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Cory D. DuPai,1 and Bryan W. Davies1,3,*

SUMMARY

The rapid development and spread of antibiotic resistance necessitate the devel-
opment of novel strategies for antibiotic discovery. Symbah-1, a synthetic pep-
tide antibiotic, was identified in a high-throughput antibacterial screen of random
peptide sequences. Symbah-1 functions through membrane disruption and
contains broad spectrum bactericidal activity against several drug-resistant path-
ogens. Circular dichroism and high-resolution mass spectrometry indicate sym-
bah-1 has a b-hairpin structure induced by lipopolysaccharide and is cyclized via
an intramolecular disulfide bond. Together these data classify symbah-1 as an un-
common syntheticmember of the b-hairpin antimicrobial peptide class. Symbah-1
displays low hemolysis but loses activity in human serum. Characterization of a
symbah-1 peptide library identified two variants with increased serum activity
and protease resistance. The method of discovery and subsequent characteriza-
tion of symbah-1 suggests large synthetic peptide libraries bias toward macrocy-
clic b-hairpin structure could be designed and screened to rapidly expand and
better understand this rare peptide antibiotic class.

INTRODUCTION

The rapid development of antibiotic resistance and the increased prevalence of multidrug-resistant (MDR)

bacterial infections loom large over modern medicine (Centers for Disease Control and Prevention (U.S.),

2019; Shrivastava et al., 2018). Mining of culturable microbes, once a robust method of discovery, has stag-

nated; however, the decades long accumulation of active and inactive small- and macro-molecule datasets

are beginning to allow advances in computational analysis and machine learning to rapidly screen for syn-

thetic molecules with antibiotic (Randall and Davies, 2021).

Macrocyclic peptides have emerged as a promising avenue for the development of therapeutics (Pas-

sioura, 2020; Zorzi et al., 2017). Naturally occurring macrocyclic peptides have recently provided new anti-

biotic drugs, drug candidates, and scaffolds for development of novel antibiotics (Luther et al., 2018).

Recently identified novel antibiotics such as teixobactin (Ling et al., 2015), lugdunin (Zipperer et al.,

2016), darobactin (Imai et al., 2019), and murepavadin (Martin-Loeches et al., 2018) contain macrocyclic

peptide-based structures. Several of these antibiotics, including teixobactin, darobactin, and murepava-

din, function through the formation or mimicking of b-sheets to interact with their targets (Kaur et al.,

2021; Zong et al., 2019). One rare class of potent peptide antibiotics are the b-hairpin antimicrobial

peptides (b-AMPs). They contain an antiparallel b-hairpin structure and are cyclized via one or more intra-

molecular disulfide bonds (Panteleev et al., 2015, 2017). Members of this class can function through both

membrane disruption and inhibition of essential proteins (Lam et al., 2006; Moura et al., 2020; Vetterli

et al., 2018) and have served as scaffolds for therapeutic development (Edwards et al., 2017; Elliot et al.,

2020; Orlov et al., 2019). Murepavadin, a synthetic derivative of the most well-studied b-AMP, protegrin-

1, entered clinical development and specifically targets the Pseudomonas aeruginosa essential protein

LptD (Andolina et al., 2018; Dale et al., 2018). Despite the promise of the b-AMP class, they remain under-

studied primarily due to their rarity and limited methods for new discovery.

Future development of peptide-based antibiotics hinges on overcoming issues of limited discovery, insta-

bility, and toxicity. Such limitations make strategies for high-throughput discovery and methods for

improving stability while limiting toxicity essential. Recently, a high-throughput method of discovery called
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surface localized antimicrobial display (SLAY) has demonstrated tremendous potential (Tucker et al., 2018).

A screen of �800,000 random peptides displayed on the surface of bacterial cells resulted in the identifi-

cation of many novel sequences with antibacterial activity. Even with these additional means of discovery,

peptide antibiotics still suffer from issues of instability, especially due to protease lability. There are several

strategies for increasing their stability including constraining structure through cyclization (Moiola et al.,

2019), altering the termini of peptides, and changing residues to nonnatural amino acids (Gentilucci

et al., 2010). Such strategies tend to improve protease resistance, enhance serum activity, and in some

cases reduce toxicity (Mourtada et al., 2019). Toxicity often occurs because antimicrobial peptides permea-

bilize mammalian membranes, but little is currently known about what characteristics impact b-AMP

membrane selectivity. Changes in b-AMP conformation as well as differences in amphipathicity and hydro-

phobicity have been suggested, but a lack of unique sequences make analysis difficult (Edwards et al.,

2016; Soundrarajan et al., 2019).

Here we characterize a synthetic macrocyclic b-hairpin antibiotic peptide (symbah-1) identified with SLAY.

Symbah-1 is cyclized through an intramolecular disulfide bond and contains a b-hairpin structure inducedby

lipopolysaccharide (LPS). Symbah-1 has broad spectrum bactericidal activity and demonstrates in vitro and

in vivo killing of carbapenem resistant Acinetobacter baumannii. It also exhibits a unique ability to differen-

tiate between bacteria and erythrocyte membranes not common in natural members of the b-AMP class.

Design and characterization of an optimization library identified several variants with increased serum activ-

ity and protease resistance. Symbah-1 represents the rare identification of a fully synthetic member of the

b-AMP class, providing evidence that targeted SLAY screens could be used to rapidly increase b-AMP dis-

covery and help elucidate sequence features affecting their stability, potency, and toxicity.

RESULTS

Symbah-1 is a peptide antibiotic functioning via membrane disruption

Symbah-1 was originally identified as a hit in an SLAY screen of random 20mer peptides performed in

Escherichia coli W3110 (Tucker et al., 2018). This method involves screening large libraries of peptides

for their ability to inhibit bacterial growth as a fusion protein tethered to the outer membrane (Figure 1A).

Symbah-1 is cationic and has a sequence of RKCVISVARRNRRANIKILCNS containing two cysteines located

toward its amino and carboxyl termini, potentially allowing cyclization via a disulfide bridge (Figure 1B). In-

duction of symbah-1 display on the surface of E. coliW3110 caused inhibition of growth in Luria-Bertani (LB)

media when compared with no induction and induction of human influenza hemagglutinin (2xHA), a benign

control (Figure 1C).

