which converts fumarate to
succinate during the final step of anaerobic respiration
[42], and quinolinate synthase A NadA (Q8FJS7, FC:
0.5), which participates in NAD synthesis catalyzing a
reaction between aminoaspartate with dihydroxyacetone
phosphate [43], both showed decreased abundance after
treatments. Previous studies reported decreases in iron-
rich energy metabolism proteins upon analysis of the
iron-deficient E. coli proteome [44, 45]. It is hypothe-
sized this indicates a shift to pathways which require
fewer Fe-S cofactors [44, 45].
Changes to siderophore-based iron acquisition pro-

cesses also suggested a proteomic adaptation to iron
deficiency. Siderophores are secondary metabolites
which bind and import extracellular Fe3+ so that it
can be incorporated into biomolecules [46]. Biosyn-
thetic proteins which produce the siderophores
enterobactin and aerobactin were increasing after
treatment with Atr-DEF2(G39-G54). Enterobactin and
aerobactin, produced by the ent and iuc gene clusters
respectively (Fig. 6b and c), are known to be induced
during iron-limited conditions to increase capacity of E.
coli to scavenge for environmental iron [46, 47]. A total
of seven ent/iuc protein products (3-dihydro-2,3-dihy-
droxybenzoate dehydrogenase EntA (A0A0H2V770, FC:
22.5), Isochorismatase EntB (A0A0H2V551, FC: 6.0),
Isochorismate synthase EntC (A0A0H2V5R9, FC: 10.9),

Fig. 6 (a) Components of the sulfur formation (SUF) pathway gene cluster (as annotated in E. coli K-12 substr. MG1655 NCBI Accession:
NC_000913), (b) enterobactin gene cluster (as annotated in E. coli K-12 substr. MG1655 NCBI Accession: NC_000913), and (c) aerobactin
biosynthetic gene cluster (E. coli plasmid pVM01 NCBI Accession: NC_010409). Color scheme indicates genes whose protein products showed
increased abundance (red) after treatment with Atr-DEF2(G39-C54) or where not detected in either condition (grey)
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enterobactin synthetase component E EntE
(A0A0H2V534, FC: 8.1), enterobactin synthetase com-
ponent F entF (A0A0H2V5R2, FC: 4.9), IucA protein
(A0A0H2VD46, FC: 3.5), and IucD protein
(A0A0H2VC61, FC: 2.9)) showed increased abundance
after treatment (Fig. 6 and Table S1). In addition to sid-
erophore synthesis proteins, three siderophore trans-
portation proteins showed increased abundance,
including biopolymer transport proteins ExbB
(A0A0H2VAW2, FC: 3.4) and ExbD (P0ABV3, FC: 2.8)
(Table S1). ExbB and ExbD associate with TonB in the
inner member to form an energy transducing complex
which drives outer and inner membrane transportation
of siderophores [48]. These proteins are regulated by
the Fe2+-Fur repressor complex and are induced under
iron-deplete growth conditions [48]. Together, these
trends suggest that E. coli is increasing production of
enterobactin siderophores in response a change in iron
availability caused by Atr-DEF2(G39-C54).
In vitro assays were conducted to confirm the abil-

ity of Atr-DEF2(G39-C54) to perturb aqueous iron
concentrations relevant to bacterial culture [26]. First,
a FRAP assay revealed that Atr-DEF2(G39-C54) can
reduce water-soluble Fe3+ to insoluble Fe2+ (Fig. 4b).
Reduction of Fe3+ by Atr-DEF2(G39-C54) would
make iron less bioavailable for scavenging and import
via siderophores such as enterobactin which bind Fe3+

exclusively. Although Fe3+ is the oxidation state of
iron that is scavenged by E. coli from the environ-
ment, Fe2+ is required for incorporation into biomole-
cules. Chelation of Fe2+ by Atr-DEF2(G39-C54) was
then shown via decreased formation of a UV-
absorbing ferrozine-Fe2+ complex [27] (Fig. 4c). Com-
bined, these finding support the hypothesis that Atr-
DEF2(G39-C54) reduces Fe3+ and chelates Fe2+,
resulting in iron deficient growth conditions and lim-
iting the availability of iron-based cofactors.

