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ABSTRACT: The rise of antibiotic resistance presents a
significant healthcare challenge and precludes the use of many
otherwise valuable antibiotics. One potential solution to this
problem is the use of antibiotics in combination with resistance-
modifying agents, compounds that act synergistically with existing
antibiotics to resensitize previously resistant bacteria. In this study,
12(S),16&-dihydroxycleroda-3,13-dien-15,16-olide, a clerodane
diterpene isolated from the medicinal plant Callicarpa americana,
was found to synergize with oxacillin against methicillin-resistant
Staphylococcus aureus. This synergy was confirmed by checker-
board (fractional inhibitory concentration index (FICI) = 0.125)
and time-kill assays, with a subinhibitory dose of 12(S),16¢-
dihydroxycleroda-3,13-dien-15,16-olide causing the effective con-

centration of oxacillin to fall below the susceptibility breakpoint for S. aureus, a >32-fold decrease in both cases.
KEYWORDS: MRSA, oxacillin, terpene, synergy, botanical, natural product

Antibiotic resistance is a growing problem in modern
healthcare, threatening human health directly through
difficult-to-treat infections and indirectly by eroding the safety
of surgical procedures.” Methicillin-resistant Staphylococcus
aureus (MRSA) is a major pathogen in both healthcare-
associated and community-associated outbreaks of infection,”
and new drugs and treatment approaches are needed.

One promising tactic to deal with antibiotic-resistant
infections is combination therapy. Compared to traditional
single-drug treatments, using mixtures of drugs can reduce the
risk of resistance developing and increase the therapeutic
window via drug—drug interactions, e.g, synergy in efficacy or
antagonism in toxicity.”* The emergence of combination
therapy as an answer to drug resistance is more correctly a re-
emergence; for the bulk of human history, mixtures of drugs
have been at the core of medicine, frequently derived from
single or multiple species of plants and fungi.” Working from
this basis, plants used in traditional medicine for the treatment
of infections can be studied as a fruitful source of compounds
active in antibiotic combination therapy.

Several small molecules are known to potentiate the activity
of f-lactam antibiotics against MRSA,"’ including a number of
plant derived natural products. The sesquiterpene farnesol
increases the susceptibility of MRSA to fB-lactam antibiotics by
interfering with cell wall biosynthesis through reduction of free
C55 lipid carrier,® while the flavonoid baicalein has been
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reported to potentiate the effects of P-lactam antibiotics
including oxacillin, cefmetazole, and ampicillin against MRSA.’

Herein, we report that phytochemicals from Callicarpa
americana L. (Lamiaceae) leaves synergize with oxacillin
against multiple MRSA strains. C. americana, commonly
known as the American beautyberry, is native to the
southeastern United States and has a history of traditional
use by several American Indian tribal nations to treat fever,
stomachache, dysentery, and diarrhea.'”"" Extracts of C. amer-
icana leaves have been shown in lab tests to deter mosquitos
and ticks'”"’ and inhibit the growth of the Gram-positive
bacterium Cutibacterium acnes."*

The study was initiated by screening 401 extracts of the
Quave Natural Product Library (QNPL) at a concentration of
25 pg/mL alone and in combination with 8 yg/mL oxacillin
(1/4 MIC) against the MRSA strain ATCC BAA-1556. From
these initial screens, we identified extract 649, an ethanol
extract of C. americana leaves as a an exceptionally potent
modulator of oxacillin.
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Figure 1. Bioassay-guided fractionation of C. americana for synergy with oxacillin for growth inhibition of MRSA (LAC). Fractions with no FICI
values (gray color) or no MIC values were screened for growth inhibition and synergy at single concentrations but not investigated further. Yield
for each fraction is calculated relative to the parent; yield of crude extract 649 is relative to dry plant material.

Next, we screened extract 649 against two additional MRSA
strains, LAC and MW?2, as a first step to determine if activity
was isolate specific. This LAC strain recorded a slightly higher
stand-alone oxacillin MIC (64 yg/mL), while the MW2 strain
had an identical MIC to BAA-1556 (32 pg/mL), and both
were potently sensitized to the effects of oxacillin in the
presence of 649. A concentration of 4 ug/mL 649 lowered the
oxacillin MIC of LAC to 1 pug/mL; a concentration of 16 ug/
mL extract reduced the oxacillin MIC in the MW2 strain to 2
ug/mL, while a concentration of 10 ug/mL reduced the
oxacillin MIC to 1 pug/mL in BAA-1556. Each resulting
oxacillin MIC is at or below the breakpoint of resistance (<2
pg/mL).

Extract 649 was partitioned to create 649B-E (overall
isolation scheme depicted in Figure 1), and each partition was
subjected to a checkerboard analysis against LAC (shown in
Figures S1 and S2 and Table S1). Of the four partitions, 649C
proved to be the most potent, showing activity essentially
equivalent to the crude extract. A similar result was observed
when 649C was tested against BAA-1556, resulting in an
oxacillin MIC of 0.5 pug/mL at a 649C concentration of 10 pg/
mL. This extract was then subjected to further purification via
HPLC, and the resulting fractions were tested for activity with
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oxacillin against BAA-1556. Of these fractions, fraction 9
(649C-F9) returned the highest level of potentiation, reducing
the oxacillin MIC 64-fold (0.5 ug/mL) at a concentration of S
pug/mL, while fraction 13 (649C-F13) showed 32-fold
reduction at 5 ug/mL. All fractions were then tested against
LAC (activity of all fractions summarized in the Supporting
Information) in checkerboard format, where 649C-F13
showed the highest level of synergy, returning a fractional
inhibitory concentration index (FICI) of 0.094. Two further
rounds of purification and bioassay of this extract eventually
yielded 649C-F13-PF4-SF7, a purified compound that lowered
the MIC of oxacillin against BAA-1556 to 0.25 ug/mL at a
concentration of $ pg/mL.

