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Abstract

The antibacterial effects of aminoglycosides are based on their association with the A-site of
bacterial rRNA and interference with the translational process in the bacterial cell, causing cell
death. The clinical use of aminoglycosides is complicated by resistance and side effects, some of
which arise from their interactions with the human mitochondrial 12S rRNA and its deafness-
associated mutations, C1494U and A1555G. We report a rapid assay that allows screening of
aminoglycoside compounds to these classes of rRNAs. These screening tools are important to find
antibiotics that selectively bind to the bacterial A-site rather than human, mitochondrial A-sites
and its mutant homologues. Herein, we report our preliminary work on the optimization of this
screen using 12 anthraquinone—neomycin (AMA-NEQ) conjugates against molecular constructs
representing five A-site homologues, Escherichia coli, human cytosolic, mitochondrial, C1494U,
and A1555G, using a fluorescent displacement screening assay. These conjugates were also tested
for inhibition of protein synthesis, antibacterial activity against 14 clinically relevant bacterial
strains, and the effect on enzymes that inactivate aminoglycosides. The AMA-NEO conjugates
demonstrated significantly improved resistance against aminoglycoside-modifying enzymes
(AMES), as compared with NEO. Several compounds exhibited significantly greater inhibition of
prokaryotic protein synthesis as compared to NEO and were extremely poor inhibitors of
eukaryotic translation. There was significant variation in antibacterial activity and MIC of selected
compounds between bacterial strains, with Escherichia coli, Enteroccocus faecalis, Citrobacter
freundiii, Shigella flexneri, Serratia marcescens, Proteus mirabilis, Enterobacter cloacae,
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Staphylococcus epidermidis, and Listeria monocytogenes exhibiting moderate to high sensitivity
(50-100% growth inhibition) whereas Acinetobacter baumannii, Pseudomonas aeruginosa,
Kilebsiellla pneumoniae, and MRSA strains expressed low sensitivity, as compared to the parent
aminoglycoside NEO.
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Aminoglycosides and their derivatives are widely used clinical antibiotics.12
Aminoglycosides bind primarily to the decoding region of the ribosome and subsequently
interfere with incorporation of amino acids into the growing peptide chain, sterically
hindering the extrusion of the nascent peptide from the ribosome and/or interfering with
tRNA selection at the mMRNA codon site, respectively.3 Upon binding to the decoding site of
bacterial ribosomes, the primary antibacterial mechanism of action involves binding to the
A-site of the 16S rRNA, thus inducing template misreadings during the translation process,
thereby leading to the synthesis of faulty proteins and ultimately cell death.*® The ability of
aminoglycosides to bind different RNA structures enormously increases their potential use
as therapeutic agents to fight other human diseases.2 For example, their propensity to bind
micro (mi) RNAs makes them attractive agents for the treatment of multiple cancer types.5-9
Propagation of viruses was found to be inhibited by aminoglycosides, which bind to viral
RNA.10.11 Additionally, it has been recently reported that rationally designed new
compounds can selectively bind to the eukaryotic ribosome, resulting in a much higher
ability to read through premature false stop codons present in mutant mMRNAs that are
hallmarks of certain disease types.12 However, undesirable side effects caused by
aminoglycosides call for a new generation of aminoglycoside derivatives with reduced
toxicity, selective binding to the target RNA, and inhibition of bacterial translation.

One of the approaches to modulate the function of an aminoglycoside toward the goal of
developing novel antibacterials is to conjugate it with small nucleic acid binders using
various linkers.13.14 It has been demonstrated that the flexibility and length of the linker
used in the conjugation plays a critical role in the RNA binding affinity and the resulting
antibacterial properties of the compounds.# Our choice for a conjugate moiety was
anthraquinone, a flat planar aromatic ring system, the derivatives of which bind nucleic acids
and are known for their various health benefits and antibacterial properties.1>16 We have
previously reported the synthesis of anthraquinone—-NEQ conjugates and their interaction
with a variety of nucleic acids.1’ Anthraquinone conjugates effectively stabilize nucleic acid
structures using a dual binding mode involving intercalation by the anthraquinone moiety
and NEO binding within the nucleic acid major groove.17:18