Conclusions
Plant defensins are a well-studied family of AMPs
whose antibacterial activity has been largely unex-
plored. Here, a truncated analog designed from the γ-
core motif of a predicted A. tricolor defensin [Atr-
DEF2(G39-C54)] demonstrated robust activity against
both Gram-negative E. coli and K. pneumoniae patho-
gens and was utilized to investigate antibacterial
mechanism of action. The response of E. coli to sub-
lethal pressure by Atr-DEF2(G39-C54) revealed prote-
ome changes associated with outer membrane modifi-
cation and iron acquisition/processing. The capacity
of Atr-DEF2(G39-C54) to disrupt the outer mem-
brane and interact with aqueous iron was confirmed
via an outer membrane permeability study and iron
reduction/chelation assays. These results further

support that membrane lysis plays an important role
in defensin antibacterial mechanism of action medi-
ated by the γ-core motif. Furthermore, it suggests
that iron sequestration may contribute to antibacterial
activity decreasing the availability of important inor-
ganic cofactors.

Materials and methods
Design and synthesis of truncated defensins
Defensins previously predicted from the 1000 Plant Pro-
ject transcriptome (1000 Plant Project sample ID: XSSD)
[49, 50] of Amaranthus tricolor using Cysmotif Searcher
(https://github.com/fallandar/cysmotifsearcher) [21, 51]
were aligned with ClustalOmega (1.2.4) [52]. The syn-
thesis of Atr-DEF2(G39-C54) was accomplished using a
semi automated flow chemistry instrument built in-
house [53, 54]. In brief, synthesis was performed using
200 mg of Fmoc-Cys (Trt)-2-chlorotrityl resin (0.77
mmol/g, 200–400 mesh). A solution of 20% piperidine
in DMF was used for Fmoc deprotection. Following
thorough washing of the resin with DMF, 1mmol of
each Fmoc amino acid was added as a 0.38M HBTU in
DMF (2.5 mL) solution with 450 mL of DIPEA (or 250
mL with His, Cys, or Trp).
Following synthesis completion, the resin-bound pep-

tide was cleaved with a 10-min incubation at 60 °C with
gentle stirring using a TFA/EDT/TIPS/H2O (94:2.5:2.5:
1.0) cleavage mixture (20 mL). The crude cleaved pep-
tide solution was filtered and the volume was reduced to
ca. 5 mL under a stream of N2 gas. The crude peptide
was then precipitated with diethyl ether at 4 °C. Follow-
ing centrifugation (3000 rpm, 4 °C, 10 min) to collect the
crude peptide precipitate, the pellet was dried in vacuo
to deliver Atr-DEF2(G39-C54). The peptide was further
purified by semi preparative HPLC (10–60% B over 20
min, 5 mL/min).

IC50 assay
E. coli 25922 and K. pneumoniae VK148 assays were
conducted in triplicate as previously described [54]. Atr-
DEF2(G39-C54) is prone in precipitation when added to
bacterial culture. Bioassay plate wells each contained
20 μL 1x Mueller–Hinton broth (MHB, 21 g/L, Difco),
10 μL 2x MHB (42 g/L), 10 μL bacterial culture, and
10 μL peptide samples. Controls consisted of ampicillin
(E. coli positive control, 200 μg/mL), erythromycin (K.
pneumoniae positive control, 200 μg/mL), and sterile
water (negative control). Plates were incubated at 37 °C,
250 rpm for 4 h. Resazurin was added to each well to a
final concentration of 1 mM and incubated for approxi-
mately 1 h. Cell viability was quantified using an excita-
tion wavelength of 544 nm and emission wavelength of
590 nm. Bacterial cultures were challenged with a 2-fold
dilution series of Atr-DEF2(G39-C54) ranging from a
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final concentration of 300 μM - 2.3 μM. Atr-DEF2(G39-
C54) is prone in precipitation when added to bacterial
culture and can skew optical density measurements. Per-
cent activity was calculated using resazurin fluorescence
as previously described [55]. IC50 curves were fitted
using GraphPad Prism 5.

Growth and harvest of E. coli treated with Atr-DEF2(G39-
C54)
All culturing was conducted at 37 °C with shaking (250
rpm). E. coli 25922 was inoculated in 5 mL MHB and
grown for 16 h. The overnight culture was used to in-
oculate three 5 mL MHB cultures to a final OD600 of
0.25. After 1 h, E. coli cultures were homogenized and
the homogenate was used to generate eight 0.1 OD600 1
mL cultures. Then, 1 mL cultures were treated with
37 μM Atr-DEF2(G39-C54) or water such that four bio-
logical replicates were performed for each condition.
After 3 h, each replicate was harvested via centrifugation.
Cell pellets were flash frozen in liquid nitrogen and
stored at − 80 °C until further analysis.

