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Abstract

The B-lactams are the most widely used group of antibiotics in human health and agriculture, but this is under threat due to
the persistent rise of pathogenic resistance. Several compounds, including tunicamycin (TUN), can enhance the antibacterial
activity of the B-lactams to the extent of overcoming resistance, but the mammalian toxicity of TUN has precluded its use in
this role. Selective hydrogenation of TUN produces modified compounds (TunR1 and TunR2), which retain the
enhancement of f-lactams while having much lower mammalian toxicity. Here we show that TunR1 and TunR2 enhance the
antibacterial activity of multiple p-lactam family members, including penems, cephems, and third-generation penicillins, to a
similar extent as does the native TUN. Eleven of the p-lactams tested were enhanced from 2 to >256-fold against Bacillus
subtilis, with comparable results against a penicillin G-resistant strain. The most significant enhancements were obtained
with third-generation aminothiazolidyl cephems, including cefotaxime, ceftazidime, and cefquinome. These results support
the potential of low toxicity tunicamycin analogs (TunR1 and TunR2) as clinically valid, synergistic enhancers for a broad
group of p-lactam antibiotics.

Introduction

Antibiotic-resistant bacteria are now responsible for two
million infections per year in the US alone, of which more
than 23,000 are lethal [1]. Overcoming infectious diseases
caused by antibiotic-resistant bacterial pathogens is one
of the major research priorities of the World Health
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Organization [2]. One approach to combating resistance is
the use of drug combinations that exert a synergistic
enhancement. Important examples of this are combination
therapies of p-lactam antibiotics (penicillins, penems, and
cephalosporins) with f-lactamase inhibitors, such as cla-
vulanic acid, tazobactam, or sulbactam [3, 4]. Alternative
strategies have focused on f-lactam enhancers that target
bacterial cell wall biosynthesis [5-7]. These include syn-
thetic compounds, such as tarocin A and tarocin B [7], and a
Streptomyces-derived natural product, tunicamycin (TUN)
[8, 9], which inhibit the assembly of cell wall teichoic acid
(WTA) [7-11].

WTA, a cell surface carbohydrate polymer found in
Gram-positive bacteria, is the target for several new anti-
bacterial agents [4, 5]. The biosynthesis of WTA begins by
transfer of GlcNAc-1-phosphate to a membrane-associated
polyprenol, undecaprenyl phosphate, embedded in the
bacterial surface. This transfer is catalyzed by the enzyme
TagO (also called TarO), which is part of a large super-
family of phosphosugar transferases (PNPT) that also
includes the first enzyme for N-linked protein glycosylation
in eukaryotes, GPT, as well as MraY, an essential bacterial
enzyme involved in peptidoglycan biosynthesis [12, 13].
TUN is a transition state analog inhibitor of the PNPT
enzyme superfamily (Fig. 1), and as such it is a potent
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inhibitor of both eukaryotic protein N-glycosylation and the
assembly of bacterial cell walls [14-19]. Thus although
TUN is a potent antibacterial agent, it is also highly toxic to
eukaryotic cells.

Structural and biochemical studies have shown that the
eukaryotic (GPT, Alg7) and bacterial (MraY, WecA, TagO,
etc.) PNPT family members are transmembrane proteins,
which are respectively located in the endoplasmic reticulum
(ER) or the (inner) bacterial membrane, with the TUN-
binding site exposed at the lumen/cytoplasmic face [20-26].
Significantly, the tunicaminyl uracil group acts as a sub-
strate analog of the UDP-HexNAc donor substrate of PNPT,
and binds to a uridyl-binding pocket within the PNPT
family ([9, 23, 26]; Fig. 1). The binding of TUN to PNPT is
stabilized by a noncovalent n—n stacking interaction with a
conserved phenylalanine residue (Phe) within the uridyl-
binding pocket on the cytoplasmic side of the membrane
(Fig. 1). A corresponding Phe is conserved in all PNPT
family members, although sequences proximal to this differ
between the eukaryotic and bacterial uridyl-binding sites
[9, 23, 26]. There is also secondary binding between the
GIcNAc moiety of TUN and the carbohydrate recognition
domain on PNPT [26]. This is located on a cytoplasmic
loop (loop E for hGPT or bacterial cytoloop 5) and directs
recognition of the appropriate sugar nucleotide substrate,
either UDP-GIcNAc or UDP-MurNAc-pentapeptide,
respectively. Lastly, the isoprenyl substrate requirement for
the eukaryotic PNPTs is highly specific for dolichol phos-
phates. These are generally longer chain prenols than the
corresponding bacterial undecaprenyl phosphate, and also
contain a saturated terminal a-isoprene unit [27-29]. The
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conjugated double bond in the N-acyl chain of TUN may
mimic the unsaturated prenol phosphate substrate in the
PNPT active site, partially determining the inhibitor binding
to some degree [9, 26].