Because peptides are translated in linear form during SLAY screening, we chemically synthesized symbah-1

in linear form to begin testing in vitro activity. The minimum inhibitory concentration (MIC) of synthesized

symbah-1 against E. coliW3110 was determined to be 16 mg/mL in Mueller-Hinton media (MH) and amida-

tion of the carboxyl terminus improved the MIC to 8 mg/mL (Figure 1D). We went on to use amidated sym-

bah-1 as the lead peptide for all subsequent experimentation. A killing curve was performed with symbah-1

at 2- and 4-fold its MIC in MH (Figure 1E). No colony-forming units (CFUs) were detected after 60 min of

growth at either concentration. Because many bactericidal cationic antimicrobial peptides function

through membrane disruption, we analyzed the ability of symbah-1 to permeabilize the E. coliW3110 inner

and outer membranes through propidium iodide (PI) uptake (Figure 1F). PI is a fluorescent intercalating

agent that binds DNA and can only access the cytoplasm if the inner and outer membrane have been per-

meabilized. E. coli W3110 cells were exposed to symbah-1 and 2xHA at 2- and 4-fold the MIC, and PI fluo-

rescence was monitored. Treatment resulted in increased PI fluorescence with symbah-1, whereas there

was no increase for treatment with 2xHA. Carbenicillin and polymyxin B were included as positive and

negative controls respectively for this assay. These data suggest that symbah-1 is a bactericidal peptide

antibiotic causing inner and outer membrane disruption.

Symbah-1 is a macrocyclic, b-hairpin peptide cyclized via a disulfide bond

We used a method incorporating machine learning called AlphaFold v2 to predict symbah-1 tertiary struc-

ture (Jumper et al., 2021). The primary model predicted a b-hairpin structure shared by a rare class of natu-

rally occurring b-AMP antibiotics (Figure 2A). To analyze symbah-1 secondary structure we used circular

dichroism spectroscopy (CD) with the addition of LPS. The structure of many peptide antibiotics is often

induced by the presence of bacterial membranes or membrane mimics such as LPS (Avitabile et al.,

2014). This includes b-AMPs such as protegrin-1, which demonstrate strong minima at 218 nm upon
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addition of LPS (Soundrarajan et al., 2019). A CD spectrum with minimum at�218 nm and maxima�195 nm

corresponds to an antiparallel b-sheet secondary structure (Greenfield and Fasman, 1969). CD spectra were

determined for symbah-1 at varying concentrations of LPS (Figure 2B). Addition of LPS corresponds with a

shift of minimum from �200 nm (unstructured) to 218 nm (b-sheet), implying a likely antiparallel b-hairpin

structure upon interaction with bacterial membranes.

Although symbah-1 was chemically synthesized in linear form, it contains two terminally localized cyste-

ines that could create a disulfide bridge forming a macrocyclic peptide structure. To determine whether a

disulfide bond spontaneously forms in symbah-1, we performed molecular weight analysis using high-res-

olution mass spectroscopy after suspension in MH. The presence of an intramolecular disulfide bond re-

sults in the loss of two hydrogen atoms corresponding to a drop of 2.016 daltons (Da) in the peptide’s

monoisotopic mass (Mmi). This shift in mass was confirmed by analyzing the mass-to-charge (m/z) ratio

of the +5-charge state in MH of amidated symbah-1 chemically synthesized to contain a disulfide

bond (cyclic) with and without addition of 10 mM dithiothreitol (DTT), a reducing agent that dissolves

any disulfide bonds (Figure S1. High-resolution mass spectrometry of cyclized symbah-1 and Figure 2C).

The isotope distributions for the +5-charge state of cyclic symbah-1 shifted with the addition of DTT

corresponding to a �2 Da increase in Mmi as expected. Our symbah-1 chemically synthesized without

a disulfide bond matched the m/z isotope distribution and Mmi of cyclized symbah-1, suggesting it spon-

taneously forms a disulfide bond to form peptide macrocycle in MH media. Together our CD and MS

data classify symbah-1 as a rare synthetic member of the small b-AMP class.

Macrocyclic structure is critical for activity due to decreased protease lability

To further examine symbah-1 function and the importance of cyclization, two cysteine to alanine symbah-1

variants (C3A and C20A) were chemically synthesized and compared with symbah-1 and chemically cyclized

symbah-1. We first determined the MIC of each variant against E. coli W3110. Each variant lost R16-fold

Figure 1. Symbah-1 is a peptide antibiotic functioning via membrane disruption

(A) Diagram of SLAY peptide display system in the outer membrane (OM).

(B) Symbah-1 peptide sequence (blue = charged, yellow = hydrophobic, green = polar, purple = cysteine).

(C) Growth curve with and without induction of peptide display (+/�). Data represented by mean +/- one standard deviation of triplicate samples (n = 3).

(D) Table showing E. coli W3110 MICs.

(E) Killing curve of E. coliW3110 cells treated with different concentration of symbah-1. Data are represented by the mean +/- one standard deviation of triplicate

samples (n = 3). Error bars represent one standard deviation of triplicate samples (n = 3).

(F) PI uptake in relative fluorescence units (RFU) of E. coliW3110 cells challenged with different peptides and antibiotics. Data are represented by mean +/�
one standard deviation of triplicate samples (n = 3).
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activity relative to native symbah-1 (Figure 3A). We hypothesized that these variants may lose activity due to

an inability to form a b-hairpin structure. To test this, CD spectra were examined for each variant and the

cyclized version with LPS added (Figure 3B). A minimum was observed near 218 nm for each variant, sug-

gesting each have the same relative b-hairpin structure even without the ability to cyclize. We next consid-

ered that an inability to cyclize may leave variants vulnerable to protease digestion. To explore this possi-

bility minimum bactericidal concentrations (MBCs) were measured using an E. coli strain with cell envelope

proteases deleted (HM130) and its parent strain (KS272) (Park et al., 1999). The MBC for KS272 was 8- to 16-

fold higher for each cysteine variant relative to symbah-1, consistent with the previously observed increases

in MIC for E. coli W3110. These differences were nearly eliminated when examining MBCs for the cell en-

velope protease knockout strain HM130 (Figure 3C). Addition of extracellular trypsin protease to the assay

with HM130 increased the MBC for each cysteine variant while slightly reducing the MBC for symbah-1.

These drastic changes in cysteine variant MBCwith and without protease activity are likely due to increased

protease lability because the MBC for symbah-1 and the chemically cyclized version of the peptide did not

change more than 2-fold under each of the conditions tested. These data together suggest that the

cysteine variants likely lose their activity due to increased protease lability when unable to form a disulfide

bridge.

