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Abstract

Health organizations worldwide have warned that we are on the cusp of a “post-antibiotic era,”
necessitating new approaches to combat antibiotic resistant infections. One such approach is the
development of antibiotic adjuvants, which have little or no inherent antibiotic activity at their
active concentrations but instead potentiate the activity of antibiotics against antibiotic-resistant
bacteria. Recently, we demonstrated that meridianin D, a natural product originally reported to
have activity against Staphylococcus aureus and Mycobacterium tuberculosis, possesses the ability
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to reverse colistin resistance in colistin resistant bacteria. As most natural product screens typically
involve screening for only certain activities (anticancer, antiviral, and antimicrobial are typical),
we posited that the meridianin D discovery was not unique and there are potentially many natural
products that have adjuvant activity. To explore this, the National Cancer Institute (NCI) Natural
Product Library Set IV was screened for adjuvant activity using four classes of antibiotics (-
lactams, aminoglycosides, macrolides, and polymyxins) against three bacterial pathogens
(methicillin-resistant Staphylococcus aureus (MRSA), Acinetobacter baumannii, and Klebsiella
pneumoniae). Sixteen compounds suppressed B-lactam resistance in MRSA, five of which effected
a 16-fold reduction in the oxacillin minimum inhibitory concentration (MIC). Two natural
products effectively suppressed aminoglycoside resistance in both of the Gram-negative species
tested, and no hits were observed with macrolides. In contrast, a larger number of natural product
adjuvants were identified when screening against colistin-resistant strains of A. baumanniiand K.
pneumoniae. Nine compounds reduced the colistin MIC to its breakpoint or lower (up to a 1024-
fold reduction). Clorobiocin, novobiocin, and prodigiosin were most effective, reducing the
colistin MIC in K. pneumoniae strain B9 to 2 tg/mL at concentrations as low as 0.625, 2.5, and
1.25 um, respectively. Restored sensitivity to colistin with these compounds does not appear to
coincide with known mechanisms of colistin resistance.
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Multidrug resistant (MDR) bacteria have been a developing public health issue for decades.
The Centers for Disease Control and Prevention (CDC) estimate 2.8 million antibiotic-
resistant infections occur in the US every year, of which 35,000 are lethal.1 Many of these
lethal infections are caused by members of a group commonly referred to as ESKAPE
pathogens, which include Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.2-3
Infections caused by these bacteria are of particular concern to immunocompromised
individuals, including those with cancer or HIV/AIDS. After years of widespread antibiotic
use, these bacteria have developed resistance to many classes of antibiotics (in some cases
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all), necessitating the investigation into alternative therapies to circumvent resistance
mechanisms and to continue to effectively treat MDR bacterial infections.*

The identification and development of antibiotic adjuvants represent one such alternative.
These small molecules do not exhibit antibacterial properties on their own at their active
adjuvant concentrations but preserve or enhance the efficacy of a drug when used in
combination with antibiotics.>® Mechanisms by which they accomplish this can include
increasing uptake of an antibiotic,”8 inhibiting antibiotic modification,®10 inhibiting target
modification,11:12 or inhibiting the efficiency of efflux pumps.13 A well-known antibiotic/
adjuvant combination, amoxicillin/clavulanic acid (marketed as Augmentin), is in common
clinical use.14.15

Approximately 75% of antibiotics in use today were originally derived from naturally
produced compounds, particularly secondary metabolites produced by fungi or bacteria,
such as those of the genus Streptomyces.16-18 Furthermore, approximately half of the new
chemical entities introduced between 1981 and 2002 were either natural products or derived
from/inspired by natural products.19-20 Given their chemical diversity and the similarity of
targets across species, natural products have been a productive source of leads for novel drug
therapies.?!

The National Cancer Institute (NCI) Developmental Therapeutics Program has accumulated
a repository of natural products from various plant, marine, and microbial samples for the
purpose of identifying scaffolds or derivatives of natural products to treat a variety of
diseases.?2 Libraries of natural products have traditionally been screened for anticancer,
antiviral, or antibacterial activities. Recently, we demonstrated that meridianin D, an indolic
marine natural product originally documented to have activity against S. aureus?3 and
Mycobacterium tuberculosis,?* also acts as an adjuvant to break colistin resistance in
colistin-resistant bacteria.2> On the basis of this discovery and natural products rarely being
screened for adjuvant activity, we hypothesized that current collections of purified natural
products or extracts may contain previously undisclosed adjuvant activity. Herein, we report
that multiple compounds from the NCI natural products repository Natural Products Set 1V
(plate numbers 13160330 and 13160331) act as effective antibiotic adjuvants in multiple
ESKAPE pathogens with varying antibiotic resistance profiles. They show particular
promise in combatting colistin resistance.

Natural Products Effectively Lower Minimum Inhibitory Concentrations of Multiple Classes
of Antibiotics against Both Gram-Positive and Gram-Negative Pathogens.