The purified compound was then subjected to structure
elucidation studies. Analysis of 1D (Figures S3 and S4) and 2D
NMR experiments and accurate mass measurement (Figure
S5) allowed us to establish the compound’s structure.
Databases searches (SciFinder and Reaxys) enabled verifica-
tion of this structure by comparisons of NMR and MS data
with published values. The purified compound was identified
as 12(S),16¢-dihydroxycleroda-3,13-dien-15,16-olide (1) (Fig-
ure 2).”” Compound 1 is a clerodane diterpene previously
isolated as a mixture of epimers from a chloroform-soluble
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Figure 2. Structure of 12(S),16¢-dihydroxycleroda-3,13-dien-15,16-
olide (1).

extract of the combined fruits, leaves, and twigs of C. americana
and studied for cytotoxic activity against a variety of cancer
cells, exhibiting an EDy, of <5 pg/mL against S cell lines in
vitro but no in vivo cytotoxicity up to 50 mg/kg in a hollow
fiber mouse model." In our study, 1 exhibited an ICy, of 64
ug/mL (191 uM) against human keratinocytes in vitro (Figure
3), mirroring the lower toxicity seen in the mouse study.
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Figure 3. Cytotoxicity of 1 and 649C-F13 against human
keratinocytes (HaCaTs). DMSO was the vehicle control.

Compound 1 alone has an MIC of 16 pg/mL against MRSA
(LAC) and FICIs of 0.125 with oxacillin, 0.094 with
Meropenem, and 0.625 with vancomycin, and data on the
drug combinations is visualized in heatmaps and isobolograms
for oxacillin, Meropenem, and vancomycin with 1 (Figure 4).
The existence of synergy (FICI < 0.5) between 1 and the f-
lactam antibiotics and not vancomycin suggests a possible
specificity of 1 for f-lactams. Synergy between 1 and oxacillin
was confirmed by a time-kill assay (Figure S), according to the
definition of time-kill synergy as a 2 log,, decrease in CFU/mL
at the 24 h time point. Moreover, a combination of 4 yg/mL 1
(1/4 MIC) and 2 pg/mL oxacillin (1/32 MIC) exhibited
bactericidal activity against MRSA (LAC).

To further characterize the interactions between 1 and
oxacillin, combinations of 1 and oxacillin were tested for
growth inhibition against a panel of S. aureus clinical isolates,
including both oxacillin-resistant and -susceptible strains
(Table 1). Against ATCC strains, compound 1 lowered the
oxacillin MIC 16—512-fold at a concentration of S ug/mL;
notably, 1 did not exhibit synergy with oxacillin against the
oxacillin-susceptible S. aureus AR Bank #0470 and oxacillin-
intermediate S. aureus AR Bank #0474.

In conclusion, we report that the clerodane diterpene 1 from
C. americana moderately inhibits the growth of MRSA,
supporting the traditional use of C. americana as an anti-
infective. This diterpene also potently synergizes with oxacillin
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and Meropenem against MRSA, suggesting a possible future
application of 1 or related compounds as potentiators for
treatment of f3-lactam resistant infections.'® Interestingly, when
tested against selected strains from the CDC & FDA Antibiotic
Resistance Bank Staphylococcus with the Borderline Oxacillin
Susceptibility (BORSA) panel (Table 1),"” synergy was only
observed in one out of three strains. The CDC & FDA AR
Bank documents the mechanisms of resistance for the three
tested strains (AR Bank #0470, #0474, and #0480) are from
the mecA allele, which is responsible for the expression of a
modified penicillin-binding protein (PBP-2a), which has a low
affinity for oxacillin.'®"** Oxacillin inhibits the activity of
native PBPs, but PBP-2a remains efficient in cell wall synthesis.
Since the BORSA strains tested exhibited varying resistance to
oxacillin and different interactions between 1 and oxacillin,
there may be additional genetic mechanisms of interest that
may influence the PBP-2a structure and function.””** Further
synergy studies using the BORSA panel will help elucidate
these mechanisms.

Clerodane diterpenes isolated from plants have been
previously reported for their antibacterial activity (Table
$2).>7*7 One of these clerodane diterpenes, 16a-hydroxycler-
oda-3,13(14)-Z-dien-15,16-olide, has also been shown to
synergize with fluoroquinolone antibiotics against MRSA by
downregulating genes vital to the expression of multidrug-
resistant efflux pumps, such as norA, norB, norC, mdeA, and
mepA.”> The determination of the interactions of compound 1
with other antibiotic classes is therefore an additional future
direction of our study with 1. Finally, the toxicity of compound
1 against mammalian cells will be further investigated,
particularly in light of previous evidence for anticancer activity
in vitro. However, our preliminary results coupled with the lack
of toxicity in a previous murine model indicate that compound
1 may possess significantly reduced toxicity than initially
reported.””> Routes to access the compound as well as
analogues are currently being developed. Given the high
yield of compound from extracts, methods to generate
analogues through semisynthesis are also currently under
development. Future studies involving the synthesis and testing
of analogues of 1 against a large panel of S. aureus isolates, as
well as mutant libraries, will assist in the identification of the
mechanism of action for compound 1 and provide a basis to
determine the therapeutic potential of compound 1 and its
analogues. Current therapies to treat MRSA bacteremia require
the use of glycopeptide antibiotics such as vancomycin, which
are known to present the risk of nephrotoxicity. Compound 1
may be useful to restore S-lactam sensitivity, therefore allowing
P-lactam antibiotics to be a lower risk option for treating
MRSA infections.””