Resistance to aminoglycoside antibiotics is conferred via a class of enzymes called
aminoglycoside-modifying enzymes (AMEs),14-22 which includes aminoglycoside
acetyltransferases (AACSs), nucleotidyltransferases (ANTS), and phosphotransferases
(APHs), that catalyze the modification at aminoglycoside hydroxyl or amine functionalities,
rendering the drugs unable to bind their ribosomal target.23 We have previously
demonstrated that conjugation of aminoglycosides to small molecules renders them poor
substrates for AMEs.13:14.24.25 Here, we examine 12 new anthraquinone-NEO conjugates
(AMA-NEO) (1-12) with thiourea linkers for their antibacterial properties, translation
inhibition, resistance to AMEs, and binding selectivity for five different 27-nucleotide RNA
hairpin constructs representing A-site homologues (Figures 1 and 2). The Escherichia coli
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A-site is a highly conserved region for aminoglycoside binding in the bacterial ribosome.
The mitochondrial A-site differs from the bacterial A-site in the identity of two
noncanonical base pairs at positions 1493-1554 and 1494-1555. The C1494U and A1555G
sequences are derived from mutated mitochondrial 12S rRNASs that carry one-base mutations
at positions 1494 and 1555, respectively, and are associated with aggravated ototoxicity due
to increased drug binding.22:26:27 Hypersensitivity of A1555G and C1494U mutations is
most likely due to similarity between the secondary structures of bacterial and mitochondrial
mutant A-sites due to the presence of canonical base pairs in position 1494—1555.28:29
Altogether, these findings challenge researchers to develop antibiotics that will bind
preferentially to the bacterial A-site, rather than mitochondrial or deaf mutation A-sites. The
human cytosolic A-site, or the eukaryotic homologue, stands out from other A-sites due to
the guanine substitution for adenine at position 1408 (£. colinumbering). Guanine reduces
the affinity of an A-site for many aminoglycosides by causing a steric hindrance at the
preferred binding site, leaving bacterial and mitochondrial ribosomes as primary binding
targets for aminoglycosides.30

RESULTS AND DISCUSSION

Screening Studies against A-Site Analogues

We have shown previously that fluorescent NEO conjugates bind to £. coliand human
cytosolic A-sites at a 1:1 stoichiometric ratio.32 Here, we apply binding studies of AMA—
NEO conjugates with different linkers to mitochondrial A-site and its two mutant
homologues, C1494U and A1555G.13 The synthesis of these compounds has been reported
recently.3!

Binding selectivity of AMA-NEO conjugates 1-12 to A-sites was assessed by fluorescent
displacement assay using F-NEO as a reporter.33 F-NEO is a conjugate of NEO and
fluorescein that binds to an A-site at 1:1 ratio like NEO, as was demonstrated by binding
studies (Figure 3).33 F-NEO emission is reduced in the bound state and is enhanced upon
displacement. Dissociation constants (Ky) for F-NEO and A-sites are listed in Table 1. F—
NEO Kj values for E. coli, mitochondrial, and A1555G A-sites are in the 4-6 nM range, but
values for the human cytosolic and C1494U A-sites are roughly 5 times higher.

To assess the binding selectivity of NEO, a reference compound, its 1Cgy was measured for
each A-site RNA hairpin. Here, ICsg is the drug concentration at which the F-NEO emission
is 50% of the maximum. ICsq values for NEO are essentially the same, within experimental
error, for £. coli, mitochondrial, C1494U, and human cytosolic A-sites, but the direct
comparison of selectivities is not possible without taking into account their affinity for F—
NEO (Table 1). Therefore, we introduced a selectivity factor (SF) parameter, which
demonstrates the binding preference of a compound for E. coli A-site over the other A-sites.
The SF for E£. coli A-site is 1. An SF value below 1 for a particular compound is indicative
of a less preferable binding for a target A-site, as compared with the £. coli A-site RNA.
Calculated SF values for NEO and target A-sites follow the following relationship: £. coli ~
mitochondrial > A1555G > C1494U ~ human cytosolic. Aminoglycosides preferably bind to
mitochondrial mutant A-site homologues over the human and Mycobacterium smegmatis
bacterial A-site.2%:34 However, the £. colihomologue used in our study has a different
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primary sequence resulting in a 1410A-1490U base pair instead of a 1410G-1490C pair,
which is found in the A-site homologue from M. smegmatis used in the aforementioned
studies.2%:34:35 These studies demonstrate the importance of base-pair identity and structural
geometry surrounding the aminoglycoside binding pocket.29

To assess the preference of AMA-NEO conjugates 1-12 for a particular A-site RNA,
compounds were initially screened at a single concentration of drug. Emission intensities of
displaced F-NEO were converted into percent binding and plotted for each A-site (Figure
4). In general, screening results demonstrate that the AMA-NEO conjugates’ binding
affinity to model A-sites is within 50% from NEO affinity with the exception of conjugate 1,
the weakest binder. 1C5q values measured for compounds 2, 5, and 6 (Table 2) are
approximately 1-2 times higher than analogous NEO values. Their binding selectivity
factors are similar to those found for NEO, within error.