A screen to identify adjuvants in the NCI Natural Product Library Set IV (hereafter referred
to as Set IV) was conducted with three ESKAPE pathogens (S. aureus, A. baumannii, and K.
pneumoniaé) and four different antibiotic classes. The Gram-positive pathogen methicillin-
resistant S. aureus (MRSA strain ATCC BAA-1556) was screened first for resensitization to
the B-lactam antibiotic oxacillin. At 20 M, 16 natural products reduced the minimum
inhibitory concentration (MIC) of oxacillin by at least 4-fold (Table S1). Of these, five
further reduced the oxacillin MIC 16-fold, bringing the required dosage for growth
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inhibition to 2 xg/mL. These compounds include: (plate 13160330) E12, michell-amine B
diacetic acid salt; F13, cryptopimaric acid; G9, CAS 32986-79-1; (plate 13160331) 111,
sirodesmin A; L16, variabiline dihydrochloride (Figure 1).

Next, we focused on screening for adjuvant activity with Gram-negative bacteria given the
paucity of new antibiotics that have been developed for these bacteria. K. pneumoniae strain
ATCC BAA-2146 (KP2146) was screened for potentiation of clarithromycin and
meropenem; A. baumannii strain 5075 (AB5075) was screened with tobramycin in addition
to both of the aforementioned antibiotics. At 20 /M, adjuvants were identified only in
AB5075 in combination with tobramycin. Two compounds lowered the tobramycin MIC 8-
fold (Figure 2): J12 (plate 13160330, ricinoleic acid sodium salt) and L13 (plate 13160331,
epirubicin). Though additional compounds were identified as preventing bacterial growth in
initial screening with tobramycin, subsequent counter-screening for stand-alone toxicity
showed them to have antibiotic activity at 20 ;M. Compounds identified as having antibiotic
activity can be found in Table S2 (plate 13160330) and Table S3 (plate 13160331).

After observing so few hits in Gram-negative pathogens, we additionally screened Set IV for
compounds exhibiting activity with colistin, a polymyxin generally regarded as the antibiotic
of last resort for the treatment of MDR Gram-negative infections. With colistin, we saw a
dramatic increase in the number of compounds displaying adjuvant activity (Table S4). In
colistin-susceptible AB5075, 31 natural products in Set IV reduced the colistin MIC at least
4-fold, from 1 gg/mL down to 0.25 pg/mL. The lowest MIC was reduced 16-fold, by plate
13160331 compound H6 (dianemycin). Fourteen compounds also reduced the colistin MIC
by 4-fold in the colistin-susceptible KP2146. Three compounds further lowered the MIC 16-
fold, all of which are located on plate 13160331: H6, dianemycin; J4, scopafungin; N15,
variabiline monohydrochloride (Figure 3).

Following this observed adjuvant activity, the screen with colistin was conducted in two
colistin-resistant strains. A. baumannii 4106 (AB4106) is highly resistant to colistin via
mutations in pmrAB, which lead to modifications of the lipopolysaccharide,?6 registering an
MIC of 1024 g/mL; 23 of the compounds from Set IV lowered that MIC at least 4-fold, and
three compounds reduced the colistin MIC 512-fold, down to the breakpoint concentration
of 2 yg/mL. These compounds were all located on plate 13160331: D7, streptovaricin G;
G7, rifamycin, 3-[(dimethylamino)methyl]-(9CI); H8, borrelidin (Figure 4, Table 1). When
screened against the colistin-resistant K. pneumoniae B9 (KPB9), which expresses AradN
modifications of LPS,2 the number of compounds with adjuvant activity doubled compared
to the colistin-sensitive strain. Thirty compounds reduced the colistin MIC from 512 to 128
g/mL (a 4-fold change); nine compounds further reduced the MIC to 2 wg/mL (plate
13160330: G20, prodigiosin; L9, nigericin sodium salt; plate 13160331: D7, streptovaricin
G; G7, rifamycin, 3-[(dimethylamino)methyl]-(9Cl); H8, borrelidin; H10, pepleomycin
sulfate; 18, withanolide E; K12, stubomycin; L8, clorobiocin), and two compounds lowered
the colistin MIC to 1 zg/mL (plate 13160330: F16, streptovaricin C; N5, carbomycin)
(Figure 4, Table 1). Three compounds potentiated colistin in all four strains tested (plate
13160331: F6, rhodomycin A; F8, aclarubicin; H6, dianemycin); however, the activity of
these compounds is modest.
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Dose responses were then measured for natural products that demonstrated the highest
potentiation of colistin. The colistin concentration was held constant at the MIC value
achieved with each respective natural product at 20 4M, and the concentration of natural
product was then serially lowered from 20 4M to determine the lowest effective
concentration. The most activity was seen when compounds were screened against KPB9,
where more than half of the compounds identified were still active at or below 1.25 ¢/M (16-
fold lower than the initial screen concentration of 20 ¢M) (Table 2). The Set IV natural
products that lowered the colistin MIC the furthest with the lowest concentration of
compound were: streptovaricin C; prodigiosin; streptovaricin G; rifamycin, 3-
[(dimethylamino)methyl]-(9Cl); withanolide E; clorobiocin.

Compounds Similar to Active Natural Product Adjuvants Maintain Activity.