B METHODS

General Experimental Procedures. Nuclear magnetic
resonance (NMR) data were recorded in chloroform-d
(CDCl,) on a Bruker AVANCE III HD 600 (600 MHz for
'"H NMR, 150 MHz for '*C, S mm CryoProbe) spectrometer.
Chemical shifts (5) are reported in ppm with the solvent
(CDCly; 8y 7.26; 8¢ 77.0) peaks used as reference. High
resolution/accurate mass-atmospheric pressure chemical ion-
ization (HRMS-APCI) experiments were performed on a
Thermo Exactive Plus using the Ion Max Source with APCI
probe. Spectra were collected with 140 000 resolution at m/z
200 using Tune software and analyzed with Thermo’s Freestyle
software. Flash chromatography was carried out using a
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Figure 4. Checkerboards of 1 and (A) oxacillin (FICI = 0.125), (B) Meropenem (FICI = 0.094), and (C) vancomycin (FICI = 0.625) for growth
inhibition of MRSA (LAC) and the corresponding isobolograms of 1 and (D) oxacillin, (E) Meropenem, and (F) vancomycin. In the
checkerboards, white indicates 0% growth and dark blue indicates 100% growth relative to vehicle control. Points on the isobolograms represent
combinations of 1 and antibiotics (relative to their MICs alone) that exhibit >90% growth inhibition of MRSA.
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Figure 5. (A) Time-kill assay of 1 and oxacillin against MRSA (LAC).
The treatments displayed in this figure are 1/4 MIC of 1 and 1/4
MIC of oxacillin alone and in combination and DMSO, the vehicle
control. (B) Time-kill assay repeated with oxacillin concentrations at
the susceptibility breakpoint (2 yg/mL).

CombiFlashRf+ Lumen (Teledyne ISCO) system with a
RediSep Rf Gold silica column. Preparative high-performance
liquid chromatography (Prep-HPLC) was performed using an
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Agilent 1260 infinity IT LC system (CA, USA) equipped with
an Agilent Technologies 1200 Infinity Series Diode Array
Detector detecting at 214 and 254 nm, auto collector, and
Agilent XDB-C18 (30 X 250 mm, S ym) column.

Plant Material. C. americana leaves were collected in June
and August 2017 from wild individuals in Atlanta, GA, and in
June 2018 and 2019 from wild individuals from The Jones
Center at Ichuaway in Baker County, Georgia. The identity
was verified by botanist Dr. Tharanga Samarakoon, and
voucher specimens (accession numbers 22044, 22205, 22848,
and 25009) were deposited in the Emory University
Herbarium (GEO). Vouchers are available for viewing through
the SERNEC portal.”” Leaves were dried in a dehumidified
chamber and ground to powder in a Wiley Mill (Thomas
Scientific, Swedesboro, NJ) with a 2 mm mesh.

Extraction and Fractionation. Plant material was
extracted as previously described.'” Briefly, powdered leaves
were extracted by double maceration in 95% ethanol for 72 h;
the resulting extract was filtered and then dried by rotary
evaporation and lyophilization. Dry extract was stored at —20
°C.

Crude extract (649) was suspended in water at 1 g/33 mL
and underwent sequential liquid—liquid partitioning with equal
volumes of hexane, ethyl acetate, and butanol, yielding hexane
(649B), ethyl acetate (649C), n-butanol (649D), and water
(649E) partitions. The organic partitions were dried over
Na,SO, and filtered. Each partition was concentrated in vacuo
at <40 °C. The hexane partition (649B) was dissolved and
transferred to a tared scintillation vial and dried under forced
air. The remaining partitions were shell frozen and lyophilized,
and the resulting powder was stored at —20 °C. The ethyl

https://dx.doi.org/10.1021/acsinfecdis.0c00307
ACS Infect. Dis. 2020, 6, 1667—1673


https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?fig=fig5&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.0c00307?ref=pdf

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

Table 1. Interactions between 1 and Oxacillin for Growth Inhibition of a Panel of S. aureus Strains

MIC alone (ug/mL)

MIC in combination (yg/mL)

LAC and AR bank strains compound 1 oxacillin compound 1 oxacillin FICI
LAC 16 64 2 1 0.141
AR Bank #0470 16 8 0.625 0.65
AR Bank #0474 16 8 8 1 0.625
AR Bank #0480 16 32 4 1 0.283

MIC alone (pug/mL)

oxacillin MIC in combination with 1 (/tg/ 'mL)