Symbah-1 has broad bactericidal activity against drug resistant pathogens

To investigate the spectrum of symbah-1 antimicrobial activity, MICs were determined for a panel of bacteria,

including multiple pathogens from the antimicrobial-resistant ESKAPE group (Enterococcus faecium, Staph-

ylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Entero-

bacter species). We measured MIC in both the canonical MH media and RPMI 1640 (RPMI), a media used

for mammalian tissue culture. Symbah-1 inhibited the growth of each strain in both media (Figure 4A). Inter-

estingly, the inhibitory activity ranged from 4 to 8 mg/mL in RPMI media for all the multidrug-resistant strains

tested, including carbapenem-resistant A. baumannii (AB5075), carbapenemase-positive K. pneumoniae

(ATCC 1705), and methicillin-resistant S. aureus (USA100) (Figure 4A). In addition, polymyxin-resistant strains,

E. coli WD101 and A. baumannii R2, were similarly susceptible, as their parent strains E. coli W3110 and

A. baumannii 17,978 suggesting symbah-1 may function differently from other cationic peptide antibiotics

such as the polymixins (Figure 4A). The MIC of symbah-1 using RPMI was within 2-fold of several clinically

used antibiotics against A. baumannii AB5075 (Figure 4B). A. baumannii AB5075 is a member of the carbape-

nem-resistant acinetobacter (CRA) group currently listed as an urgent threat by the CDC (Centers for Disease

Control and Prevention (U.S.), 2019). To determine whether symbah-1 retains activity against A. baumannii

AB5075 under in vivo conditions we ran a murine intraperitoneal infection model with and without injection

of 5 mg/kg symbah-1 15 minutes after infection. Six hours postinfection the kidneys and liver of treated and

Figure 2. Symbah-1 is a synthetic member of the b-AMP class

(A) AlphaFold v2 model of symbah-1 tertiary structure.

(B) Circular dichroism spectra of symbah-1 with addition of various concentrations of LPS.

(C) High-resolution mass spectra of the +5 charge state isotope peaks of cyclic symbah-1 in MH, cyclic symbah-1 in MH +

10 mM DTT, and symbah-1 in MH. The measured Mmi (monoisotopic mass) of each peptide is inset top left.
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untreated mice were removed, homogenized, and plated for CFUs. A significant decrease in kidney and liver

CFUs (p value <0.05) was observed for mice treated with symbah-1 relative to those without treatment, sug-

gesting symbah-1 retains activity against A. baumannii AB5075 under in vivo conditions (Figure 4C). These

data together suggest that symbah-1 has broad range activity on both gram-negative and gram-positive

MDR bacterial pathogens and retains its activity under in vivo conditions.

Symbah-1 appears to have no strong secondary mechanism of action

Some b-AMPs such as thanatin have a mechanism of action targeting essential cell envelope processes

(Fehlbaum et al., 1996; Moura et al., 2020; Vetterli et al., 2018). We thought it possible that symbah-1 may

contain an additional mechanism of action, so we attempted to isolate A. baumannii AB5075-resistant mu-

tants through subinhibitory serial passage in liquid media over two weeks. These attempts provided no iso-

lates with improved resistance, suggesting resistance is not readily developed (Silver, 2011). Little is known

about the genetic response ofmultidrug resistant strains challengedwithmembranedisruptingpeptides so

we examined the genetic response of A. baumannii AB5075 to symbah-1 treatment via RNA-seq to identify

differentially regulated genes. We determined the log2-fold change in gene expression upon treatment

with subinhibitory concentrations of symbah-1 (Table S1. AB5075 RNAseq and Table S2. Log2-fold change

in AB5075 gene expression). Interestingly, AB5075 upregulated two gene clusters and many genes of un-

known function. A region fromABUW_1466 toABUW_1471wasmodestly upregulated.Many of thesegenes

are homologous to general stress tolerance proteins such as LmbE. Another region from ABUW_2433 to

ABUW_2443 was slightly more upregulated and includes many genes of unknown function. Three of these

upregulated genes (ABUW_2443, _2679, and _2553) were not present in a transposon knockout library avail-

able from the University of Washington, suggesting they may be essential; however, ABUW_2443 and 2553

have extremely small open reading frames andmay not been present due to low coverage. ABUW_2443 and

ABUW_2679 have predictedGram-negative sec secretion signals on their N-terminus, suggesting theymay

be present in the cell envelope where they would likely encounter symbah-1. Unfortunately, there was no

clear effect on MIC when investigating any knockout or overexpression of all the upregulated genes tested

(Table S1). We cannot rule out their involvement in combating symbah-1 activity because minor effects on

cell death were not examined beyondminimum inhibitory concentration. Further investigation into some of

these dysregulated genes may better elucidate their functions and possible involvement in response to

Figure 3. Macrocyclic structure is critical for activity due to reduced protease lability

(A) Symbah-1 variant peptide MICs against E. coli W3110.

(B) Circular dichroism spectra for symbah-1 variants with 0.8 mg/mL LPS.

(C) MBCs for symbah-1 variants against E. coli KS292, HM130, and HM130 with 160 ng/mL trypsin protease in MH media.

Single dots represent individual replicates. Bars represent the median value (n = 3).
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symbah-1membrane disruption. Lastly, we performed a pull-down on a 63 histidine tagged version of sym-

bah-1 retaining antibacterial activity in an attempt to identify potential protein interactors. A comparison of

mass spectrometry analysis from pull-downs of 63 histidine tagged symbah-1 and tagless symbah-1

following treatment of A. baumannii 17,978 cells revealed no obvious, significant protein interactors (Table

S3. Symbah-1 pull down). These data together suggest that symbah-1 membrane disruption is most likely

the primary mechanism of killing and that resistance to symbah-1 activity is not readily developed.

Symbah-1 has low hemolysis but loses activity in human serum

Antimicrobial peptides used therapeutically have to overcome issues of toxicity and serum stability in

order to successfully treat disease. For this reason, we decided to compare the hemolysis and serum

activity for symbah-1 and the sequences of two naturally occurring membrane disrupting b-AMPs, prote-

grin-1 (Kokryakov et al., 1993) and tachyplesin-1 (Nakamura et al., 1988). We had their peptide sequences

chemically synthesized and verified their b-hairpin structure via CD with LPS and membrane activity via PI

uptake (Figure S2. Protegrin-1 and tachyplesin-1 function and structure). The hemolysis of 2-fold serially

diluted protegrin-1 and tachyplesin-1 were determined and compared with hemolysis observed with 1%

Triton X-100 (100%). Thanatin, a b-AMP previously reported to have very low hemolysis (Edwards et al.,