On the basis of the activity observed with prodigiosin, rifamycin, 3-[(dimethylamino)-
methyl]-(9Cl), and clorobiocin, three structurally related compounds (obatoclax, rifampicin,
and novobiocin; Figure 5) were also screened for their ability to potentiate colistin (Table 3).
Obatoclax, a synthetic drug similar in structure to prodigiosin (G20, 13160330), was less
active than prodigiosin in A. baumanniibut maintained similar activity in colistin-resistant
K. pneumoniae. Rifampicin, which is structurally similar to the rifamycin derivative (G7,
13160331), showed better activity with colistin in both AB4106 and KPB9 but was also
more toxic, with MICs 4-16-fold below that of G7. Novobiocin, structurally related to
clorobiocin (L8, 13160331), required higher concentrations for activity in KPB9 but was far
more active than clorobiocin in AB strains. While clorobiocin did not show any activity in
AB4106, novobiocin potentiated colistin in this strain as well as four additional colistin-
resistant strains of AB tested (Table S5). Fractional inhibitory concentration indices (FICI)
were calculated for each combination; aside from prodigiosin in AB4106, all combinations
have FICI < 0.5, indicating synergy between colistin and each compound. The addition of
fetal bovine serum to the potentiation assay did have a slight effect on activity of the
combination of colistin with novobiocin and prodigiosin, increasing the required
concentration of compound by up to 4-fold (Table S6).

The activity of select compounds in additional colistin-resistant strains can be found in Table
S5. Checkerboard assays for prodigiosin and novobiocin in combination with colistin, and
associated FICI, can be found in Figures S1 and S2 and Table S8, respectively.

Colistin Potentiation Is Not Related to Membrane Permeability or Reversal of Lipid A
Modifications.

Given the activity and commercial availability, novobiocin and prodigiosin were chosen for
preliminary mechanism of action (MOA) studies using KPB9 as a representative bacterial
strain. Colistin has been previously shown to potentiate Gram-positive selective antibiotics
in strains containing the mobile colistin resistance plasmid /mcr-1,28 while novobiocin and
clorobiocin have been reported to sensitize bacteria to colistin by accelerating LPS turnover.
29 \We were curious as to which compound (colistin or natural products identified in the
screen) was sensitizing bacteria and which was inhibiting growth or whether they acted
synergistically. We first evaluated the effects of cotreatment or pretreatment with colistin,
novobiocin, or prodigiosin on planktonic growth in KPB9. Novobiocin, at half its MIC (4x
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lowest effective concentration), inhibited growth by 57% after 14 h; prodigiosin did not
inhibit growth. Only in simultaneous combination with colistin did either novobiocin or
prodigiosin prevent bacterial growth (Figure S3). Treatment with PMBN in place of colistin
did not show the same inhibitory effect, indicating that the low concentration of colistin is
not permeabilizing the outer membrane to enhance antibiotic effects of novobiocin or
prodigiosin (Table S7). We then evaluated membrane integrity via the BacLight assay.
Neither compound alone increased membrane permeability, though membrane integrity was
compromised when cells were treated with either compound in combination with colistin
(Figure 6). Adding prodigiosin at its lowest effective concentration (1.25 M) marginally
increased membrane permeability by an average of 11%. Novobiocin at its lowest effective
concentration did not, on average, affect membrane permeability. The lethal combinations of
colistin with prodigiosin or novobiocin significantly increased membrane permeability,
though not to the level of a lethal concentration of colistin.

Colistin resistance is associated with modifications to the lipid A anchor of the
lipopolysaccharide (LPS) component of the outer membrane, such as the addition of L-4-
amino-arabinose or phosphoethanolamine.27:30-33 Sych modifications reduce the net
negative charge of LPS, reducing the affinity to cationic polypeptides like colistin. Several
studies have shown that these modifications are mediated by the pmrAB or phoPQ
regulatory systems,31:34-36 including in colistin-resistant K. pneumoniae.2’-37-39 We
conducted RT-gPCR analysis to determine if treatment with prodigiosin or novobiocin
significantly altered the expression of these genes (Figure 7). Though prodigiosin slightly
upregulated expression of pho@ and pmrA (approximately 2- and 4-fold, respectively), it did
not significantly change the expression of other genes in the respective systems. The
addition of colistin with prodigiosin followed the same trend. Treatments with novobiocin,
either alone or with colistin, had no major effect on the expression of these genes. These
results are in agreement with previous reports that link novobiocin to increased LPS
transport and enhanced polymyxin activity.2%49 As resensitization to colistin by other small
molecules has been shown to coincide with reversal of lipid A modification,1241 we
complemented the RT-gPCR data with MALDI-ToF analysis of lipid A from KPB9 treated
with prodigiosin or novobiocin and found no significant changes in L-4-aminoarabinose or
phosphoethanolamine content (Figure S4).

Combination of Prodigiosin and Colistin Shows an Increase in Reactive Oxygen Species.