ATCC strains oxacillin conc. of 1 (ug/mL) oxacillin fold reduction of oxacillin MIC
ATCC BAA-1556 64 S 0.25 256
ATCC 43300 32 S 2 16
ATCC BAA-44 256 S 2 128
ATCC BAA-811 128 S 0.25 S12
ATCC BAA-1770 32 S 2 16
ATCC 700789 128 S 2 64
ATCC 33591 128 S 2 64
ATCC BAA-1685 256 S 8 32
ATCC BAA-1753 256 S 0.5 S12

acetate partition, 649C (15.43 g), was determined to be most
active in bioassays and was fractionated using a 330 g silica
column (RediSep, Teledyne ISCO) via normal phase flash
chromatography (Combi Flash Rf+ Lumen, Teledyne ISCO)
utilizing a hexane/ethyl acetate gradient and a methanol/ethyl
acetate gradient. A total of 32 fractions were collected with
fraction 429C-F13 (2.15 g, 13.9% yield) showing the highest
activity. Fraction 649C-F13 was fractionated further via Prep-
HPLC starting from a 50:50 mixture of the mobile phase of
0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic
acid in acetonitrile (B) at a flow rate of 42.5 mL/min and
monitored for 35 min. A total of 12 fractions were collected
with the most bioactive fraction being 649C-F13-PF4 (186.2
mg, 93.1% yield). Fraction 649C-F13-PF4 was fractionated
further via Prep-HPLC starting from a 30:70 mixture of the
mobile phase of 0.1% (v/v) formic acid in water (A) and 0.1%
(v/v) formic acid in acetonitrile (B) at a flow rate of 42.5 mL/
min and monitored for 45 min. A total of 12 fractions were
collected with the most bioactive fraction being fraction 649C-
F13-PF4-SF7 (102.9 mg, 80.5% vyield). Fraction 649C-F13-
PF4-SF7 was identified by 1D and 2D NMR and MS data as
12(S),16&-dihydroxycleroda-3,13-dien-15,16-olide (1) (see the
Supporting Information for spectra).

12(S),16&-Dihydroxycleroda-3,13-dien-15,16-olide (1).
Amorphous solid. '"H NMR (600 MHz, CDCl,) § 6.10 (1H,
br's, H-16), 6.05 (1H, br s, H-14), 5.20 (1H, br s, H-3), 4.77
(1H, m, H-12), 2.03 (2H, m, H-2), 1.89 (1H, m, H-11a), 1.75
(1H, m, H-1a), 1.73 (1H, m, H-6a), 1.59 (3H, s, H-18), 1.58
(1H, m, H-10), 1.50 (1H, m, H-11b), 1.48 (1H, m, H-1b),
1.47 (1H, m, H-8), 1.46 (2H, m, H-7), 1.21 (1H, m, H-6b),
1.02 (3H, s, H-19), 0.81 (3H, d, ] = 6.48 Hz, H-17), 0.76 (3H,
s, H-20); *C NMR (CDCl,, 150 MHz) § 173.4 (C, C-13),
170.7 (C, C-15), 144.4 (C, C-4), 121.0 (CH, C-3), 117.2 (CH,
C-14), 97.7 (CH, C-16), 65.0 (CH, C-12), 47.4 (CH, C-10),
43.5 (CH,, C-11), 39.9 (C, C-9), 38.5 (C, C-5), 37.1 (CH, C-
8), 36.6 (CH,, C-6), 27.5 (CH,, C-7), 26.7 (CH,, C-2), 20.2
(CH,, C-19), 19.3 (CH,, C-1), 18.1 (CH,, C-18), 17.8 (CH;,
C-20), 16.1 (CH,, C-17). HRMS-APCI m/z 333.2073 [M —
H]™ (caled for CygH,e0,, 333.2071).

Bacterial Strains and Conditions. The primary Staph-
ylococcus aureus strain used in these experiments was the Los
Angeles County clone (LAC), a CA-MRSA USA300 isolate.*
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Three S. aureus strains with mecA-mediated resistance, AR
Bank #0470, AR Bank #0474, and AR Bank #0480, were
obtained from the CDC & FDA AR Isolate Bank.'” Strains
BAA-1556, 43300, BAA-44, BAA-811, BAA-1770, 700789,
33591, BAA-1685, and BAA-1753 were obtained from the
American Type Culture Collection (ATCC). Bacteria were
maintained on tryptic soy agar (TSA) plates. Liquid cultures
for ATCC strains were grown in Mueller Hinton broth (MHB)
incubated for S to 6 h at 37 °C with constant shaking (200
rpm). Liquid cultures for LAC and AR Bank strains were
grown in tryptic soy broth (TSB) incubated overnight at 37 °C
with constant shaking (230 rpm).

Growth Inhibition. S. aureus growth inhibition was
determined by broth microdilution according to CLSI M100-
$23 guidelines.”’ Liquid cultures were inoculated in cation
adjusted Mueller Hinton broth (CAMHB) to 5 X 10° CFU/
mL, and the resulting working cultures were combined with
extracts and controls in 96-well microtiter plates to produce a
final well volume of 100 uL for ATCC strains and 200 uL for
LAC and AR Bank strains. The initial screen of crude extracts
was undertaken in Mueller Hinton Broth (MHB), and then,
CAMHB was used for all fractions and isolated compound
studies. Vehicle (DMSO) controls, media blanks, and
antibiotic controls were included in each assay, and all
treatments were tested in triplicate. Concentration gradients
were created using 2-fold serial dilution. Microtiter plates were
incubated under stationary conditions at 37 °C for 16 h for
ATCC strains and 18 h for LAC and AR Bank strains; optical
density (ODyg,) was measured at initial and final time points,
and percent growth inhibition was calculated relative to the
vehicle control using the change in optical density to account
for extract color. The minimum inhibitory concentration
(MIC) is defined as the lowest concentration of drug that
achieves >90% growth inhibition.