Protein extraction
Cell pellets were resuspended in 1.8 mL 100mM Tris-
HCl (pH 8) and lysed by sonicating for 2 min at 200 cy-
cles/burst, with 150W power and a 13% duty cycle using
an E220 focused ultra-sonicator (Covaris, http://covaris.
com/). Cell lysate was incubated for 30 min with 9 mL of
chilled 100mM ammonium acetate in methanol (−
20 °C) and then centrifuged at 3220 rcf for 10 min (4 °C)
to pellet protein precipitate. Supernatant was discarded
and the protein pellet dried for 20 min to remove any
remaining methanol. Pellets were resuspended in 300 μL
4M urea 100 mM Tris-HCl pH 8. Proteins concentration
was determined using CB-X assay (G-Biosciences, St.
Louis, MO).

Protein reduction, alkylation, and digestion
50 μg aliquots of each replicate were reduced with 10
mM dithiothreitol (30 min, room temperature, dark) and
alkylated with 30mM iodoacetamide (45 min, room
temperature, dark). Reduced and alkylated samples were
precipitated in chilled acetone for 30 min (− 20 °C).
Supernatant was discarded and protein pellets were
dried under a stream of N2(g). Pellets were resuspended
in 400 μL 4M urea 100 mM Tris-HCl (pH 8). Tryptic di-
gestion (Trypsin Gold, Promega) was performed at an
enzyme:protein ratio of 1:50 and incubated at 25 °C for
16 h with 850 rpm shaking. Digestion was quenched by
acidifying with 10% trifluoracetic acid (pH < 3). Samples
were desalted via C18 SepPak (50 mg, Waters) prior to
further analysis.

LC-MS/MS data acquisition
Samples were analyzed as previously described using an
Acquity M-class UPLC system (Waters, Milford, MA, USA)
coupled to a Q Exactive HF-X Hybrid Quadrupole-Orbitrap
mass spectrometer (Thermo Scientific, Waltham, MA, USA)
equipped with a Nanospray Flex source operated positive po-
larity mode [56]. Injections (4 μL) were made to a Symmetry
C18 trap column (100Å, 5 μm, 180 μm×20mm; Waters)
and then separated on a HSS T3 C18 column (100Å,
1.8 μm, 75 μm×250mm; Waters) resulting in an average
peak width of 30 s. Data was acquired using a top 20 data-
dependent acquisition mode with an isolation window of 1.5
m/z. Survey scans were collected with a scan range of 350–
2000m/z, 120,000 resolving power, an AGC target of 1 ×
106, and maximum injection time of 50ms. Precursor ions
were selected (isolation window of 1.5m/z) for higher-
energy collisional dissociation (HCD) collecting spectra with
a scan range of 200–2000m/z, resolving power of 30,000,
AGC target of 3 × 105 and a maximum injection time of
100ms. The total duty cycle of this method is 2.05 s produ-
cing approximately 15 survey scans across a chromato-
graphic peak.

Database searching and label-free quantification
LC-MS/MS data were processed as follows for area under
the curve label-free quantitation. Acquired spectral files
(*.raw) were imported into Progenesis QI for proteomics
(Nonlinear Dynamics, version 2.0; Northumberland, UK).
Peak picking sensitivity was set to maximum of five and a
reference spectrum was automatically assigned. Total ion
chromatograms (TICs) were then aligned to minimize
run-to-run differences in peak retention time. Each sam-
ple received a unique factor to normalize all peak abun-
dance values resulting from systematic experimental
variation. A combined peak list (*.mgf) containing the top
25 fragmentation spectra for each m/z was exported for
peptide sequence determination and protein inference by
Mascot (Matrix Science, version 2.5.1; Boston, MA, USA).
Database searching was performed against the Escherichia
coli O6:H1 UniProt proteome (https://www.uniprot.org/
proteomes/UP000001410, 5336 entries) and sequences for
common laboratory contaminants (https://www.thegpm.
org/cRAP/, 116 entries). Searches of MS/MS data used a
trypsin protease specificity with the possibility of two
missed cleavages, peptide/fragment mass tolerances of 15
ppm/0.02 Da, and variable modifications of protein N-
terminus acetylation, and methionine oxidation. Alkyl-
ation of Cys with IAM (carbamidomethylcysteine) was set
as a fixed modification. Significant peptide identifications
above the identity or homology threshold were adjusted to
less than 1% peptide FDR using the embedded Percolator
algorithm [57] and imported to Progenesis for peak
matching. Identifications with a Mascot score less than 13
were removed from consideration in Progenesis before
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exporting both “Protein Measurements” from the “Review
Proteins” stage.