Prodigiosin and polymyxins have both been reported to cause bacterial cell death via
reactive oxygen species (ROS) generation.#2-44 On the basis of these reports, we also
evaluated the presence of ROS using the fluorescent dye 2”,7’-dichlorofluorescin diacetate
(DCFH-DA) in cells treated with prodigiosin, novobiocin, or either in combination with
colistin (Figure 8). Compared to untreated KPB9 cells, ROS increased marginally after
treatment with 1.25 M prodigiosin (11%) or 2.5 £M novaobiocin (5%). The most striking
result, however, was the increase in ROS seen upon treatment with both prodigiosin and
colistin: compared to an untreated control, ROS increased exponentially. While colistin and
prodigiosin each individually elevated ROS by approximately 10%, together they produced
increases in ROS up to 1656%. An increase of this magnitude was not observed with the
lethal combination of novobiocin/colistin nor with hydrogen peroxide combined with
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colistin, indicating specificity to the combination of prodigiosin and colistin. This also
indicates ROS is not increasing simply due to the onset of cell death, as novobiocin and
hydrogen peroxide combined with colistin also prevent cell growth but without such drastic
changes in ROS (Figure S5).

DISCUSSION

We have identified a number of natural products from the NCI Natural Products Set IV with
adjuvant activity against A. baumanniiand K. pneumoniae. Out of the 419 compounds
contained in Set IV, 64 showed the ability to potentiate at least one of the antibiotics tested,
lowering the MIC at least 4-fold without showing inherent toxicity at 20 M (a hit rate of
15.3% overall and 12.9% for Gram-negative bacteria). Of the antibiotics tested, the highest
number of adjuvants was identified with colistin. Colistin has been used as a drug of last
resort due to nephrotoxicity and neurotoxicity. However, resistance to colistin is becoming
more frequent, especially with the plasmid-borne mcrgenes being disseminated into the
human pathogen pool. Prodigiosin and novobiocin were both able to potentiate colistin down
to the breakpoint concentration in highly colistin resistant strains of A. baumanniiand K.
pneumoniae. Both were particularly active in K. pneumoniae strain B9, only requiring low
concentrations to effectively lower the colistin MIC.

The activity observed for the combination of novobiocin (or clorobiocin) and colistin was
not unexpected, as similar synergy has been shown between novobiocin and polymyxins in
multiple Gram-negative pathogens, including sensitive strains of A. baumanniiand K.
pneumoniae®® and an Escherichia coli strain harboring the mcr-1 plasmid.28 We have added
to these observations by establishing that novobiocin also potentiates the activity of colistin
against both A. baumannii and K. pneumoniae in clinical isolates with chromosomally
encoded colistin resistance. Novobiocin has been shown to increase the transport of LPS to
the outer membrane, decreasing the membrane permeability while also increasing the
activity of polymyxins. We have further established that activity is not related to the reversal
of lipid A modification nor the generation of reactive oxygen species.

Prodigiosin has shown antibacterial, antimalarial, antifungal, anticancer, and apoptotic
properties, but its mode of action as an antibacterial agent remains unknown.*>-47 Some
studies have pointed to the membrane as a potential target,*344 with a recent simulation
study suggesting that prodigiosin localizes in the lipid bilayer and alters the local
architecture, potentially allowing certain molecules into the cell without majorly affecting
membrane integrity.*® We do qualitatively observe the interaction of prodigiosin with the
membrane, as the characteristic red coloring of prodigiosin remains in the bacterial pellet
after treatment, even after multiple washes. Additionally, our findings agree that membrane
integrity is somewhat compromised, as we observe a very modest 11.2% increase in
membrane permeability that is similar to what was previously reported for prodigiosin-
treated £. coli:*3 Prodigiosin has been connected to increased intracellular reactive oxygen
species and SOS response.#344:49 The combination of prodigiosin and colistin results in a
large increase in ROS (upward of 1656-fold) not seen in other lethal combinations tested
here. Such a large increase may underpin the activity of this combination, but more
experimentation is required to fully elucidate the mechanism of action.
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CONCLUSION

Here, we have shown that established libraries of natural compounds contain a number of
previously undisclosed antibiotic adjuvants. In screening the NCI Natural Products Set IV
and related compounds, novobiocin and prodigiosin were found to be particularly effective
at breaking colistin resistance. Novobiocin is used clinically and, so, may be a good
candidate to develop for therapeutic use with colistin; prodigiosin has been shown to cause
genetic damage in human cell lines,?? and thus, less toxic derivatives would be needed
before consideration for therapeutic use. The activity does not appear to correspond with
known mechanisms of colistin resistance, with both compounds showing minimal effects on
the expression of the phoPQ or pmrAB regulatory systems and displaying no indication of
reversing lipid A modifications. Large increases in ROS, however, may explain the activity
of the effective combination of colistin and prodigiosin. Together, this could point to a new
line of investigation toward breaking colistin resistance.

METHODS

Natural Product Library Maintenance.

The National Cancer Institute (NCI) Natural Product Library Set IV was obtained from the
NCI Chemotherapeutic Agents Repository via Fisher BioServices. Compounds in Set IV
were received as 10 mM solutions (20 £ per compound) distributed across two 384-well
polypropylene microtiter plates (plate 13160330 and plate 13160331, replicate 175).
Compounds in Set IV have a purity of >90% by evaporative light scattering detector
(ELSD), and the major peak has correct mass ion, according to the NCI library standards.
Stocks were diluted to 1 mM and transferred to 96-well plates (4 per original plate,
distributed by quadrants thusly: A1-H12, A13-H24, 11-P12, and 113-P24). All compound
plates were wrapped in Parafilm and stored at -80 °C. 1 mM working stocks were thawed
for 30 min before use in potentiation assays.