Synergy with f-Lactam Antibiotics. The interactions
between study samples and S-lactam antibiotics were
quantified using the fractional inhibitory concentration index
(FICI) calculated in the framework of Loewe additivity
according to accepted standards in the field of antimicrobial
synergy: FICI < 0.5 was defined as synergy, 0.5 < FICI < 4 was
defined as noninteraction, and FICI > 4 was defined as
antagonism.B'2 Constant-ratio combinations of sample and
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antibiotic were tested in growth inhibition assays, adapting the
method described by Berenbaum™ and Cokol et al.”* Highly
synergistic combinations (FICI < 0.1) were confirmed via the
checkerboard assay.”

Time Kill. Time-kill assays were carried out according to
previously described methods.*® Briefly, S. aureus (LAC) in
logarithmic phase was standardized to 5 X 10° CFU/mL using
a BioTek Cytation3 plate reader. Five mL of this working
culture was added to test tubes for each of the following
treatments: 64, 16, and 2 ug/mL oxacillin alone, 16 and 4 ug/
mL SF7 alone, a combination of 16 pg/mL oxacillin with 4 ug/
mL SF7, and a combination of 2 pg/mL oxacillin with 4 ug/
mL SF7. Tubes were also prepared for the vehicle control
(DMSO), a bacterial growth control, and a media blank. All
tubes were incubated at 37 °C with shaking at 260 rpm. At 0,
3, 6, and 24 h time points, 10 yL was taken from each tube,
diluted in sterile PBS, and inoculated on TSA plates, which
were incubated at 37 °C until colonies were clearly visible (6
to 12 h); colonies on these plates were then counted and used
to calculate CFU/mL for each treatment and time point.

Mammalian Cytotoxicity. Active fractions and their
parents were tested for in vitro mammalian cytotoxicity using
immortalized human keratinocytes (HaCaTs) with a lactate
dehydrogenase (LDH) assay kit (G-Biosciences, St. Louis,
MO) as previously described.”” Briefly, 200 uL of cell culture
standardized to 4 X 10* cells/mL was added to wells in 96-well
tissue culture microtiter plates (Falcon 35-3075) and
incubated for 48 h; then, treatments and fresh media were
added, and plates were incubated for 24 more hours and
processed according to the LDH kit protocol for chemical-
induced cytotoxicity. Samples tested in this assay were sterile-
filtered, and the concentration of DMSO in the wells was kept
at <1%.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307.

Checkerboards of oxacillin and 649 partitions, synergy
between oxacillin and 649C fractions, checkerboard of
oxacillin and 649C-F13, 'H NMR spectrum of
compound 1, C NMR spectrum of compound 1,
HRMS-APCI spectra of compound 1, and antibacterial
activity of clerodane diterpenes (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Cassandra L. Quave — Emory University, Department of
Dermatology, Center for the Study of Human Health, and
Molecular and Systems Pharmacology Program, Atlanta,
Georgia 30322, United States; © orcid.org/0000-0001-9615-
7886; Email: cquave@emory.edu

Christian Melander — Department of Chemistry and
Biochemistry, University of Notre Dame, Notre Dame, Indiana
46556, United States; © orcid.org/0000-0001-8271-4696;
Email: cmelande@nd.edu

Authors

Micah Dettweiler — Emory University, Department of
Dermatology, Atlanta, Georgia 30322, United States

1672

Roberta J. Melander — Department of Chemistry and
Biochemistry, University of Notre Dame, Notre Dame, Indiana
46556, United States

Gina Porras — Emory University, Center for the Study of Human
Health, Atlanta, Georgia 30322, United States

Caitlin Risener — Emory University, Molecular and Systems
Pharmacology Program, Atlanta, Georgia 30322, United States

Lewis Marquez — Emory University, Molecular and Systems
Pharmacology Program, Atlanta, Georgia 30322, United States

Tharanga Samarakoon — Emory University Herbarium,
Atlanta, Georgia 30322, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsinfecdis.0c00307

Author Contributions

Conceptualization, data curation, and formal analysis: C.L.Q.
and C.M. Investigation: M.D., RJM,, G.P,, CR, T.S,, and
L.M. Methodology: C.L.Q,, C.M.,, M.D., and RJ.M. Project
administration, resources, supervision, funding, validation, and
visualization: C.L.Q. and C.M. Writing, original draft: M.D.
Writing, review, and editing: all authors.

Notes

The authors declare the following competing financial
interest(s): C.M. is a co-founder and a member of the board
of directors of Agile Sciences, a biotechnology company
seeking to commercialize antibiotic potentiators.

B ACKNOWLEDGMENTS

This work was supported by the National Institute of Allergy
and Infectious Disease (R21 AI136563 to C.L.Q. and ROl
DE22350 to C.M.), a National Institute of General Medical
Sciences training grant (T32-GMO008602) to C.R., Emory
University development funds to C.L.Q, and a graduate
student fellowship from The Jones Center at Ichuaway to L.M.
Thanks to Monique Salazar and Huagiao Tang for assistance
with the extractions and Kate Nelson for assistance with the
microbiological assays.