Screening for Antibacterial Activity

The method of screening compounds with potential antibiotic activity at a single-point
concentration against bacterial strains was developed by De La Fuente and co-workers. This
allows for high-throughput screening as utilized in our laboratory to screen conjugate
libraries3:36 and is a quick, reliable, and efficient means for preliminary selection of
antimicrobial compounds. AMA-NEO conjugates 1-12 were screened with a single-point
concentration at 6.3 uM against five Gram-positive strains, Enterococcus faecalis,
Staphylococcus epidermidis, Listeria monocytogenes, and two methicillin-resistant
Staphylococcus aureus (MRSA) strains; nine Gram-negative strains, £scherichia coli,
Citrobacter freundii, Enterobacter cloacae, Shigella flexneri, Pseudomonas aeruginosa,
Serratia marscescens, Klebsiella pneumoniae, and Proteus mirabilis, and Acinetobacter
baumannii. All of these strains are recognized as clinically important opportunistic
pathogens, which include the ESKARPE pathogens (Enterobacter spp., Staphylococcus spp.,
Klebsiella spp., Acinetobacter spp., Pseudomonas spp., Entercoccus spp.). The percent
inhibition of bacterial growth was determined for each compound relative to NEO and 2-
aminomethylanthraquinone (AMA) (Table 3). No significant activity against NEO-resistant
MRSA strains, P, aeruginosa, A. baumanni, or K. pneumoniae, was observed. In contrast,
significant growth inhibition was observed (80-100%) with most compounds against £. coli,
S. marcescens, P. mirabilis, E. cloacae, C. freundii, S. epidermidis, and L. monocytogenes.
The anthraquinone derivative imparted some antibacterial activity on E. faecalis, P. mirabilis,
and L. monocytogenes. Anthraquinones are known to stack or intercalate between nucleic
acid bases, and some AMA derivatives found in nature have been found to have antibacterial
activity.37 It is likely that the anthraquinone derivatives used here affect the antibacterial
activity of some of the conjugates by modulating the rRNA binding and the bacterial
translation machinery, and these properties will be examined in the following section. For
MIC studies we chose five representative compounds (2, 5, 6, 10, and 12) that had
significant antimicrobial activity (>80%) in the single-point screen. Compound 5
demonstrated a significantly lower MIC value in the range of 50-100 uM for MRSA 33591
than for NEO with an MIC of 400 uM. In contrast, no significant inhibition was observed
with compounds 1-12 for the MRSA A960649 strain, which possesses a 4" -aminoglycoside
nucleotidyltransferase gene, ant(4’), and a double-functioning 2” -aminoglycoside
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phosphotransferase/6 -aminoglycoside acetyltransferase gene aac(6)/aph(2”), according to
supplier specifications. Compound 6 inhibited MRSA A960649 at an MIC > 100 uM.
Additionally, three of the tested compounds, 2, 5, and 6, demonstrated moderate inhibition
of E. coliand P. mirabilis growth, with MIC values of 12.5 uM (Table 4), which is consistent
with single-point screening data from Table 3. Moderate inhibition activity was also
observed in C. freundii, E. cloacae, S. flexneri, and S. marcescens for compounds 2, 5, 10,
and 12, consistent with the single-point screen for these strains. The MIC for compound 6
was not determined because little to no inhibition was observed with the single-point screen
for most of strains, with the exceptions of C. freundii, L. monocytogenes, and S.
epidermidis. Low MIC values, consistent with screening results, were observed for
compounds 2, 5, 10, and 12 in S. epidermidis and L. monocytogenes, most notably with
compounds 2, 5, and 10 with an MIC value of 1.6 pM that matches the MIC range for the
NEO control. To identify the possibility of membrane interactions with our compounds, the
conjugates were assayed for hemolysis of rabbit erythrocytes (Table 5). There was little
measurable hemolysis at a compound concentration of 100 uM, which was within the
concentration range for MIC values determined for the selected bacterial strains that had
significant inhibition identified in our single-point concentration screen of 6.3 uM. This
result indicates that the mechanism of bactericidal activity of the compounds was not likely
due to lysis of the bacterial cell membrane. Anthraquinone and its derivatives can stack or
intercalate between RNA bases. It is hypothesized that the combination of anthraquinone
with NEO, with an appropriate linker, can induce increased binding to the target site. The
role of the various linkers serves to identify what structural modifications are necessary to
both inhibition of enzymatic attack by bacterial resistance enzymes along with strategic
positioning of the anthraquinone moiety within the rRNA and its subsequent effects on the
translation machinery.