Based on these observations we have previously shown
that chemically modifying the native TUN, either by
selectively hydrogenating the N-acyl double bond (to give
TunR1) or hydrogenating both the N-acyl and uridyl
double bonds (giving TunR?2) leads to compounds that are
considerably less toxic to eukaryotic cells, but which retain
their antibacterial activity [9]. Compared with native TUN,
TunR1 and TunR2 are equally effective in enhancing the
activity of three f-lactams, oxacillin, methicillin, and
penicillin G, however, their inhibitory activity is sig-
nificantly reduced in a Pichia-based protein N-glycosyla-
tion bioassay [9].

In this study, we first investigated the toxicity of the
native and modified TUNs using live insect larvae as a
model eukaryote. This was followed by studies of the
enhancement of 12 P-lactam family members, including
penems, cephems, and third-generation penicillins. In every
case the nontoxic-modified TunR1 and TunR2 gave
enhancements equivalent to or better than the toxic,
unmodified TUN. Eleven of the lactams tested were
enhanced from 2- to >256-fold against Bacillus subtilis, as a
model Gram-positive bacterium, supported with comparable
results against a penicillin G-resistant strain of B. subtilis.
The penicillin biosynthetic precursor, aminopenicillanic
acid (APA), which is generally considered to be non-anti-
bacterial, had TUN-enhanced Minimal inhibitory
concentrations (MIC) values in the low pgml~' range.
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Interestingly, large and selective MIC enhancements
in excess of 128-fold were observed for three
aminothiazolidyl-type cephems, while the non-thiazolidine
cephalexin showed relatively little enhancement.

Results

Relative toxicity of tunicamycin, TunR1, and TunR2
against an insect larvae model

We evaluated the relative toxicity of the TUN-derived
compounds against a live insect larvae as a simple animal
model. TunR1 and TunR2 have been previously shown to
have significantly reduced toxicity against eukaryotic cell
lines (Chinese hamster ovary CHO and human MDA-MB-
231) compared with native TUN [9] but this has not been
previously assessed for a live animal model. To evaluate
this, first instar fall armyworm (Spodoptera frugiperda)
larvae were grown on insect diet disks containing the
various TUN compounds (15ug per disk). The larvae
growth was visually assessed and weighed after 3 days
(Fig. 2). The native TUN visually inhibited the growth of
the larvae, and reduced the mean weight/insect by about
75% (from 0.82 to 0.18 mg). Both TunR1 and especially
TunR2 were considerably less toxic towards the larvae.
The TunR1 reduced larvae growth by ~50%, whereas the
TunR2 is essentially nontoxic at this concentration
(Fig. 2). Further studies in higher animal models are
needed to substantiate the claim that R1 and R2 are less
toxic than Tun.
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o
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0.2 - ]
0.0 T T T T
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Fig. 2 Relative toxicity of native and modified tunicamycins against
fall armyworm larvae (Spodoptera frugiperda). The treatments are:
Solvent control; native, unmodified tunicamycin; modified tunicamy-
cin TunR1; and modified tunicamycin TunR2. The mean fresh weights
(mg) are shown above the error bars