B ABBREVIATIONS

CAMHB, cation adjusted Mueller Hinton broth; CFU, colony
forming unit; FICI, fractional inhibitory concentration index;
LDH, lactate dehydrogenase; MHB, Mueller Hinton broth;
SERNEC, SouthEast Regional Network of Expertise and
Collections; TSA, tryptic soy agar; TSB, tryptic soy broth

B REFERENCES

(1) Ventola, C. L. (2015) The Antibiotic Resistance Crisis: Part 1:
Causes and Threats. Pharm. Ther. 40, 277—283.

(2) Carrel, M., Perencevich, E. N., and David, M. Z. (2015) USA300
Methicillin-Resistant Staphylococcus aureus United States, 2000—2013.
Emerging Infect. Dis. 21, 1973—1980.

(3) Ejim, L., Farha, M. A,, Falconer, S. B., Wildenhain, J., Coombes,
B. K, Tyers, M., Brown, E. D, and Wright, G. D. (2011)
Combinations of Antibiotics and Nonantibiotic Drugs Enhance
Antimicrobial Efficacy. Nat. Chem. Biol. 7, 348—350.

(4) Kashif, M., Andersson, C., Aberg, M., Nygren, P., Sjoblom, T.,
Hammerling, U, Larsson, R, and Gustafsson, M. G. (2014) A
Pragmatic Definition of Therapeutic Synergy Suitable for Clinically
Relevant In Vitro Multicompound Analyses. Mol. Cancer Ther. 13,
1964—1976.

(5) Williamson, E. M. (2001) Synergy and Other Interactions in
Phytomedicines. Phytomedicine 8, 401—409.

(6) Worthington, R. J., and Melander, C. (2013) Overcoming
Resistance to Beta-lactam Antibiotics. J. Org. Chem. 78, 4207—4213.

https://dx.doi.org/10.1021/acsinfecdis.0c00307
ACS Infect. Dis. 2020, 6, 1667—1673


https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00307/suppl_file/id0c00307_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cassandra+L.+Quave"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9615-7886
http://orcid.org/0000-0001-9615-7886
mailto:cquave@emory.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Melander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8271-4696
mailto:cmelande@nd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Micah+Dettweiler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberta+J.+Melander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gina+Porras"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caitlin+Risener"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lewis+Marquez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tharanga+Samarakoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00307?ref=pdf
https://dx.doi.org/10.3201/eid2111.150452
https://dx.doi.org/10.3201/eid2111.150452
https://dx.doi.org/10.1038/nchembio.559
https://dx.doi.org/10.1038/nchembio.559
https://dx.doi.org/10.1158/1535-7163.MCT-13-0430
https://dx.doi.org/10.1158/1535-7163.MCT-13-0430
https://dx.doi.org/10.1158/1535-7163.MCT-13-0430
https://dx.doi.org/10.1078/0944-7113-00060
https://dx.doi.org/10.1078/0944-7113-00060
https://dx.doi.org/10.1021/jo400236f
https://dx.doi.org/10.1021/jo400236f
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.0c00307?ref=pdf

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

(7) Vermote, A., and Van Calenbergh, S. (2017) Small-Molecule
Potentiators for Conventional Antibiotics against Staphylococcus
aureus. ACS Infect. Dis. 3, 780—796.

(8) Kuroda, M., Nagasaki, S., and Ohta, T. (2007) Sesquiterpene
Farnesol Inhibits Recycling of the CSS Lipid Carrier of the Murein
Monomer Precursor Contributing to Increased Susceptibility to Beta-
Lactams in Methicillin-Resistant Staphylococcus aureus. J. Antimicrob.
Chemother. 59, 425—432.

(9) Fujita, M., Shiota, S., Kuroda, T., Hatano, T. Yoshida, T,
Mizushima, T. and Tsuchiya, T. (2005) Remarkable Synergies
Between Baicalein and Tetracycline, and Baicalein and Beta-Lactams
Against Methicillin-Resistant Staphylococcus aureus. Microbiol. Immu-
nol. 49, 391-396.

(10) Jones, W. P., and Kinghorn, A. D. (2008) Biologically Active
Natural Products of the Genus Callicarpa. Curr. Bioact. Compd. 4, 15—
32.

(11) Austin, D. F. (2004) Florida Ethnobotany, CRC Press, Boca
Raton, FL.

(12) Cantrell, C. L., Klun, J. A, Bryson, C. T., Kobaisy, M., and
Duke, S. O. (2005) Isolation and Identification of Mosquito Bite
Deterrent Terpenoids from Leaves of American (Callicarpa
americana) and Japanese (Callicarpa japonica) Beautyberry. J. Agric.
Food Chem. 53, 5948—5953.

(13) Carroll, J. F., Cantrell, C. L., Klun, J. A, and Kramer, M. (2007)
Repellency of Two Terpenoid Compounds Isolated from Callicarpa
americana (Lamiaceae) against Ixodes scapularis and Amblyomma
americanum Ticks. Exp. Appl. Acarol. 41, 215—224.

(14) Pineau, R. M., Hanson, S. E.,, Lyles, J. T, and Quave, C. L.
(2019) Growth Inhibitory Activity of Callicarpa Americana Leaf
Extracts Against Cutibacterium acnes. Front. Pharmacol. 10, 10.

(15) Jones, W. P., Lobo-Echeverri, T., Mi, Q. W., Chai, H. B,
Soejarto, D. D., Cordell, G. A., Swanson, S. M., and Kinghorn, A. D.
(2007) Cytotoxic Constituents From the Fruiting Branches of
Callicarpa americana Collected in Southern Florida. J. Nat. Prod. 70,
372-377.