2016), was used as a negative control. Interestingly, symbah-1 showed very low hemolysis relative to pro-

tegrin-1 and tachyplesin-1 (Figure 5A), suggesting symbah-1 may have unique membrane selectivity in

comparison to membrane disrupting members of the natural b-AMP class. Next, MBCs were determined

with and without the presence of 40% human serum for each peptide in MH. MBCs were used because

the addition of serum affected the optical density used to determine MIC. The MBCs of all three b-AMPs

were within 2-fold of one another ranging from 8 to 16 mg/mL; however, symbah-1 lost 8-fold activity

when 40% human serum was added, whereas protegrin-1 and tachyplesin-1 had no change and a

2-fold change, respectively (Figure 5B). We decided to examine the number of disulfide bonds present

in each peptide resuspended in PBS using liquid chromatography paired with mass spectrometry

(LC/MS) to predict their conformation more accurately under in vivo conditions (Figure 5C). Protegrin-1

and tachyplesin-1 eluted off the liquid chromatography column as a single peak and contained two di-

sulfide bonds, as their measured monoisotopic masses were �4 Da lighter than the expected Mmi with

no disulfide bonds present (Figure 5C). Interestingly, symbah-1 eluted as two distinct peaks. Mass spec-

trometric analysis of each individual peak showed one contained a disulfide bond and the other did not

(Figure S3. Calculating peptide percent cyclization). The peak containing a disulfide bond represented

43% G 1 of the area of all peaks. This suggests that symbah-1 exists in both cyclized and linear confor-

mations in PBS in contrast to MH media. The number and percentage of disulfide bonds present in

Figure 4. Symbah-1 has broad bactericidal activity against drug resistant pathogens

(A) Table of symbah-1 MICs against various bacterial strains in MH media and RPMI media.

(B) Table of clinically relevant antibiotics against A. baumannii AB5075 in MH media and RPMI media.

(C) CFUs of the kidneys and liver resulting from injection of 13 106A. baumanniiAB5075 cells in themouse intraperitoneal

space with and without treatment with 5 mg/kg symbah-1. Filled circles or triangles represent CFUs from a single

replicate; lines represent the mean of all replicates from one condition (* two-tailed t test p value % 0.05) (n R 4).
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protegrin-1, tachyplesin-1, and symbah-1 in PBS could help explain the differences observed in their

serum activities.

Design of a symbah-1 optimization library

To help determine why symbah-1 loses significant activity in human serum we designed a variant library

attempting to increase its stability. Protegrin-1 and tachyplesin-1 have tightly constricted b-hairpin struc-

tures involving two disulfide bonds (Figure S4. Beta-hairpin antimicrobial peptide structures). Symbah-1

is slightly longer, has only one potential disulfide bond, and may have a strained loop region due to incom-

patible R-group pairs near the turn of its b-hairpin structure (Figure S4). To remedy these potential issues

and inform our library design we first determined the importance of each residue in the symbah-1 sequence

bymeasuring theMIC againstA. baumanniiAB5075 with crude alanine variants at each position in bothMH

and RPMI media (Figure S5. Symbah-1 residue importance). Using this information, we then generated an

unamidated symbah-1 optimization library (SBH), trying to alter only flexible residues and increase struc-

tural stability through a combination of matching potential antiparallel b-sheet R-group pairs and adding

the potential for an additional disulfide bond (Table 1). We also made attempts to retain both the charge

and b-hairpin structure of symbah-1 in the SBH library. After the initial library design, we predicted the ter-

tiary structure of all 24 designed peptides in the library using AlphaFold2 modeling (Figure S6. AlphaFold

tertiary structure modeling). The primary model for each SBH peptide was predicted to have a b-hairpin

structure apart from SBH-16 whose secondary model was a b-hairpin. We went ahead and had all 24

SBH peptides chemically synthesized for further characterization.

Symbah-1 variants contain increased serum activity and low hemolysis

To evaluate our designed library, the secondary structure, disulfide bond state, serum activity, and hemo-

lysis were determined for each SBH peptide. Only a R 4-fold improvement of antibacterial activity over

SBH-1 was considered significant due to differences in peptide purity (see Table S5. Peptides used).

One peptide, SBH-19, was insoluble in water and was therefore removed from the library.

First, the b-hairpin structure of each peptide in the library was confirmed using CD with addition of 0.8 mg/mL

LPS (Figure S7. SBH peptide circular dichroism). All peptides appeared to retain b-hairpin structure with LPS

present, althoughminor increases in minima wavelength were observed. Next, the number and percentage of

Figure 5. Symbah-1 has low hemolysis but loses activity in human serum

(A) Percent hemolysis of serial dilutions of symbah-1, protegrin-1 (PG-1), tachyplesin-1 (TP-1), and thanatin. Error bars

represent one standard deviation (n = 3).

(B) MBCs of b-AMPs with MH and MH with 40% human serum (HS). Single dots represent single replicates of triplicate

experiments. Bars represent the median value.

(C) Table of Mmi (monoisotopic mass) for b-AMPs in PBS as determined by high-resolution LC/MS. Data are represented

by mean +/� one standard deviation of triplicate samples (n = 3).
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disulfide bonds present in PBS for each peptide were evaluated using LC/MS. Like symbah-1, most SBH pep-

tides presented a mixture of conformations in PBS, which were separated during the liquid chromatography

phase of the assay. The number of disulfide bonds present for each LC peak were determined by Mmi, and

percentages were calculated for each based on the relative area of each liquid chromatography peak (see Fig-

ure S3. Calculating peptide percent cyclization and Table 1). The addition of a second cysteine pair to SBH

peptides resulted in a proportion with two disulfide bonds present. These percentages varied, suggesting

each peptide’s ability to spontaneously form either one or two disulfide bonds may be impacted by structural

changes determined by sequence variation.

Next, the serumactivity for eachpeptide in the library wasmeasuredby comparingMBCsagainstA.baumannii

AB5075 in MH and RPMI with and without 40% human serum. SBH-1 lost activity in 40% human serum in both

media similar towhatwasobservedwith symbah-1. Therewasa strongcorrelationbetweenpeptideswith some

proportion containing two disulfide bonds and retained serum activity. Although, this correlation was not due

to an additional disulfide alone (Table 1, SBH-6). The two peptides with the greatest retention of serum activity

were SBH-15 and SBH-22, gaining R 8-fold activity in serum relative to SBH-1 in both media.