Although most of the compounds have reduced antibacterial activity compared to NEO, the
most antibacterially active compounds, 2, 4, and 5, have a single methylene group
connecting NEO and a linker, but, interestingly, substitution of the methylene group for the
longer ethyl thioether linkage led to the loss of antibacterial activity (compounds 7, 9, and
10) in most of the strains with the exceptions of C. freundii, L. monocytogenes, and S.
epidermidis, which were sensitive to most or all compounds. On the contrary, substitution of
CH5 in compound 1, the worst A-site binder, for the ethyl thioether linkage significantly
improved binding and antibacterial properties of its counterpart, compound 6, even though
there was no clear correlation between affinity to the £. coli A-site and antibacterial
properties of the compounds.

In Vitro Inhibition of Translation

All compounds tested for antibacterial activity were assayed in a cell-free translation system
for prokaryotes (Figure S4). Many of the compounds were stronger inhibitors of protein
synthesis at nanomolar concentrations as compared to the parent aminoglycoside (NEO).
This was most notable for compounds 2, 4, 5, 10, and 11 with 1Cgq values of 50, 40, 35, 71,
and 63 nM, respectively, compared with NEO (IC5p = 139 nM), whereas compound 1 did
not inhibit translation, was the weakest binder in NEO displacement assays, and exhibited
the weakest antibacterial activity. These results are consistent with that reported by others
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where NEO and NEO-conjugates exhibit selectivity for prokaryotic translation.38 The ICsq
values for compounds 2, 5, 10, and 11 correlate well with the moderate to high antibacterial
activities observed with C. freundii, L. monocytogenes, and S. epidermidis, with compound
2 exhibiting the broadest spectrum of activity against bacterial strains (Table 3). Although
compound binding to the rRNA A-site is similar between the A-site constructs (Figure 4),
the overall pattern of weak and strong association is consistent with data from the
antimicrobial assays and in vitro translation assays. For these compounds, the appropriate
linker allows both anthraquinone and aminoglycoside binding to inhibit translation in vivo.
The control AMA did not inhibit in vitro translation of /uxAB indicating AMA does not
interfere with the translation components. In addition, specificity of inhibition of prokaryotic
translation by these compounds was also tested using select compounds. Results for the in
vitro translation assay for eukaryotes clearly show that inhibition of translation is not
observed for compounds 1, 5, 11, and the NEO control (Figure S5).

AME Studies

To determine if our novel AMA-NEO conjugates could resist the action of AMEs, we tested
them against a panel of six AMEs: AAC(6”)-le, AAC(3)-1V, AAC(2")-Ic, Eis, APH(2")-1a,
and APH(3")-la. In general, all AMEs tested showed reduced reaction rates with conjugates
1-12, with the exceptions of APH(3")-la and, to some extent, Eis (Figure 5). The observed
increases in reaction rates for APH(3")-la could be caused by an increased affinity for this
particular conjugation, or even just altered kinetics of the substrate with this particular
phosphotransferase. It is also fairly difficult to design aminoglycosides that completely avoid
modification by Eis, as this particular AAC modifies multiple amines on aminoglycosides.3°
All regiospecific AACs showed a reduction in reaction rate with conjugates 1-12 when
compared to the rate of the parent NEO. Some exceptions exist (e.g., AAC(2")-Ic with
compounds 4 and 12); however, given the complexity of AMEs and aminoglycoside
structures, it is not surprising that a single modification does not result in avoiding
modifications by all AMEs. Previous studies have shown that certain modifications work
better for different enzymes. For example, dimerization of NEO with various linkers does
not affect the rate of AAC(2")-Ic,14 whereas the conjugation of NEO does not impede the
rate of AAC(3)-1V’s reaction; 0 conversely, the addition of short peptide chains seems to
slow the rates of all the AMEs tested.32 This observation does not apply to just NEO; other
modified aminoglycosides have also shown enzyme-selective rate impediments.41-43 For
many of the compounds, there is corroboration from binding assays, AME studies, in vitro
translation inhibition assays, and antibacterial activity (Figures 4 and 5; Tables 3 and 4).
Most notable was compound 2, which expresses increased resistance to AME AAC(2")-Ic
attack, a higher value in the NEO displacement assay, a stronger inhibition of translation as
compared to NEO, and the broadest spectrum of antimicrobial activity. That this compound
is resistant to attack by common bacterial antibiotic resistance enzymes is significant.
Because many of the conjugates were poorer substrates for most of the tested AMEs as
compared with NEO, this knowledge can lead to a better understanding for designing drugs
resistant to bacterial enzyme modification.
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CONCLUSION