Antibacterial enhancement of penicillin and penems
by TUNs

A microtiter-based penicillin enhancement bioassay [9] was
used to assess the antibacterial activity of 11 commercially
available p-lactam drugs (plus p-cycloserine) in combina-
tions with native TUN, and two modified tunicaminyl
compounds, TunR1 and TunR2. Four second-generation
penicillins (amoxicillin, ampicillin, carbenicillin, and
piperacillin), four cephems (cefotaxime, cefquinome, cef-
tazidime, and cephalexin) including one exclusively used
in veterinary medicine (cefquinome), a carbapenem
(imipenem), and the penicillin core APA, plus a penicillin/
lactamase inhibitor combination drug (augmentin) were
evaluated in the bioassay. D-cycloserine was included as a
nonlactam antibiotic control that also targets peptidoglycan
biosynthesis. MIC (Table 1) and minimal stationary inhi-
bitory concentrations (MStC, Table S1) were measured
from dilution series of these antibiotics using a resazurin-
based live/dead stain. These were assessed in triplicate as
either dead (blue) or stationary (pink) and were scored
visually by four individuals. The MIC and MStC were
assessed with respect to positives (Supplementary data
Fig S3). The broth dilution MICs for TUN, TunRl1, or
TunR2 alone for B. subtilis are 0.15, 0.3, or 0.3 ug ml’l,
respectively, whereas for Saccharomyces the respective
MICs are 0.3, 2.5, or 410 pug ml™! [9].

MICs for the penicillin group and imipenem against
B. subtilis MW10 ranged from 0.125 to 0.5ugml~!, with
relatively modest enhancement (less than eightfold) in the
presence of the TUNs. The largest enhancements were 4—16-
fold and 8-16-fold for imipenem and piperacillin, respec-
tively, and are small compared with the 64-fold enhancements
previously observed with oxacillin [8, 9]. These combinations
were also tested on a penicillin G-resistant strain of MW10
(designated PGr). The imipenem enhancements are similar
(eightfold) on the resistant PGr strain, but no enhancement
was observed for piperacillin. (Table 1). The MStC were also
similar for these combinations, although the enhancements
were greater, and typically in the range from 16- to >64-fold.
The most dramatic effect observed was with imipenem, for
which the MStC was decreased from 0.0625 ug ml~! to less
than 0.001 uygml~!, a >64-fold enhancement (Fig. 3a).
Similar enhancement of the MStC occurred with both TunR1
or TunR2, and are comparable to those observed with the
native TUN (Supplementary data Table S1).

The microtiter-based assay results described above were
confirmed using an agar diffusion bioassay. Bacillus MW 10
on TUN-containing agar (2 pg/20ml or 5ug/20 ml) was
over-spotted with various f-lactams (1pg of each)
and assessed visually with resazurin after 12h (Supple-
mentary Fig. S2). Zones of clearance were evident at high
(5pg/20ml) and low (2 pg/20 ml) concentrations of the

SPRINGER NATURE
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Table 1 Minimal inhibitory

concentration (MIC) Control Tun TunR1 TunR2

enhancement assays using a MIC MIC Fold MIC Fold MIC Fold

microtiter plate dilution method (ngml™)  (ugml™)  decrease  (ugml™')  decrease  (ugml”')  decrease

—The effects of Tun, TunR1,

TunR2 (at 0.5 x MIC or less) on Enhanced MICs on B. subtilis MW10

the MIC of f-lactam antibiotic Cycloserine  >10 10 0 ~10 0 ~10 0
Amoxicillin ~ 0.125 0.03125 4 0.03125 4 0.0156 8
Ampicillin ~ 0.0625 0.0078 8 0.03125 2 0.0078 8
Carbenicillin 0.5 0.25 2 0.125 4 0.125 4
Piperacillin 0.5 0.0625 8 0.0625 8 0.03125 16
APA >10 10 0 5 0 5 0
Augmentin  0.125 0.125 0 0.125 0 0.125 0
Imipenem 0.0625 0.0039 16 0.01563 4 0.0039 16
Cefotaxime >1.0 <0.0078 >256 <0.0078 >256 <0.0078 256
Cefquinome 0.5 <0.0039 >128 <0.0039 >128 <0.0039 >128
Ceftazidime >2.5 0.039 >128 0.039 >128 0.039 >128
Cephalexin  0.25 0.125 2 0.125 2 0.125 2
Enhanced MICs on B. subtilis PGr
Cycloserine  >10 >10 0 10 0 10 0
Amoxicillin  0.25 0.0625 4 0.0625 4 0.03125 8
Ampicillin =~ 0.0625 0.0078 8 0.03125 2 0.03125 2
Carbenicillin 1.0 0.0625 16 0.5 2 0.25 4
Piperacillin 1.0 1.0 0 1.0 0 1.0 0
APA >10 10 0 10 0 10 0
Augmentin  0.0625 0.0625 0 0.0625 0 0.0625 0
Imipenem 0.0625 0.0078 8 0.0078 8 0.0078 8
Cefotaxime >1.0 <0.0078 256 <0.0078 >256 <0.0078 >256
Cefquinome 0.5 0.0078 64 0.03125 16 0.0078 64
Ceftazidime >2.5 0.3125 >16 0.3125 16 0.3125 16
Cephalexin  0.25 0.25 0 0.25 0 0.25 0