Lastly, the hemolysis of each SBH peptide was also determined at 128 mg/mL (Figure S8 and Table 1). We

observed that all SBH peptides still contained relatively low hemolysis compared with protegrin-1 and ta-

chyplesin-1; however, there seemed to be a correlation between replacement of the S6/K17 pairing and

increased percent hemolysis. These changes could be explained by the corresponding increase in GRAVY

score, a measurement of overall peptide hydrophobicity, although there were exceptions (SBH-22 and

SBH-23). SBH-15 and SBH-22 stood out as the two peptides with the greatest improvement in serum activity

Table 1. Characterization of a symbah-1 optimization library

Name Sequence Hemo (%)

MH MBC

(mg/mL)

MH + HS

MBC (mg/mL)

RPMI MBC

(mg/mL)

RPMI + HS

MBC (mg/mL)

Single

S-S (%)

Two

S-S (%) GRAVY

SBH-1 RKCVISVARRNRRANIKILCN- 0.84 32 >128 8 >128 29 – �0.348

SBH-2 RKCVISVARRNRRANIYILCR- 2.02 64 >128 2 128 38 – �0.271

SBH-3 RKCVILVARRNRRANIVILCR- 4.23 32 128 4 128 50 – 0.210

SBH-4 RKCVISVARRNRRNAIKILCN- 0.40 32 128 8 128 33 – �0.348

SBH-5 RKCVILVARRNRRNAIVILCR- 7.52 64 128 2 128 34 – 0.210

SBH-6 RKCVISCARRNRRANCKILCN- �0.15 32 >128 16 >128 48 52 �0.524

SBH-7 RKCVISCARRNRRNACKILCN- �0.21 32 128 16 >128 19 63 �0.524

SBH-8 RKCVILCARRNRRNACVILCR- 6.52 32 64 2 32 12 33 0.033

SBH-9 RKCVISVRIRNRRANIKILCN- 0.18 32 128 4 128 39 – �0.219

SBH-10 RKCQISVRIRNRRANIKISCN- �0.11 >128 >128 128 >128 66 – �0.805

SBH-11 RKCQISCRIRNRRANCKISCN- 1.60 32 64 8 64 8 46 �0.981

SBH-12 RKCVISCRIRNRRANCKILCN- 0.62 32 128 4 64 2 51 �0.395

SBH-13 RKC-ISVRIRNRRANIKI-CN- 0.08 32 128 16 >128 98 – �0.663

SBH-14 RKC-ISVRR-NRR-NIKI-CN- 0.64 128 >128 >128 >128 98 – �1.112

SBH-15 RKC-ISVCR-NRR-CIKI-CR- 0.28 8 16 8 16 24 37 �0.406

SBH-16 RKCVISVARRNRRA-IKILCN- �0.03 32 >128 8 >128 88 – �0.190

SBH-17 RKCVISVCRRNRRC-IKILCN- 1.13 64 64 16 64 59 41 �0.120

SBH-18 RKCVILVARRNRRA-IVILCR- 3.46 32 128 4 >128 43 – 0.395

SBH-20 RKCVILCAR-NRRA-CVILCR- 3.54 32 64 4 128 0 74 0.458

SBH-21 RKCVI-VARRNRRA-I-ILCR- �0.40 8 128 2 128 59 – �0.006

SBH-22 RKCVI-VCRRNRRC-I-ILCR- 0.87 16 32 4 32 8 92 0.072

SBH-23 RKCVI-VAR-NRRA-I-ILCR- �0.13 8 >128 8 >128 100 – 0.259

SBH-24 RKCVI-VCR-NRRC-I-ILCR- 3.79 32 64 8 128 0 100 0.341

SBH-15a RKC-ISVCR-NRR-CIKI-CR- – 8 16 8 16 – – –

Hemo, hemolysis; MH, Mueller-Hinton; HS, 40% human Serum; S-S, disulfide bond.
aC-terminal amidation; GRAVY, grand average of hydropathicity index; Bold, residue change.
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without any increase in hemolysis, making them ideal lead b-AMP candidates for further optimization and

therapeutic evaluation similar to what has been done with natural b-AMPs (Edwards et al., 2017; Elliott

et al., 2020; Orlov et al., 2019). Higher purity, amidated SBH-15 did not show any additional improvement

in its potency (Table 1).

Optimized peptides are more resistant to protease digestion

To help determine whether an increase in serum activity may be due to increased serum protease resis-

tance, trypsin lability was determined for symbah-1, SBH-15, and SBH-22 by measuring their MBC against

A. baumannii AB5075 with increasing concentrations of trypsin protease in the media. SBH-15 and SBH-22

retained all activity at 16-fold and 64-fold higher trypsin concentrations than symbah-1, respectively, sug-

gesting their increased serum activity may be a result of reduced serum protease lability (Figure 6A). This

could stem from a more constrained macrocyclic structure caused by an additional disulfide bond and

matched R-group pairs in the antiparallel b-sheet regions (Figure 6B); 91.8% of SBH-22 was determined

to contain two disulfide bonds in PBS, whereas only 37.3% of SBH-15 contained two disulfide bonds (Table

1). This could help further explain the difference seen in resistance to trypsin digestion between the two,

although we cannot rule out other possibilities such as differences in serum affinity as additional contrib-

uting factors. Interestingly, SBH-15 and SBH-22 also contain very different distributions of hydrophobicity

and charge in AlphaFold2 modeled tertiary structures (Figure 6C). Together, data presented here could be

used to help inform the design of a macrocyclic b-hairpin peptide library. Our findings imply such design

should include multiple potential disulfide bonds and theoretically matched R-group pairings in the anti-

parallel b-sheet regions to promote serum activity and protease resistance.

DISCUSSION

SLAY can rapidly identify synthetic antibiotic peptides in a high-throughput manner. Although they are

translated in linear form, our results show SLAY can identify macrocyclic peptides generated through

Figure 6. Optimized peptides are more resistant to protease digestion

(A) Representative images of five microliters of overnight culture from MIC assays spotted on LB agar. Columns have 2-fold increasing concentrations of

trypsin protease and rows have 2-fold dilutions of peptide.

(B) Model diagrams of symbah-1, SBH-15, and SBH-22 residues in a b-hairpin conformation (blue = charged, yellow = hydrophobic, green = polar, purple =

cysteine).

(C) Charge and hydrophobicity surface distributions based on AlphaFold v2 predicted structures (yellow = hydrocarbons with no polar substitutions, blue =

nitrogen atoms of lysine and arginine, white = all remaining atoms and polar backbone).
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spontaneous formation of disulfide bridges. Symbah-1 is shown here to have a macrocyclic, b-hairpin struc-

ture and broad-spectrum activity against both gram-positive and gram-negative MDR pathogens without

readily observed resistance. Interestingly, the MIC of symbah-1 is altered depending on the media used.

This was also observed with known antibiotics (Figure 4B). The reason for the differences in MIC between

MH and RPMI was not elucidated here but may be due to differences in carbon source, salt, and or buffer

concentrations affecting bacterial growth or peptide stability. RPMI was chosen due to differences in host

salt and buffer conditions and may help better mimic conditions in the human body.