(16) Abreu, A. C., McBain, A. J., and Simdes, M. (2012) Plants As
Sources of New Antimicrobials and Resistance-modifying Agents. Nat.
Prod. Rep. 29, 1007—1021.

(17) Lutgring, J. D., Machado, M. J., Benahmed, F. H., Conville, P.,
Shawar, R. M., Patel, J, and Brown, A. C. (2018) FDA-CDC
Antimicrobial Resistance Isolate Bank: a Publicly Available Resource
To Support Research, Development, and Regulatory Requirements. J.
Clin. Microbiol. 56, 56.

(18) Berger-Bichi, B., and Rohrer, S. (2002) Factors Influencing
Methicillin Resistance in Staphylococci. Arch. Microbiol. 178, 165—
171.

(19) Maalej, S. M., Rhimi, F. M., Fines, M., Mnif, B., Leclercq, R,
and Hammami, A. (2012) Analysis of Borderline Oxacillin Resistant
Staphylococcus aureus (BORSA) Isolated in Tunisia. J. Clin. Microbiol.
50, 334S.

(20) Miragaia, M. (2018) Factors Contributing to the Evolution of
mecA-Mediated f-lactam Resistance in Staphylococci: Update and
New Insights From Whole Genome Sequencing (WGS). Front.
Microbiol. 9, 2723—2723.

(21) Matsuhashi, M., Song, M. D., Ishino, F., Wachi, M., Doi, M,,
Inoue, M., Ubukata, K, Yamashita, N., and Konno, M. (1986)
Molecular Cloning of the Gene of a Penicillin-Binding Protein
Supposed to Cause High Resistance to Beta-lactam Antibiotics in
Staphylococcus aureus. ]. Bacteriol. 167, 975—980.

(22) International Working Group on the Classification of
Staphylococcal Cassette Chromosome Elements (IWG-SCC)
(2009) Classification of Staphylococcal Cassette Chromosome mec
(SCCmec): Guidelines for Reporting Novel SCCmec Elements.
Antimicrob. Agents Chemother. 53, 4961.

(23) Hryniewicz, M. M., and Garbacz, K. (2017) Borderline
Oxacillin-Resistant  Staphylococcus aureus (BORSA) — A More
Common Problem than Expected? J. Med. Microbiol. 66, 1367—1373.

1673

(24) Monack, D. M., and Hultgren, S. J. (2013) The Complex
Interactions of Bacterial Pathogens and Host Defenses. Curr. Opin.
Microbiol. 16, 1-3.

(25) Gupta, V. K, Tiwari, N,, Gupta, P, Verma, S., Pal, A,
Srivastava, S. K., and Darokar, M. P. (2016) A Clerodane Diterpene
from Polyalthia longifolia as a Modifying Agent of the Resistance of
Methicillin Resistant Staphylococcus aureus. Phytomedicine 23, 654—
661.

(26) Khan, A. K., Ahmed, A., Hussain, M., Khan, I. A, Alj, S. A,
Farooq, A. D., and Faizi, S. (2017) Antibiofilm potential of 16-oxo-
cleroda-3, 13(14) E-diene-15 oic acid and its five new y-amino y-
lactone derivatives against methicillin resistant Staphylococcus aureus
and Streptococcus mutans. Eur. J. Med. Chem. 138, 480—490.

(27) Starks, C. M., Williams, R. B., Goering, M. G., O'Neil-Johnson,
M, Norman, V. L., Hu, J. F,, Garo, E.,, Hough, G. W,, Rice, S. M., and
Eldridge, G. R. (2010) Antibacterial clerodane diterpenes from
Goldenrod (Solidago virgaurea). Phytochemistry 71, 104—109.

(28) Filippone, E. J., Kraft, W. K., and Farber, J. L. (2017) The
Nephrotoxicity of Vancomycin. Clin. Pharmacol. Ther. 102, 459—469.

(29) SERNEC Southeast Regional Network of Expertise and
Collections. (accessed 2020-01-02) http://sernecportal.org/portal/.

(30) David, M. Z., and Daum, R. S. (2010) Community-Associated
Methicillin-Resistant Staphylococcus aureus: Epidemiology and Clinical
Consequences of an Emerging Epidemic. Clin. Microbiol. Rev. 23,
616—687.

(31) Cockerill, F. R. (2013) Performance Standards for Antimicrobial
Susceptibility Testing: Twenty-third Informational Supplement, M100-
$23, CLSI, Wayne, PA.

(32) Odds, F. C. (2003) Synergy, Antagonism, and What the
Chequerboard Puts Between Them. J. Antimicrob. Chemother. 52, 1.

(33) Berenbaum, M. C. (1978) A Method for Testing for Synergy
With Any Number of Agents. J. Infect. Dis. 137, 122—130.

(34) Cokol, M., Kuru, N., Bicak, E., Larkins-Ford, J., and Aldridge, B.
B. (2017) Efficient Measurement and Factorization of High-Order
Drug Interactions in Mycobacterium tuberculosis. Sci. Adv. 3,
No. e1701881.

(35) Rand, K. H., Houck, H. J.,, Brown, P., and Bennett, D. (1993)
Reproducibility of the Microdilution Checkerboard Method for
Antibiotic Synergy. Antimicrob. Agents Chemother. 37, 613—618.