TUNs (Fig. S2A, B). However, the pink coloration of the
resazurin overlay revealed that bacteria were present at the
lower concentration (Fig. S2C), as agar-embedded spores.
At the high concentration the resazurin-stained zones are
blue, indicating inhibition of growth by the various peni-
cillin/TUN combinations (Fig. S2D).

Antibacterial enhancement of 6-aminopenicillanic
acid

APA is the structural core of the penicillin molecule,
composed of the fused five-member thiazolidine and four-
membered lactam rings, and is typically produced by
enzymatic or chemical hydrolysis of the benzyl group of
penicillin G [30, 31]. It is used commercially as the starting
material for the preparation of numerous semisynthetic
penicillins, but is generally considered to have poor anti-
biotic activity itself [32]. In agreement with this, APA was
found to have a high MIC against B. subtilis MW10
(12.5 pg ml™"), and especially so against PGr (50.0 ug ml~")
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(Fig. 3b and Table 1). This was also observed for the MStC
with 25ugml™! for the PGr, and no observable “pink”
stationary wells (Supplementary Table S1). However, in
presence of the various TUN enhancers the MICs were
notably reduced into the low pg/ml range, and even less so
for the MStC (Supplementary Tables S1 and S2). The APA/
TunR1 combination displayed a MIC value of 1.56 ug ml~!
against MW10, an eightfold enhancement compared with
APA alone. Against PGr, APA/TUN and APA/TunR2
gave the most potent enhancements with improved MICs of
6.25pugml™" and typical MStC values of 0.4ugml™".
Hence, the penicillin biochemical precursor APA is
enhanced in the presence of the modified TUNs to give
useful antibacterial activity in the low micromolar range.

Antibacterial enhancement of cephalosporins
(Cephems) by TUNs

The ability of TUNSs to enhance cephalosporins has not been
tested previously and we therefore evaluated this for four
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Fig. 3 Broth dilution enhancement assays. Imipenem (a) or 6-
aminopenicillanic acid (APA) (b) on B. subtilis MW10 and the peni-
cillin G-resistant mutant PGr. Vertical rows contain the B-lactam dilution
gradient (imipenem, 0.001-0.125pugml™'; APA, (0.39-50.0 ug ml ™).

commonly used cephems: cephalexin, cefotaxime, cefqui-
nome, and ceftazidime (Tables 1 and S1). The relative
enhancement of MICs and MStCs were assessed for sub-
MIC concentrations of native TUN, TunR1, and TunR2.
The dramatic enhancement of three of the cephems (Cef,
Ceq, and Cez) needed a modification of the bioassay,
requiring two microtiter plates to cover the entire dynamic
range (examples shown in Supplementary Fig. S3). Hence,
MIC enhancements were observed in the >128-256-fold
range for these antibiotics, and are far greater that the
twofold enhancement observed for the first-generation
cephalexin (Fig. S3B).

Similar results were obtained against the penicillin
G-resistant PGr strain, with the third-generation cephems
having the largest MIC enhancements (Table 1). The
minimal stationary concentrations (MStC) for the p-lactams
were also significantly enhanced by the modified TUNs
(Table S1). This was most noticeable for imipenem,
piperacillin, and carbenicillin, which were >32-fold
enhanced by TUN, TunR1, and TunR2. The MStC for APA
was enhanced 64-fold by TunR1 or TunR?2 against the wild
type MW10, and by >128-fold by the native TUN. Also
unexpected was the large MStC enhancement (>256-fold in
combination with TunR2) seen for the non-f-lactam drug,
D-cycloserine.