A rapid assay that allows us to screen rRNA compounds has been expanded to include
numerous rRNA targets of biological relevance to aminoglycoside function in the clinic.
With the exception of compound 1, all studied conjugates demonstrated binding that was
comparable to NEO for model A-sites, but their antibacterial properties and abilities to act as
substrates for AMEs varied significantly. This variation was also mirrored in the prokaryotic
vitro translation inhibition assay. A clear specificity of the AMA-NEO conjugates for
inhibition of prokaryotic translation was confirmed, as these compounds do not inhibit
eukaryotic translation even at much higher concentrations. Overall, the conjugates were
poorer substrates for the tested AMESs as compared with NEO, allowing a better
understanding of developing antibacterial compounds resistant to bacterial enzymatic attack.
Most of the bacterial strains used in this study represent genera that are normal inhabitants
of the human body and are responsible for community and nosocomial acquired infections
and are under selective pressure for developing resistance to antimicrobial drugs. It is
notable that there is significant variation in the antibacterial properties of these 12
compounds within and between strains ranging from insignificant to high inhibition. £.
cloacae was moderately inhibited by two of the compounds, whereas S. epidermidisand L.
monocytogenes were inhibited by all compounds tested. Bacterial inhibition by modified
constructs requires a multitude of factors that must act in unison. For example, a balancing
act between RNA binding, inhibition of translation, AME activity, and uptake and efflux
mechanisms for these synthetic ligands needs to be achieved for the development of novel
antimicrobials. Our data here show that by adding the anthraquinone unit, we can modulate
the RNA binding, translation inhibition, and AME activity, but significant improvements in
bacterial inhibition were not seen. The uptake of the modified conjugates likely affects their
antibacterial property, and further studies with permeable strains and AME mutant strains
will be necessary to further investigate the role of modifications made. Useful information
can be derived to better understand bacterial physiologic responses to different chemical
constructs, as bacteria are sensitive indicators of change in the environment. This variation in
response can be attributed to the vast differences in metabolism and physiological
characteristics between species and strains of bacteria. For example, capsule production and
biofilm formation by K. pneumoniae can impede uptake of compounds and support
antibiotic tolerance. C. freundiiwas sensitive to most of the compounds tested. It has been
reported that C. freundiiis responsible for a third of all opportunistic infections of the
respiratory, urinary, and blood systems in the clinical environment.#4 The normal habitat for
L. monocytogenes of soil and water is responsible for foodborne illness and can cause
bacteremia and meningitis. This organism was sensitive to all compounds. Significant
inhibition by some compounds in S. epidermidisand L. monocytogenes was comparable to
the MIC values found for NEO. S. epidermidis, a ubiquitous inhabitant of human skin, is
responsible for many opportunistic infections via catheters and other medical implants. With
heavy usage of topical antibiotics S. epidermidis serves as a natural reservoir for antibiotic
resistance genes. Development of novel variations on currently used antibiotics can help
limit the spread of opportunistic pathogens in the clinical environment.
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Aminoglycosides and buffer components were purchased from Fisher Scientific (Pittsburgh,
PA, USA) or Sigma-Aldrich (St. Louis, MO, USA) and used without further purification.
MH I1 broth and agar were purchased from BD (Sparks, MD, USA). Tryptic soy (TS) broth
and agar were purchased from MP Biomedicals (Solon, OH, USA).