Our SBH optimization library identified several peptides retaining activity in serum. This is likely due to a

more constrained peptide structure resulting in decreased serum protease lability. The addition of a sec-

ond disulfide bond in SBH peptides was the single most predictive attribute in retention of serum activity,

although it was not sufficient for retained activity on its own. SBH-15 and SBH-22, the peptides retaining the

greatest serum activity, also contain differing theoretically matched R-groups within the antiparallel

b-sheet region of the peptide. SBH-15 has alternating polar/charged hydrophobic pairings, whereas

SBH-22 has only hydrophobic pairs. This creates differences in surface charge and hydrophobicity (Fig-

ure 6C), although each peptide’s true structure would need to be confirmed experimentally. Interestingly,

the predicted amino acid pattern seen in SBH-15 was recently observed in a large proteomic analysis of the

b-hairpin motif (DuPai et al., 2021). Such motif predictions paired with the inclusion of potential cysteine

pairs could be used in the design and screening of macrocyclic b-hairpin peptide libraries using SLAY in

the future (Randall et al., 2022).

Symbah-1 permeabilizes the inner and outer membrane of bacterial cells yet demonstrates low hemolysis

relative to naturally occurring b-AMPs with membrane activity. The understanding of what characteristics

may dictate bacterial membrane selectivity is not well understood, although conformational flexibility, hy-

drophobicity, and amphipathicity have been suggested (Edwards et al., 2016; Soundrarajan et al., 2019).

One possible explanation for the difference in hemolysis observed between the symbah peptides, prote-

grin-1, and tachyplesin-1 is the presence of polar amino acids (S, N, T, or Q), especially in the loop region

of the b-hairpin. Other b-AMPs with lowmeasured hemolysis previously described in the literature (Edwards

et al., 2016) also contain polar residues and contain at least one in their loop region (Figure S9. Presence of

polar residues correlateswith lowhemolysis). Although thepresenceof polar residuesdecreasinghemolysis

is an intriguing hypothesis, additional experimental validation would be necessary to support such a theory.

The need for novel classes of antibiotics to fight MDR infection is clear. Macrocyclic b-hairpin peptides

represent a promising group for future antibiotic development due to their inherent stability, potency,

and diverse mechanisms of action. Here we report the discovery of a synthetic macrocyclic b-AMP using

surface localized antimicrobial display. This provides evidence that targeted SLAY screens with libraries de-

signed around macrocyclic b-hairpin structure could quickly expand this class’ sequence information and

help us better understand how certain sequence features impact their stability, potency, and toxicity.

Limitations of the study

Here we demonstrate symbah-1 disrupts the outer and inner membrane of bacteria, is active against six

different pathogens, and optimized variants with additional disulfide bonds improve serum activity. We,

however, do not demonstrate robust physiological performance beyond murine intraperitoneal infection

or more deeply characterize symbah peptide’s mechanism of action or membrane interactions. This would

require further studies examining multiple routes of infection and delivery, peptide pharmacokinetics/

pharmacodynamics, toxicology, and biochemical and molecular dynamic modeling studies of peptide-

membrane interactions. The breadth and specificity of activity of symbah peptides could also be expanded

by measuring activity in a more complete clinical sample of bacterial pathogens in the future.
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Svobodová, R., Berka, K., Bazgier, V., Velankar, S.,
Burley, S.K., Ko�ca, J., and Rose, A.S. (2021). Mol*
Viewer: modern web app for 3D visualization and
analysis of large biomolecular structures. Nucleic
Acids Res. 49, W431–W437. https://doi.org/10.
1093/nar/gkab314.

Shrivastava, S.R., Shrivastava, P.S., and
Ramasamy, J. (2018). Responding to the
challenge of antibiotic resistance: world Health
organization. J. Res. Med. Sci. 23, 21. https://doi.
org/10.4103/1735-1995.228593.

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J.,
Karplus, K., Li, W., Lopez, R., McWilliam, H.,
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Single donor human red blood cells Innovative Research IWB3ALS

Chemicals, peptides, and recombinant proteins

Carbenicillin Goldbio C-103-100

Tetracycline Goldbio T-101-25

RPMI 1640 ATCC 30–2001

Mueller-hinton broth BD 275730

LB broth with agar Sigma-Aldrich L3147-1KG

103 PBS Fisher Scientific BP399-4

Cyclophosphamide monohydrate MP Biomedicals 0215074910

Propidium iodide Sigma-Aldrich 81845-25MG

Triton X-100 Fisher Scientific 9002-93-1

Direct-zol Genesee 11-330T

EcoRI-HF New England Biolabs R3101S

SalI-HF New England Biolabs R3138L

Dithiothreitol Goldbio DTT50

IPTG Goldbio I2481C50

Lipopolysaccharides from E. coli 026:B6 Sigma CAT#L8274

T4 ligase New England Biolabs M0202L

TURBO DNA-free kit Invitrogen AM1907

Deposited data

RNA sequencing This paper SRA: PRJNA749374

Experimental models: Organisms/strains

Female Domestic CD1 mice Charles River

Software and algorithms

Prism 9 GraphPad

PyMol v2.5 (49)

Clustal Omega (57)

AlphaFold V2 (29)

MMseqs2 (41)

Mol* 3D viewer (54, 55)

Other

Polypropylene 96 well plates Corning 3879

Flat bottom 96 well plates Genesee 25-104

Black walled clear bottom 96-well plate Falcon 353219

2 mL autosampler vials Fisherbrand 03-391-8

Autosampler vial small volume inserts Restek 21776

Petri dishes, stackable GenClone 32-106

0.1 cm path-length quartz cuvette Jasco J/1103-1072

1 mm diameter zirconia/silica beads BioSpec 11079110z
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Bryan Davies (bwdavies@austin.utexas.edu).

Materials availability

Tables containing all bacterial strains (Table S4. Bacterial strains used), peptides (Table S5. Peptides used),

plasmids (Table S6. Plasmids used), and oligonucleotides (Table S7. Oligonucleotides used) in this work

can be found in the supplementary information. All chemicals, biologics, model organisms and software

used are listed in the key resources table.

Data and code availability

RNA-seq data have been deposited in the SRA database and are publicly available as of the date of pub-

lication. The accession number is listed in the key resources table. Any additional information required to

reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Peptide synthesis

All peptides used in this work were synthesized commercially by GenScript’s custom peptide synthesis ser-

vice. Each peptide goes through reverse phase high performance liquid chromatography (RP-HPLC) and

mass spectrometry quality control analysis to confirm purity and molecular weight. Lyophilized peptides

were resuspended in water at 10 mg/mL and then adjusted to a 5 mg/mL stock in water based on A205

extinction coefficient. A full list of all of the peptides used and their purity can be found in Table S4.