Checkerboard cross-activity bioassays
The most significantly enhanced cephems (cefotaxime and

cefazidime) were further evaluated using checkerboard
cross-activity bioassays with TunR1, TunR2, and the native

The enhancers used are tunicamycin (rows 4-6), TunR1 (rows 7-9), or
TunR2 (rows 10-12). MICs are shown by black bars. DMSO dime-
thylsulfoxide, negative control (rows 1-3)

TUN (Supplementary Figs. S4 and S5, and exemplified in
Fig. 4). The minimum inhibitory concentrations (MICy) of
the individual compounds, the lowest MICy achieved in the
various combinations of TUN derivatives with cephems,
and the fractional inhibitory concentration indices (FICI) are
summarized in Fig. 4. Interactions obtained for the native
TUN or its derivatives with cefotaxime or ceftazidime
resulted in synergism with FICI<0.5 (Fig. 4). Combina-
tions of TunR1 with cefotaxime exhibited the highest
synergistic interaction with FICI of 0.14. TunR2 exhibited a
similar level of synergy with both cefotaxime and ceftazi-
dime, 0.185 and 0.187, respectively. Hence, the TUN
derivatives showed a strong synergy with the third-
generation cephems, cefotaxime, or ceftazidime.

Discussion

The B-lactam class of antibiotics are often divided into four
groups: penicillins (penams), cephalosporins (cephems),
monobactams and carbapenems (penems), and further
subdivided by generations. The availability of 6-APA, the
penicillin structural core, facilitated the development of
many semisynthetic pB-lactams, and this is now the most
prevalent use of bulk penicillin production [31]. The
cephems were introduced because of their effectiveness
against p-lactamase-derived resistance, and chemical mod-
ifications of the 7-aminocephalosporanic acid core has
resulted in several “generations” of new cephems [33].
Cephalexin (Keflex®) is a first-generation aminobenzyl-type
cephem, analogous to the ampicillin-type penicillins,

SPRINGER NATURE
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Fig. 4 The checkerboard assay of ceftazidime (0-10.0 ug ml™") verses
TunR2 (0-0.5ugml™"). The adjacent table shows FICI values for
cefotaxime (Cefo) and ceftazidime (Ceftaz) in combination with TunR2.
"Fractional inhibitory concentration index (FICI) are calculated from

while cefotaxime and ceftazidime are third-generation
aminothiazolidine-type lactams. The C7-aminothiazolidyl/
oxyimino cephem family was introduced for improved
activity against certain f-lactam-resistant Gram-negative
pathogens [34], and the syn-imino/aminothizolidyl
substituent also has a protective effect against most CTX-M
B-lactamases [35]. Cefquinome (Cobactan®) is often con-
sidered a fourth-generation cephem and is currently used
exclusively in veterinary medicine [34].

There are several compounds that synergistically enhance
the activity of the f-lactam antibiotics, but to date the
majority of these are f-lactamase inhibitors [35]. Benzimi-
dazole analogs have been developed as inhibitors of WTA
biosynthesis, and have a potent synergistic effect in combi-
nation with imipenems [36]. Similarly, inhibiting WTA
biosynthesis with short, branched-chain polyethyleimines
enhances f-lactam efficacy against MRSA, but not against
nonresistant Bacillus [37]. The TUNs are the most potent
enhancers of f-lactam antibiotics found to date, but their
clinical use is limited by the eukaryotic toxicity [7-9]. The
blocking of protein N-glycosylation by TUN results in the
accumulation of misfolded proteins in the ER and causes ER
stress, leading to the lethal unfolded protein response (UPR).
Native TUN caused UPR in the cerebral cortex, hippo-
campus, and cerebellum of mice [38]. TUN and the related
corynetoxins often cause lethal annual ryegrass toxicity in
grazing livestock. Sheep are especially sensitive to these
toxins with a lethal dose of about 35 pg kg™ bodyweight for
pure TUN given by subcutaneous injection and 3—5 mg kg™
for corynetoxin administered orally [39]. We have previously
reported that selectively hydrogenated TUNs (TunR1 and
TunR2) are considerably less toxic to yeast or mammalian
cell lines than are the native TUNs but retain the p-lactam

SPRINGER NATURE

Frac. Inh. Conc. Index!

Cefo Ceftaz
Tunicamycin ~ 0.25 0.115
TunR1 0.14 0.25
TunR2 0.185 0.187

FICI = (MIC drug A in combination/MIC drug A alone) + (MIC drug B
in combination/MIC drug B alone). Drug synergy is defined as an
FICI<0.5, additivity/indifference is defined as an FICI>0.5-4, and
antagonism is defined as an FICI >4

enhancement activity [9]. TunR2, in particular, is essentially
nontoxic (MIC > 100 ug ml~!) against eukaryotic cells [9].
By contrast, native TUNs block growth with typical MIC
0.2-0.5 pg ml~! against these cell types. In the present paper
we have determined that TunR2 is nontoxic to live insect
larvae, and may overcome the toxicity issues normally
incurred with natural TUN.