(36) White, R. L., Burgess, D. S, Manduru, M., and Bosso, J. A.
(1996) Comparison of Three Different In Vitro Methods of
Detecting Synergy: Time-kill, Checkerboard, and E test. Antimicrob.
Agents Chemother. 40, 1914—1918.

(37) Quave, C. L, Lyles, J. T., Kavanaugh, J. S., Nelson, K., Parlet, C.
P, Crosby, H. A, Heilmann, K. P., and Horswill, A. R. (2015)
Castanea sativa (European Chestnut) Leaf Extracts Rich in Ursene
and Oleanene Derivatives Block Staphylococcus aureus Virulence and
Pathogenesis without Detectable Resistance. PLoS One 10,
No. e0136486.

https://dx.doi.org/10.1021/acsinfecdis.0c00307
ACS Infect. Dis. 2020, 6, 1667—1673


https://dx.doi.org/10.1021/acsinfecdis.7b00084
https://dx.doi.org/10.1021/acsinfecdis.7b00084
https://dx.doi.org/10.1021/acsinfecdis.7b00084
https://dx.doi.org/10.1093/jac/dkl519
https://dx.doi.org/10.1093/jac/dkl519
https://dx.doi.org/10.1093/jac/dkl519
https://dx.doi.org/10.1093/jac/dkl519
https://dx.doi.org/10.1111/j.1348-0421.2005.tb03732.x
https://dx.doi.org/10.1111/j.1348-0421.2005.tb03732.x
https://dx.doi.org/10.1111/j.1348-0421.2005.tb03732.x
https://dx.doi.org/10.2174/157340708784533393
https://dx.doi.org/10.2174/157340708784533393
https://dx.doi.org/10.1021/jf0509308
https://dx.doi.org/10.1021/jf0509308
https://dx.doi.org/10.1021/jf0509308
https://dx.doi.org/10.1007/s10493-007-9057-2
https://dx.doi.org/10.1007/s10493-007-9057-2
https://dx.doi.org/10.1007/s10493-007-9057-2
https://dx.doi.org/10.3389/fphar.2019.01206
https://dx.doi.org/10.3389/fphar.2019.01206
https://dx.doi.org/10.1021/np060534z
https://dx.doi.org/10.1021/np060534z
https://dx.doi.org/10.1039/c2np20035j
https://dx.doi.org/10.1039/c2np20035j
https://dx.doi.org/10.1128/JCM.01415-17
https://dx.doi.org/10.1128/JCM.01415-17
https://dx.doi.org/10.1128/JCM.01415-17
https://dx.doi.org/10.1007/s00203-002-0436-0
https://dx.doi.org/10.1007/s00203-002-0436-0
https://dx.doi.org/10.1128/JCM.01354-12
https://dx.doi.org/10.1128/JCM.01354-12
https://dx.doi.org/10.3389/fmicb.2018.02723
https://dx.doi.org/10.3389/fmicb.2018.02723
https://dx.doi.org/10.3389/fmicb.2018.02723
https://dx.doi.org/10.1128/JB.167.3.975-980.1986
https://dx.doi.org/10.1128/JB.167.3.975-980.1986
https://dx.doi.org/10.1128/JB.167.3.975-980.1986
https://dx.doi.org/10.1128/AAC.00579-09
https://dx.doi.org/10.1128/AAC.00579-09
https://dx.doi.org/10.1099/jmm.0.000585
https://dx.doi.org/10.1099/jmm.0.000585
https://dx.doi.org/10.1099/jmm.0.000585
https://dx.doi.org/10.1016/j.mib.2013.03.001
https://dx.doi.org/10.1016/j.mib.2013.03.001
https://dx.doi.org/10.1016/j.phymed.2016.03.001
https://dx.doi.org/10.1016/j.phymed.2016.03.001
https://dx.doi.org/10.1016/j.phymed.2016.03.001
https://dx.doi.org/10.1016/j.ejmech.2017.06.065
https://dx.doi.org/10.1016/j.ejmech.2017.06.065
https://dx.doi.org/10.1016/j.ejmech.2017.06.065
https://dx.doi.org/10.1016/j.ejmech.2017.06.065
https://dx.doi.org/10.1016/j.phytochem.2009.09.032
https://dx.doi.org/10.1016/j.phytochem.2009.09.032
https://dx.doi.org/10.1002/cpt.726
https://dx.doi.org/10.1002/cpt.726
http://sernecportal.org/portal/
https://dx.doi.org/10.1128/CMR.00081-09
https://dx.doi.org/10.1128/CMR.00081-09
https://dx.doi.org/10.1128/CMR.00081-09
https://dx.doi.org/10.1093/jac/dkg301
https://dx.doi.org/10.1093/jac/dkg301
https://dx.doi.org/10.1093/infdis/137.2.122
https://dx.doi.org/10.1093/infdis/137.2.122
https://dx.doi.org/10.1126/sciadv.1701881
https://dx.doi.org/10.1126/sciadv.1701881
https://dx.doi.org/10.1128/AAC.37.3.613
https://dx.doi.org/10.1128/AAC.37.3.613
https://dx.doi.org/10.1128/AAC.40.8.1914
https://dx.doi.org/10.1128/AAC.40.8.1914
https://dx.doi.org/10.1371/journal.pone.0136486
https://dx.doi.org/10.1371/journal.pone.0136486
https://dx.doi.org/10.1371/journal.pone.0136486
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.0c00307?ref=pdf