Data analysis and statistics
For LC-MS/MS-based proteomics, data were parsed
using custom scripts written in R for pre-processing and
statistical analysis (https://github.com/hickslab/
QuantifyR). Leading protein accessions were considered
from the “Protein Measurements” data and kept if there
were ≥ 2 shared peptides and ≥ 1 unique peptide
assigned. Proteins were removed if there was not at least
one condition with 3/4 nonzero values across the
Progenesis-normalized abundance columns. Values were
log2-transformed and we applied a conditional imput-
ation strategy using the imp4p package [58], where con-
ditions with at least one nonzero value had missing
values imputed using the impute.rand function with de-
fault parameters. For cases where a condition had only
missing values, the impute.pa function was used to im-
pute small numbers centered on the lower 2.5% of
values in each replicate. Statistical significance was
determined using a two-tailed, equal variance t-test and
the method of Benjamini- Hochberg (BH) was used to
correct p-values for multiple comparisons [59]. Fold
change was calculated by the difference of the mean
abundance values between conditions being compared.
Only observations with FDR-adjusted p < 0.05 and log2-
transformed fold change +/− 1.0 were considered signifi-
cantly different.

Gene ontology enrichment analysis
Significantly increasing and decreasing proteins were an-
alyzed for over/under-represented gene ontology (GO)
terms using the Panther Gene Ontology enrichment
analysis tool (v16.0, http://www.pantherdb.org/) [60]. In-
dividual lists of increasing and decreasing proteins were
submitted for analysis using all identified E. coli proteins
as the reference data set.

Outer membrane lysis assay
The capacity of Atr-DEF2(G39-C54) to disrupt the OM of E.
coli was measured using an 1-N-phenylnapthylamine
(NPN)-uptake assay [23]. 5mL cultures of E. coli 25922 in
MHB were incubated for 16 h at 37 °C with shaking (250
rpm). The overnight culture was used to inoculate three 5
mL MHB cultures to a final OD600 of 0.25 and incubated for
an additional hour (37 °C, 250 rpm). E. coli cells were pelleted
via centrifugation (1000 rcf, 5min) and washed with 5mL 5
mM HEPES (pH7.4) buffer containing 5mM glucose. Cells
were again pelleted, discarding the supernatant and resus-
pending in 5mL 5mM HEPES (pH 7.4) buffer containing 5
mM glucose. NPN (0.5mL, 0.110mM resuspended in acet-
one) was added to the cell solution and incubated for 30min
(dark, room temperature). Cell solution (40 μL) and sample

(10 μL) were combined in a 96-well plate and centrifuged
briefly (1000 rcf) before measuring fluorescence (350 nm ex,
420 nm em). Samples were composed of a two-fold dilution
series of Atr-DEF2(G39-C54) ranging from 250 to 2 μM
(working concentration 50–0.4 μM), 50 μg/mL polymyxin B
(working concentration 10 μg/mL, positive control), and
MilliQ water (negative control). Each sample was assayed in
triplicate. NPN uptake was calculated as follows, where Fobs
is the fluorescence of the peptide sample, Fo is the fluores-
cence of the negative control and F100 is the fluorescence of
the positive control:

NPN uptake ¼ Fobs−F0ð Þ= F100−F0ð Þð Þ � 100

FRAP assay
Fe3+ reduction was measured using a QuantiChrom
FRAP assay kit (BioAssay Systems, Hayward, CA) per
manufacturer protocol for 96-well plate format. Atr-
DEF2(G39-C54) was assayed in a two-fold dilution series
such that working concentrations ranged from 6.3–
0.8 μM.

Fe (II) chelation assay
Fe2+chelation assay was adapted from Santos et al. [27]
Atr-DEF2(G39-C54) and EDTA samples were assayed in
two-fold dilution series such that their working concentra-
tions ranged from 0 to 13 μM. Sample (25 μL, 0–67.6 μM),
water (80 μL), and (NH4) Fe (SO4)2 (0.3mM, 10 μL) were
incubated in a 96-well plate for 5min at room temperature.
Ferrozine (15 μL, 0.8mM) was added and incubated for 15
min at room temperature before measuring the absorbance
of each well at 562 nM. EDTA standards yielded a linear
calibration curve which was used to determine the EDTA
equivalence of Atr-DEF2(G39-C54) as follows, where A is
the absorbance of each sample; b is the y intercept of the
EDTA calibration curve, and m is the slope of the calibra-
tion curve:

EDTA equivalence ¼ A−b
m
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