In bacteria, TUN targets PNPP enzymes in the TagO
and MraY enzyme families that catalyze the early steps
of WTA biosynthesis and peptidoglycan assembly,
respectively. The p-lactam group of antibiotics also block
peptidoglycan assembly, but at a later step involving cross-
linking by penicillin binding proteins (PBPs). Most bac-
teria have several forms of PBPs (B. subtilis has at least
seven [40]), many of which have diverse roles associated
with cell division, growth, and assembly of the division
septum [41]. All PBPs carry a catalytic triad in which the
active site serine makes a covalent adduct with the
B-lactam antibiotics. However, several of the -lactams are
known to have differential activity against different PBPs,
even within the same cell [41]. PBP2B is the lethal target
for B-lactams in Bacillus and has a high affinity for
methicillin and ampicillin [40]. Cephamycin C has lower
affinity for PBP2B but high affinity for PBP1, and has a
weak anti-Bacillus activity. Mutations resulting in the loss
of PBP3 or PBP2A makes B. subtilis generally more
sensitive to P-lactams [41]. However, mutants lacking
PBP3 showed increased sensitivity to oxacillin and
cephalexin compared with wild type, but not to penicillin
G, suggesting that different PBPs are targeted by these
drugs [41]. Indeed, combinations of -lactams that target
different PBPs are also known to synergistically enhance
each other [42].
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The correct cellular location of the respective B. sub-
tilis PBPs during cell division is critical, and driven, at
least in part, by the localization of lipid II, the precursor
substrate for the peptidoglycan cross-linking reaction
[43]. TUN inhibition of MraY may alter the cellular lipid
II pool by blocking production of its immediate metabolic
precursor, lipid I, thereby resulting in inappropriate
localization of key PBPs. However, this altered lipid I/
lipid II localization is unlikely to be a major mechanism
for the enhancement of the f-lactam drugs against these
key PBPs. This is because TUN inhibition of MraY is
relatively poor compared with the inhibition of TagO
[21, 26], and because the TUN enhancement was not
observed for Gram-negative bacteria that lack WTA
entirely. A more likely model is that TUN inhibition of
TagO results in depleted WTA synthesis. Newly synthe-
sized WTA recruits PBP4 to the site of cell division,
where it completes the cross-linking of peptidoglycan
formed by PBP2/PBP2a. The mislocation of these key
PBPs by the depletion of WTA may result in the addi-
tional sensitivity of the bacterial cells to f-lactams.

In the present paper we have shown that less-toxic TUN
analogs, TunR1 and TunR2, effectively enhance a large
range of f-lactam antibiotics against wild type and resistant
B. subtilis. In particular, we found a dramatic enhancement
for aminothiazolidine-type cephems, cefotaxime, ceftazi-
dime, cefquinome, in the order of 125-250-fold. Low FICI
values were observed for cephem-TUN combinations, and
are highly indicative of potent synergistic enhancement.
Cefquinome is used extensively in veterinary medicine
to treat bovine respiratory disease, one of the most
commercially important diseases in cattle. Typically, an
intravenous dose of 10 mgkg ! is used in cattle and pigs,
hence requiring gram quantities for treatment of calves
[32]. For pigs, cefquinome is used to treat respiratory
infections and against meningitis caused by Streptococcus
suis, which is endemic in all countries with an extensive
pig industry [34]. A combination drug of TunR2-enhanced
cefquinome resulting in a 125-fold improvement of anti-
bacterial activity could significantly lower costs to the
farming industry and, our result suggest, may provide
sufficient potency to overcome certain forms of f-lactam
resistance.

Materials and methods

Materials

TUN was purchased from Alfa Aesar, Ward Hill, MA.
TunR1 and TunR2 were prepared by selective catalytic

hydrogenation of TUN as described previously [9], either
using 5 wt% Pd/C (Calsicat, Erie, PA) or 5 wt% Rh/Al,O5

(BASF Engelhard, Iselin, NJ), as the respective catalysts.
All other chemicals, including culture media, were obtained
from Sigma-Aldrich Inc., St Louis, MO, USA.