Bacterial Strains and Growth Conditions.

Bacterial strains and their minimum inhibitory concentrations with regard to tested
antibiotics used in this study can be found in Table 4. Acinetobacter baumannii and
Klebsiella pneumoniae strains were routinely grown on LB Lennox 1.5% (w/v) agar plates
from glycerol stocks every 2 weeks. For use in biological assays, these strains were grown in
cation-adjusted Mueller Hinton broth (CAMHB, BD). Methicillin-resistant Staphylococcus
aureus (MRSA) was routinely plated from glycerol stock on tryptic soy agar plates (1.5%
agar (w/v)). Broths were grown in Mueller Hinton broth (MHB).

Minimum Inhibitory Concentration (MIC) Determination.

MICs were determined following the Clinical and Laboratory Standards Institute (CLSI)
guidelines. Bacterial strains were always cultured in duplicate. Strains were grown in 3 mL
of appropriate media (K. pneumoniae and A. baumannii in CAMHB; MRSA in MHB) for 6
h at 37 °C with shaking at 200 rpm and then diluted to 5 x 10° CFU in fresh media.
Subcultures were aliquoted and dosed with antibiotic or natural product. Each compound
was serially diluted in 100 4L of subculture in a 96-well plate and incubated at 37 °C
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overnight without shaking. A Synergy HTX Multimode plate reader was used to determine
the optical density (ODgqg) of cell growth in each well. The lowest dilution with <10%
growth as compared to a positive control was recorded as the MIC. MICs were repeated
regularly to ensure consistent levels of antibiotic resistance in each strain as well as to ensure
the potency of new antibiotic stock.

Antibiotic Potentiation Assay.

Potentiation assays were completed as previously described.51:52 Bacterial cells were grown
in 3 mL of media for 6 h at 37 °C with shaking at 200 rpm and then diluted to 5 x 10° CFU
in fresh media. For initial screening of the NCI natural product plates 13160330 and
13160331, the appropriate antibiotic was added to a concentration equal to 1/4 of the
determined MIC, as described in Table 1. 98 gL of cell culture/antibiotic mix was dispensed
into sterile U-bottom 96-well plates (Costar). Each well was dosed with 2 L of 1 mM
natural product in DMSO for a final concentration of 20 M. Plates were covered and
incubated without shaking for 18 h at 37 °C. A control plate containing the cell culture/
antibiotic mix without natural product additions (positive control) and fresh media (negative
control) was included for each set of screenings. A Synergy HTX Multimode plate reader
was used to determine the ODgqq of each well; the negative control was subtracted from
each reading, and the ODggg was compared to the positive control. Less than 10% growth
compared to the positive control was recorded as significant growth inhibition.

Natural product compounds exhibiting 90% growth inhibition in combination with 1/4 MIC
of antibiotic were further evaluated for inherent antibacterial activity. Assays were
conducted and evaluated as before but without the addition of antibiotic. Once the natural
product was determined not to be toxic at 20 £M, resensitization assays were repeated with
breakpoint antibiotic concentrations. If the combination of natural product and lower
antibiotic concentration was still effective at inhibiting growth, dose responses were
completed with regard to the natural product and the antibiotic to determine the lowest
effective concentrations.

Polymyxin B Nonapeptide Permeabilization.

To help determine if colistin was permeabilizing outer membranes to novobiocin or
prodigiosin, MICs of prodigiosin and novobiocin were evaluated with A. baumannii 5075
and 4106 and K. pneumoniae 2146 and B9 in the presence of the cationic polypeptide
polymyxin B nonapeptide (PMBN; Sigma). Growth media was supplemented with 2, 4, or 8
g/mL PMBN, and compounds of interest were serially diluted from 20 /M to determine
any changes in MIC.

Effects of Serum on Combination Efficacies.

To determine the effect of serum on the efficacy of prodigiosin or novobiocin with colistin,
effective concentrations of prodigiosin or novobiocin were evaluated with a fixed 2 pg/mL
colistin. Growth medium was supplemented with 5%, 10%, or 20% (v/v) fetal bovine serum
(FBS). Prodigiosin and novobiocin were serially diluted from 20 ¢M. Fold change was
determined on the basis of a 0% (v/v) FBS control.
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Growth Curves.

Bacterial strains included in growth curves were grown in CAMHB for 6 h at 37 °C, diluted
to 5 x 10° CFU, and aliquoted into a round-bottom 96-well plate. Wells were supplemented
with selected compounds and/or antibiotic. A Synergy HTX Multimode plate reader set to
37 °C was used to read ODggq every 20 min for 14 h. The plate was shaken for 5 min before
each reading.

Analysis of Lipid A Modification.