Peptide display growth inhibition

Overnight cultures of E. coli W3110 containing either pMMBEH67_lpp-ompA-2xNR-2xHA or

pMMBEH67_lpp-ompA-2xNR-symbah-1 were diluted to an OD600 of 0.01 in 5 mL cultures of LB supple-

mented with 75 mg/mL carbenicillin. Each culture was grown to an OD600 = 0.7 at 37�C and then back

diluted to an OD600 = 0.01. 200 ul of culture were added to wells of a 96 well plate in triplicate with or

without 1 mM IPTG. The plate was then grown shaking at 37�C and the OD600 measured every 15 minutes

for 3 hours using a SpectraMax Plus plate reader. Error bars represent one standard deviation between trip-

licate samples.

Minimum inhibitory concentration

Stock peptides were diluted to 256 mg/mL in 350 mLs of either MH or RPMI media and 100 mL was aliquoted

in the top row of a polypropylene 96 well plate in triplicate. Peptides were then serial diluted 2-fold down

columns of the plate by taking 50 mL from each well and mixing with 50 mL of media in the well below. Sepa-

rately, each bacterial strain was grown overnight in 5 mL MHmedia at 37�C. Cells from these cultures were

diluted to a concentration of 13 106 cells/mL in eitherMH or RPMI and 50 mL were added to each well of the

96 well plate containing diluted peptide resulting in wells with a final cell concentration of 5 3 105 cell/mL.

Human serum and trypsin were added to the diluted cells at twice the reported concentration where

described. Plates were wrapped twice in parafilm and incubated at 37�C for 18–24 h. Wells were examined

by eye against wells with no bacteria for signs of growth. MICs were reported as the minimum concentra-

tion with no observable growth. In cases were triplicate samples differed, the concentration supported by

the median of the three replicates was reported.

Minimum bactericidal concentrations

MBCs were determined by removing 5 mL of culture from each well of the polypropylene 96 well plate from

an overnight MIC assay and plating on large LB agar filled petri dishes. These dishes were incubated an

additional 18 h at 37�C and the lowest antibiotic concentration where zero growth was observed was called

as the MBC. In cases were triplicate samples differed, the concentration supported by the median of the

three replicates was reported.
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Killing curve

Experimental set up was the same as described for the MIC method in 96 well plates above but 10 ul sam-

ples were taken from each well at the indicated time points, serial diluted 10-fold, and immediately plated

on a large LB agar filled Petri dish. After overnight incubation at 37�C, CFUs were counted and reported as

an average of triplicate samples with error bars representing one standard deviation.

Circular dichroism

Stock peptides were diluted in 10 mMpotassium phosphate pH 7.4 to a volume of 200 ul. LPS was added to

samples at the reported concentrations where appropriate. Samples were incubated for two hours at room

temperature and then analyzed using a Jasco-815 CD spectrometer with a 0.1 cm path-length quartz

cuvette at the Targeted Therapeutic Drug Discovery & Development Program Core at UT Austin. The

CD spectra were collected using far-UV spectra (190–260 nm) with background corrected for either sodium

phosphate buffer alone or the buffer with corresponding amounts of LPS. Reported spectra are an average

of three separate spectra obtained from the same sample.

High resolution mass spectrometry

Stock peptides were diluted into the statedmedia (MHG 10mMDTT, PBS) at 0.1 mg/mL in a volume of 100

ul and placed into 2 mL autosampler vials with small volume inserts. Samples were separated by an C8

liquid chromatography column and an Extracted Ion Chromatogram (EIC) was extracted for the +5 charge

state peaks. Mass spectra were generated for each LC peak using an Agilent Technologies 6546 Accurate-

Mass Q-TOF LC/MS instrument. Analysis was performed using Agilent MassHunter Qualitative software

v10. The +5 charge state isotope distribution was for each LC peak from each sample was compared to

predicted distributions created using Agilent’s Isotope Distribution Calculator. Percentages of molecules

with disulfide bonds was determined by comparing the area under the curve for each LC peak over the total

area of all peaks.

Intraperitoneal infection

Female CD1 mice were used for this assay. A dose of 150 mg/kg of cyclophosphamide, comprised of 70%

13 PBS and 30% PEG, was administered 4 days before bacterial inoculation in a total volume of 0.15 mL

intraperitoneal injection per mouse. A second dose of 100 mg/kg cyclophosphamide was administered

1 day before bacterial inoculation with the same injection volume and method. A. baumannii AB5075

was grown in LB media to log phase of growth and pelleted then resuspended in RPMI media to 1 3

108 cells/mL. In the negative control and symbah-1 treatment groups, 0.1 mL of RPMI or RPMI with bacteria

at a dose of 13 107 CFUs per dose was intraperitoneally administered. 15min after the initial bacterial inoc-

ulation, symbah-1 was intraperitoneally administered at a loading dose of 5 mg/kg in 0.1 mL RPMI media.

The negative control group did not receive any treatment. Six hours after bacterial inoculation, the liver and

kidneys of euthanized mice were removed, homogenized with the BioSpec BeadBeater, serial diluted and

evaluated by plating 10-fold dilutions on an LB agar supplemented with 75 mg/mL carbenicillin. Signifi-

cance was determined using an unpaired two-tailed t test (*P < 0.05).

Propidium iodide uptake

E. coli W3110 was grown overnight in lysogeny broth (LB) at 37�C with shaking at 225 rpm. Cultures were

synchronized to exponential phase, washed two times with phosphate buffered saline (PBS) and standard-

ized to an OD 600 of 0.1 in PBS supplemented with 50 mM Glucose. Propidium iodide was added to the

culture at 10 mg/mL (15 mM) and 50 mL of culture was added to a black walled, clear bottom 96-well plate

containing 50 mL of the peptide serial diluted from 64 to 1 mg/mL using 2-fold dilutions. The fluorescence

was read after 15 min using excitation of 490 nm and emission of 617 nm. Background fluorescence from

samples with no peptide were subtracted from values shown. Error bars represent the standard deviation

between triplicate samples (n = 3).