Analytical methods

Matrix-assisted laser desorption/ionization time-of-flight
mass spectra were recorded on a Bruker Daltonics Micro-
flex instrument (Bruker Daltonics, Billerica, MA, USA) as
described [44]. NMR spectra were obtained on a Bruker
Avance III spectrometer (Bruker BioSpin) operating at
500.11 MHz. Samples were dissolved in deuterated
methanol. HPLC analyses were undertaken on a Finnigan
Surveyor instrument (ThermoFisher Scientific, West
Palm Beach, FL, USA) using a C-18 Spheri-5 ODS column
(250 mm, 5 mm particle size) eluted with aqueous acetoni-
trile (45 to 100% v/v; 15 min, 1 ml min’l) [45].

Insect larvae toxicity bioassay

Bioassays were performed essentially as described pre-
viously [46]. Briefly, 30pul of a 0.5ugul™' methanol
solution of each test compound was applied to a 15 mg
freeze-dried insect diet disk, and the disks were placed in a
fume hood for 1 h to evaporate the methanol. Then 30 pl of
sterile water was added to the disk, which was allowed to
equilibrate for 30 min in the assay dish. Ten first instar fall
armyworm (S. frugiperda) larvae were added to each Petri
dish containing the disk. Treatments were assayed in
duplicate. The larvae were allowed to feed on the treated
diet disk for 3 days, and were then weighed using an
analytical balance. Data were analyzed for statistically
significant differences using analysis of variance program
Proc GLLM, SAS version 8.0.

B-Lactam antibacterial enhancement assays

MIC enhancements for the various f-lactam antibiotics
were measured in the presence of a sublethal quantity of
the TUN samples under test using a microtiter plate-based
bioassay [9]. The assays were done in sterile 96-well
round-bottom microtiter plates (Cellstar, Greiner Bio-one,
Munroe, NC). Aqueous stocks (1 mg ml’l) of the
B-lactam under test were prepared in 10 ml volumetric
flasks, and stored at 4 °C. These were diluted to the
appropriate concentrations by diluting to 6ml with
sterile culture medium, immediately before the assay. The
p-lactam dilutions (200 pl) were added to the top wells
(Row A) of the plates, and 100 pl of sterile tryptic soy
broth medium to the remaining wells. Dilution gradients
were constructed by serially dilution of 100l from
the Row A wells into the lower rows. The microbial
inoculums were prepared in phosphate-buffered saline
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(10 ml, 0.5 McFarland) using a turbidometer. This was
diluted 125yl to 12.5ml (1-100 v/v) with sterile media.
Resazurin stock solution (25 pul of 10 mg/200 pl in 50:50
MeOH:water) was added, and then mixed to give a dark
blue color. The inoculum was transferred to a trough, and
100 pl dispensed into the p-lactam-containing microtiter
plate wells using a multichannel pipet. The plates were
incubated at 28 °C for 24 h. Lids were placed on the plates
to ensure they do not dry out. MICs and MStCs were
assessed visually from the color change of the resazurin
live/dead stain.

For the enhancement experiments the microtiter plates were
divided into four sections, each comprised of three columns
(1-3, 4-6, 7-9, and 10-12). Native TUN (0.2 ug ml~!, final
concentration) was added to the wells in columns 4-6, TunR1
(04pugml™) in 7-9, or TunR2 (0.4 pgml~") in 10-12. The
TUN-free control wells (columns 1-3) received 10puL of
DMSO, the stock solution solvent.

Checkerboard drug susceptibility testing

MIC testing was carried out by broth microdilution using
the AlamarBlue (AB, BioRad) assay [47]. For pairwise
combination (checkerboard) assays, a two-dimensional
array of serial dilutions of the compounds was prepared in
96-well plates, as previously described [47, 48]. Relative
MICy, concentrations in wells representing various ratios of
the two compounds were used for calculations to determine
whether paired combinations exert inhibitory effects that are
more than the sum of their effects alone (synergy). Cell
viability was then determined and the FICI values that
correspond to either compound (A or B) were MICy, of A
(combination)/MICy, of A (singly) + MICyy of B (combi-
nation)/MICy, of B (singly), as defined by the Odds [49].
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