Lipid A was analyzed for modification as previously described.*? K. pneumoniae B9 was
cultured in 5 mL of CAMHB for 18 h at 37 °C and then subcultured to 1 x 108 CFU in 120
mL of fresh CAMHB. Subcultures were split and left untreated or dosed with novobiocin or
prodigiosin at 4x the minimum effective concentration, but below the compound MIC, and
incubated for 8 h. Each concentration was completed with biological duplicates. Cells were
pelleted for 15 min at 4000 rpm and 4 °C. The supernatant was discarded, and the pellet was
washed with 5 mL of endotoxin free water. The cells were pelleted again, and the
supernatant was discarded. Pellets were stored at =80 °C until processed for analysis.

Thawed pellets were resuspended in 70% isobutyric acid/1L M ammonium hydroxide (5:3
vol/vol) and incubated at 100 °C for 1 h. Samples were centrifuged (2000g, 15 min).
Supernatant was added to equal volumes of endotoxin-free water, frozen on dry ice, and
lyophilized. Dried samples were washed with methanol and centrifuged (2000g, 15 min).
Lipid A was solubilized in chloroform/methanol/water (3:1.5:0.25 vol/vol/vol). 1 zi of
sample was spotted on a steel reusable MALDI plate with 1 gL of norharmane matrix (10
mg/mL in 2:1 C/M). Samples were analyzed on a Bruker Microflex in negative ion mode.
Data were processed with flexAnalysis software.

Reverse-Transcriptase Quantitative PCR (RT-gPCR) Analysis.

Bacterial strains were incubated at 37 °C overnight in 5 mL of CAMHB and subcultured
1:20 in fresh media in 15 mL conical tubes. Subcultures were incubated for 2 h at 37 °C, at
which point novobiocin, prodigiosin, or a sublethal combination of either with colistin was
added to the subculture. Cultures were incubated for another 2 h. Cells were centrifuged
(4000 rpm, 20 min, 4 °C), and the supernatant was discarded. RNA was isolated from the
bacterial pellet with TRIzol reagent (ThermoFisher), following the manufacturer’s
instructions except for an additional wash with 75% ethanol before solubilizing the RNA
pellet.

Solubilized RNA was treated with DNase (Turbo DNA-free Kit, Invitrogen) following the
manufacturer’s instructions for undiluted samples. Digestion was completed in 2 steps: 2 (L
of DNase was added to the sample, and it was incubated at 37 °C for 30 min; another 2 L
of DNase was added before an additional 30 min incubation. DNase treated samples were
transferred to new 1.5 mL centrifuge tubes. RNA was quantified using a Take3 plate on a
BioTek Synergy HTX multimode plate reader. Samples were stored at —20 °C overnight.

Changes in expression for genes associated with colistin resistance were evaluated by RT-
gPCR, including pmrCAB and phoPQ. Primers used in this study can be found in Table 5.
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RT-gPCR was conducted with the Power SYBR Green RNA-to-CT 1-Step Kit
(ThermoFisher) according to the manufacturer’s instructions using an Applied Biosystems
StepOne instrument. 12S rRNA gene rpsL was used as the reference gene in all experiments.
Relative standard curves were conducted to ensure linear amplification before completing
comparative Ct experiments. Reactions were performed in triplicate on two independent
biological samples.

Evaluation of the Production of Reactive Oxygen Species (ROS).

2’,7’-Dichlorofluorescin diacetate fluorescent dye (DCFH-DA, Calbiochem) was used to
measure changes in general intracellular ROS upon treatment with prodigiosin, novobiocin,
colistin, and combinations thereof. 20 mM stocks of DCFH-DA were prepared in DMSO
and stored, protected from light, at —20 °C in 400 gL aliquots to reduce freeze/thaw cycles.
Bacterial strains were incubated in 10 mL of CAMHB at 37 °C and 200 rpm overnight.
Cultures were split and diluted 1:2 in fresh media. Cells were either left untreated or dosed
with one of the following conditions: 0.15% H,O5 (positive control), 2 gg/mL colistin,
0.07% H,0, with 2 wg/mL colistin, 2.5 ¢M or 1.25 1M prodigiosin, 1.25 M prodigiosin
with 2 gg/mL colistin, 2.5 M novobiocin, or 2.5 4M novobiocin with 2 zg/mL colistin.
Cultures were incubated in the dark at 37 °C and 240 rpm for 4 h. 2 mL of treated culture
was centrifuged (15 000 rcf, 6 min) and washed with 1x PBS. The pellets were suspended in
1 mL of 100 /M DCFH-DA in 1x PBS and incubated in the dark at 37 °C for 1.5 h. Cells
were pelleted (15 000 rcf, 6 min) and washed with 1x PBS before resuspension in fresh
CAMHB. Cells recovered for 1 h at 37 °C. 100 gL of cell suspension was aliquoted into
black-walled, clear-bottomed 96-well plates. Fluorescence was measured on a HTX Synergy
Multimode plate reader with excitation at 485/20 nm and emission at 528/20 nm. Each
treatment was measured 5 times in 6 separate biological samples. CAMHB without cells was
measured for potential background fluorescence, and 100 M DCFH-DA in PBS was
measured to track spontaneous fluorescence of the dye. p-values were determined by the
Student’s ttest with the Tukey Method of eliminating outliers.
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Refer to Web version on PubMed Central for supplementary material.
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Plate 13160330 Plate 13160331
E12 F13 G9 11 L16
Michellamine B diacetic acid salt Cryptopimaric acid CAS 32986-79-1 Sirodesmin A Variabiline dihydrochloride