Hemolysis

Single donor human red blood cells were washed in PBS and adjusted to a concentration of 1x109 blood

cells/mL. 197.44 uL were placed into each well of a polypropylene 96 well plate. 2.56 mL of each 5 mg/mL

stock peptide were added to triplicate wells to final concentration 128 mg/mL.Water was used as a negative

control and a final concentration of 1% Triton X-100 as a positive control. Plates were incubated for 3 h at

37�C. Following incubation samples were centrifuged at 4000 RPM for 20 min and 100 ul of supernatant was
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transferred to a flat bottom 96 well plate. Percent hemolysis for each sample was determined by normal-

izing the absorbance at 540 nm for each sample to the average negative control and dividing by the

average 540 absorbance for 1% Triton X-100 (100% hemolysis). Error bars represent one standard deviation

of triplicate samples.

Symbah peptide tertiary structure predictions and modeling

Three dimensional structures for symbah-1 and all its variants were predicted using AlphaFold v2 (Jumper

et al., 2021). MMseqs2 (Mirdita et al., 2019) was used to search the peptide sequences against UniRef (Mir-

dita et al., 2017) and large environmentally sourced protein sequence databases BFD (Steinegger and

Söding, 2018), Mgnify (Mitchell et al., 2020), MetaEuk (Levy Karin et al., 2020), and SMAG (Delmont

et al., 2020) all clustered by sequences having at least 30% sequence identity. Hits from MMSeqs2 were

used to generate multiple sequence alignments, which were used along with the AlphaFold pipeline to

extract features. These features were provided to the AlphaFold algorithm via the ColabFold pipeline to

predict five three dimensional structures for each peptide (Ovchinnikov et al., 2021). For each predicted

structure, the predicted alignment error was calculated, and the structure was assessed using the Local Dis-

tance Difference Test for each residue (Mariani et al., 2013).

The top structural predictions for SBH peptides were visualized using PyMol v2.5 (Delano, 2002) to show the

presence of anti-parallel b-sheets and disulfide bonds. Additionally, the molecular surface of the predicted

structures of symbah-1, SBH-15, and SBH-22 were visualized calculating the solvent excluded surface (Con-

nolly, 1983), and colored using the YRB scheme to visualize amphipathic faces (Hagemans et al., 2015).

Natural b-hairpin antimicrobial peptide structures

Tertiary rainbow ribbon models of the protegrin-1 and tachyplesin-1 structures (Fahrner et al., 1996; Kush-

ibiki, et al., 2014), and symbah-1 AlphaFold v2 model were visualized using Mol* 3D viewer (Berman et al.,

2000; Sehnal et al., 2021).

Plasmid cloning. pMMBEH67_lpp_ompA_23(NR)T_symbah-1 was clonedby amplifying the 23(NR)Tether

gBlock usingprimers oJR572 and oJR557. The resulting PCRproduct and the pMMBEH67_lpp_ompAplasmid

were digestedwith KpnI and SalI, ligatedwith T4 ligase and transformed into E. coliW3110 competent cells via

electroporation and plated on LB agar supplemented with 75 ug/mL carbenicillin.

Plasmids for AB5075 gene overexpression were cloned by digesting gblocks with the corresponding cod-

ing region for each gene and added restriction sites (EcoRI and SalI) and pMMBEH67 TetR with EcoRI and

SalI and ligating with T4 ligase. Plasmids were transformed into electrocompetent A. baumannii AB5075

cells and plated on LB supplemented with 10 mg/mL tetracycline.

RNA sequencing

A. baumannii Ab5075 from overnight culture was back diluted and grown to mid-log phase (OD600 = 0.3–0.5)

at 37�C. Six 3 mL samples were then normalized to OD = 0.3; three were treated with amidated symbah-1 in

water at 8 ug/mL, and the remaining three were treated with water as a control. The samples were incubated

for 60 min. Two ml of bacteria culture were pelleted by centrifugation at 3,500 g for 10 min at room temper-

ature. The Direct-zol protocol was then applied to extract total RNAs from the cell pellets. To ensure that the

DNAwas completely removed, DNase digestion was performed. Sequencingwas performed by the UTAustin

GSAF core. Reads were trimmed of adapter sequences using flexbar (https://pubmed.ncbi.nlm.nih.gov/

28541403/) and then assessed for quality via FastQC (https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/). Next, trimmed reads were mapped to a transcriptome derived from assembly ASM96381 (https://

www.ncbi.nlm.nih.gov/assembly/GCA_000963815.1) using Kallisto (https://www.nature.com/articles/nbt.

3519). Finally, log2fold change estimates and other relevant statistics were calculated using DESeq2

(https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8).

His-symbah-1 pull down

A. baumannii 17,978 was grown in MH broth overnight, back diluted 1:100 in fresh MH and grown to mid-

log phase (OD600 = 0.3–0.5) at 37�C. Cells were split into two 1 mL cultures and challenged with either

64 mg/mL symbah-1 or 6xHis tagged symbah-1 and allowed to grow at 37�C for thirty minutes. Cultures

were then lysed using sonication and 50 mL of Ni2+ agarose bead slurry in PBS was added to each lysed
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sample and left rotating at 4�C for 30min. The beads were pelleted in a centrifuge at 4000 rpm for 5min and

the supernatant removed and the pellet washed with 1 mL of PBS three times. 50 mL of PBS with 500 mM

IPTG was then added to the culture to eluted bound proteins and the supernatant run into an SDS-PAGE

gel, excised, and submitted forMALDI-TOFFMS analysis through the UT Austin Proteomics core to identify

the presence score and p values of any A. baumannii 17,978 proteins detected.

Beta-AMP alignment

The sequences of all the beta-AMPs listed were aligned via Clustal Omega software (Sievers et al., 2011)

(https://www.ebi.ac.uk/Tools/msa/clustalo/). GRAVY scores were calculated using Expasy ProtParam

tool (https://web.expasy.org/protparam/)

QUANTIFICATION AND STATISTICAL ANALYSIS

For peptide growth inhibition, peptide kill curves, PI uptake, and hemolysis the mean +/� one standard

deviation of triplicate reactions (n = 3) was calculated and represented with error bars in graphs and aG in ta-

bles. For MICs andMBCs triplicate samples (n = 3) were tested and each plotted as dots with the median rep-

resented as bars in graphs. This median is also reported in tables. Statistical significance for murine intraperi-

toneal infections was determined by an unpaired two-tailed t test (*P < 0.05) using Prism software (nR 4). For

RNAseq analysis sequencing reads were trimmed of adapter sequences using flexbar (https://pubmed.ncbi.

nlm.nih.gov/28541403/) and then assessed for quality via FastQC (https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/). Next, trimmed reads were mapped to a transcriptome derived from assembly

ASM96381 (https://www.ncbi.nlm.nih.gov/assembly/GCA_000963815.1) using Kallisto (https://www.nature.

com/articles/nbt.3519). Finally, log2fold change estimates and other relevant statistics were calculated using

DESeq2 (https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8).
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