Figure 1.
Natural products that resensitize MRSA 1556 to oxacillin. Michellamine B diacetic acid salt

(E12, plate 13160330), cryptopimaric acid (F13, plate 13160330), CAS 32986-79-1 (G9,
plate 13160330), sirodesmin A (111, plate 13160331), and variabiline dihyrdrochloride (L16,
plate 13160331) were all able to lower the MIC of oxacillin 16-fold in MRSA 1556. Natural
products were tested at 20 uM.
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Tobramycin MIC (ug/mL)

A. baumannii 5075

J12
Ricinoleic acid, sodium salt
Plate 13160330

5 7 ONa

Tobramycin MIC (ug/mL)
A. baumannii 5075
32* (8)

Figure 2.

L13
Epirubicin
Plate 13160331

Tobramycin MIC (ug/mL)

A. baumannii 5075
32 (8)

Resensitization of A. baumannii 5075 to tobramycin. Ricinoleic acid sodium salt (J12, plate
13160330) and epirubicin (L13, plate 13160331) both lowered the MIC of tobramycin 8-
fold in AB5075. Natural products were tested at 20 zM. Fold change as compared to the
control antibiotic MIC is expressed in parentheses. * indicates the lowest antibiotic

concentration tested.
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Colistin MIC (ug/mL)

A. baumannii 5075 K. pneumoniae 2146
1 1

H6 J4 N15
Dianemycin Scopafungin Variabiline monohydrochloride

OH  OH oM oH

Colistin MIC (ug/mL) Colistin MIC (pg/mL) Colistin MIC (ug/mL)
A. baumannii 5075 K. pneumoniae 2146 K. pneumoniae 2146 K. pneumoniae 2146
0.0625* (16) 0.0625* (16) 0.0625* (16) 0.0625* (16)
Figure 3.

Structures and colistin MICs of the most effective compounds in colistin-susceptible strains
of A. baumannii and K. pneumoniae. All compounds were located on plate 13160331.
Dianemycin lowered the colistin MIC 16-fold in both AB5075 and KP2146, from 1 pg/mL
to 0.0625 pg/mL. Scopafungin and variabiline monohydrochloride had the same activity in
KP2146. Natural products were tested at 20 xM. Fold change as compared to the control
antibiotic MIC is expressed in parentheses. * indicates the lowest antibiotic concentration
tested.
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Plate 13160330: Re-sensitization of K. pneumoniae B9 to colistin

F16 N5
Streptovaricin C Carbomycin

Plate 13160331: Re-sensitization of A. baumannii 4106 to colistin

D7 G7 H8
Streptovaricin G Rifamycin, 3-[(dimethylamino)methyl]-(9CI) Borrelidin

Figure 4.
Structures of compounds that lowered colistin MICs most effectively in KPB9 (top) and

AB4106 (bottom). Streptovaricin C and carbomycin lowered the KPB9 colistin MIC from
512 to 1 tg/mL. Streptovaricin G, rifamycin, 3-[(dimethylamino)methyl]-(9Cl), and
borrelidin lowered the AB4106 colistin MIC from 1024 to 2 g/mL.
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NCI Natural Product Set IV Active Compounds Structurally Similar Molecules
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Figure 5.
Structures of active compounds from NCI Natural Product Set IV (left) and molecules with

similar structures screened for activity with colistin (right).
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Membrane permeability of K. pneumoniae B9 does not change with treatment of 2 pg/mL
colistin or compound alone but increases significantly under lethal combination conditions.
The percent increase in membrane permeability was calculated by comparing SYTOQ:
propidium iodide fluorescence ratios of treated cells to untreated cells. Error bars represent
standard error of at least two independent biological samples from experiments conducted
on separate days. Note: treatment conditions “+2048 rg/mL colistin” and “+2.5 ¢M
novobiocin + 2 g/mL colistin” have standard error below 1%.
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phoP phoQ pmrC pmrA pmrB

phoP phoQ pmrC pmrA pmrB

1.6 1.4

11

1.4 1.1

Variation in gene expression for the two component system p/0PQ and the pmrCAB operon
in K. pneumoniae B9 upon treatment with (A) 5 &M prodigiosin, (B) 1.25 4M prodigiosin
with 2 gg/mL colistin, (C) 10 £M novobiocin, and (D) 2.5 M novobiocin with 2 g/mL
colistin. All relative quantification (RQ) is calculated using the 12S rRNA rpsL as the
reference gene. Error bars represent standard error of AACt values across 6 reactions in 2
independent samples. *p < 0.05 by Student’s ftest comparing ACt of test reactions and
control reactions, indicating statistically significant differences upon treatment with 5 x/M

prodigiosin.
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Figure 8.
Average ODggg normalized ROS fluorescence intensity compared to untreated cells when

treated with (A) 2 tg/mL colistin, (B) novobiocin, (C) prodigiosin, or (D) prodigiosin or
novobiocin in combination with 2 pg/mL colistin. Percentages shown indicate the average
increase in fluorescence; * indicates a p-value < 0.06, and ** indicates a p-value < 0.005
compared to untreated KPB9 subjected to the fluorescent dye treatment. Fluorescence of
DCFH-DA was normalized by the ODgqq of the well to account for potential differences due
to growth rates; measurements were obtained simultaneously. Error bars indicate standard
deviation of five measurements in each of six independent biological samples using the same
stock solution of DCFH-DA.
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Colistin Potentiation Activity of Active Natural Products and Structurally Similar Molecules in Colistin-
Resistant A. baumanniiand K. pneumoniae

A. baumannii K pneumoniae
bacterial strain 4106 B9
colistin MIC? 1024 512
prodigiosin MIC (xM) 10 >160
lowest effective concentration ~ Prodigiosin (zM) 5 125
colistin MIC? (fold-reduction) 4(256) 2(256)
fractional inhibitory concentration index (FICI) 0.504 0 008b
obatoclax MIC (1M) >160 >160
lowest effective concentration  obatoclax (M) 20 1.25
colistin MIC? (fold-reduction) 4(256) 2 (256)
FICI 0.066 0.008
rifamycin, 3-[(dimethylamino) methyl]-(9CI) MIC (xM) >20 100
lowest effective concentration  rifamycin, 3-[(dimethylamino) methyl]-(9Cl) (¢M) 10 0.3125
colistin MIC? (fold-reduction) 2(512) 2(256)
FICI 0.252 0.007
rifampicin MIC (M) 5 20
lowest effective concentration  rifampicin (xM) 0.3125 0.156
colistin MIC? (fold-reduction) 2 (512) 8 (64)
FICI 0.064 0.023
clorobiocin (¢M) >20 50
lowest effective concentration  clorobiocin (#M) NAC 0.625
colistin MIC? (fold-reduction) NA 2 (256)
FICI 0.016
novobiocin MIC (M) 20 >160
lowest effective concentration  novobiocin (xM) 25 25
colistin MIC? (fold-reduction) 4(256) 2(256)
FICI 0.129 0.012

a. . .. . . oo . - - .
Colistin MICs are presented in zg/mL. The numbers in parentheses indicate the fold-reduction from the original colistin MIC of each strain.

bWhen the MIC of the compound is above the highest tested concentration, FICI is approximated using double the highest tested concentration
(e.g., when MIC > 160 tg/mL, FICI is approximated using 320 zg/mL).

Con o L .
NA indicates no activity in the strain.
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Table 4.

Bacterial Strains and Minimum Inhibitory Concentrations (MIC)

species strain  antibiotic; MIC (ug/mL)

Acinetobacter baumannii 5075 tobramycin; 256
meropenem; 32
clarithromycin; 32
colistin; 1
4106 colistin; 1024
3941  colistin; 512
3942 colistin; 512
4112 colistin; 1024
4119 colistin; 1024
Kilebsiella pneumoniae 2146 clarithromycin; 1024
meropenem; 256
colistin; 1
B9 colistin; 512
C3 colistin; 256

Methicillin-resistant Staphylococcus aureus 1556 tobramycin; 32

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny
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Table 5.

Primers Used in RT-qPCR Gene Expression Studies

primer name

sequence 5'-3" source

KP pmrC forward
KP pmrC reverse
KP pmrA forward
KP pmrA reverse
KP pmrB forward
KP pmrB reverse
KP phoP forward
KP phoP reverse
KP phoQ forward
KP phoQ reverse
KP rpsL forward

KP rpsL reverse

GCGTGATGAATATCCTCACCA
CACGCCAAAGTTCCAGATGA
GATGAAGACGGGCTGCATTT
ACCGCTAATGCGATCCTCAA
TGCCAGCTGATAAGCGTCTT
TTCTGGTTGTTGTGCCCTTC
GCGTCACCACCTCAAAGTTC
GGCGATATCCGGGAGATGTT
CTCAAGCGCAGCTATATGGT
TCTTTGGCCAGCGACTCAAT
CCGTGGCGGTCGTGTTAAAGA
GCCGTACTTGGAGCGAGCCTG

39

ACS Infect Dis. Author manuscript; available in PMC 2021 October 09.

Page 27



	Abstract
	Graphical Abstract
	RESULTS
	Natural Products Effectively Lower Minimum Inhibitory Concentrations of Multiple Classes of Antibiotics against Both Gram-Positive and Gram-Negative Pathogens.
	Compounds Similar to Active Natural Product Adjuvants Maintain Activity.
	Colistin Potentiation Is Not Related to Membrane Permeability or Reversal of Lipid A Modifications.
	Combination of Prodigiosin and Colistin Shows an Increase in Reactive Oxygen Species.

	DISCUSSION
	CONCLUSION
	METHODS
	Natural Product Library Maintenance.
	Bacterial Strains and Growth Conditions.
	Minimum Inhibitory Concentration (MIC) Determination.
	Antibiotic Potentiation Assay.
	Polymyxin B Nonapeptide Permeabilization.
	Effects of Serum on Combination Efficacies.
	Growth Curves.
	Analysis of Lipid A Modification.
	Reverse-Transcriptase Quantitative PCR (RT-qPCR) Analysis.
	Evaluation of the Production of Reactive Oxygen Species (ROS).

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