Microbial Studies

A. baumannii ATCC 19606, E. cloacae ATCC 13047, E. faecalis ATCC 29212, E. coli
ATCC 25922, L. monocytogenes ATCC 19115, P aeruginosa ATCC 27853, S. epidermidris
ATCC 12384, S. marcescens ATCC 13880, and MRSA ATCC 33591 were purchased from
the American Type Culture Collection (Manassas, VA, USA). C. freundii 4747 CFAA, S.
flexneri 2457 NR-517, P mirabilis HM-752, MRSA A960649 NR-45914, and K.
pneumoniae NR-151410 were obtained from BEI Resources (Manassas, VA, USA). K.
pneumoniae was cultured in TS broth. MH 11 broth was used for culturing of all other
strains. Lysed horse blood (5%) was amended to MH 11 for culturing L. monocytogenes.
Microbial cultures were grown in broth overnight at 37 °C to ODsggs ~ 0.4-0.9. The cell
concentration was measured spectrophotometrically at 595 nm and diluted with broth to a
final concentration of 2.5 x 10° CFU/mL.

Compounds 1-12 were screened against bacterial strains at a single 6.3 uM concentration
using 96-well plates. In each well, 90 uL of bacterial culture was mixed with either 10 uL of
H,0 (positive control), test compound, NEO (negative control), 2-
aminomethylanthraquinone (AMA-derivative control), or DMSO (vehicle control) solution.
Each plate contained 90 uL of broth with 10 pL of sterile water as a broth sterility control.
All compounds and controls were tested at least in duplicate. Plates were incubated for 20—
24 h at 37 °C, with the exception of a 48 h incubation for L. monocytogenes, which grows
more slowly. The bacterial concentration was determined by absorbance at 595 nm by using
a TECAN M1000Pro plate reader. The percent inhibition and percent growth were
calculated using the formula

% inhibition = 100 % — 100 X (A — Ab)/(AC - Ab)

where A is the average absorbance of the well with added compound, Ay is the broth
absorbance, and A; is the absorbance of the positive control (normal growth of bacteria
without treatment).

The double-dilution method was used to determine MIC values for selected compounds that
yielded significant inhibition in the single-point assay. Compound concentrations ranged
from 0.39 to 100 uM. All measurements were performed in triplicate. The MIC values were
determined as an average minimal concentration of the compound at which percent growth
was <5% as compared to the positive control without antibiotic.

ACS Infect Dis. Author manuscript; available in PMC 2018 May 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Degtyareva et al.

Page 10

Hemolysis Assay

The hemolysis assay was performed as previously described.4> Rabbit erythrocytes (2%
wi/w) were incubated for 1 h at 37 °C with each of the test compounds starting with a
concentration of 100 uM. Controls included phosphate-buffered saline (negative control),
0.5% DMSO (vehicle control), AMA (derivative control), NEO (aminoglycoside control),
and Triton X-100 (1% w/v) as the positive control for 100% hemolysis. After incubation,
assay tubes were centrifuged at 10,000 rpm for 10 min at room temperature. The supernatant
was removed and transferred to a 96-well clear plate, and absorbance was measured at 540
nm using a microplate reader (Infinite M1000Pro, TECAN). The results were expressed as
the average percent hemoglobin released as compared with the Triton X-100 control in
triplicate assays.

Screening against A-Sites

The method for the fluorescence-based ribosome binding assay used here has been
previously described.*® RNA for A-site analogues was ordered from IDT (Coralville, 1A,
USA) in the desalted form and used without further purification. Samples were dissolved in
DEPC-treated H,0, diluted with buffer to the desired concentrations, heated to 90 °C, and
quenched on ice to favor hairpin formation. The following sequences for the 27-base A-site
models were used in the study:

E. coli;5"-GGCGUCACACCUUCGGGUGAAGUCGCC-3’;

human cytosolic, 5'-GGCGUCGCUCCUUCGGGAAAAGUCGCC-3’;
mitochondrial, 5"-GGCGUCACCCCUUCGGGACAAGUCGCC-3;
C1494U, 5'-GGCGUCACUCCUUCGGGACAAGUCGCC-3;
A1555G, 5"-GGCGUCACCCCUUCGGGGCAAGUCGCC-3’.

All fluorescence experiments were performed in duplicate in 10 mM HEPES, 50 mM NaCl,
and 0.4 mM EDTA (pH 7) in black solid 96-well plates. Plates were scanned at Agy = 485
NM/Aem = 525 nM using a TECAN M1000Pro plate reader. Single-point emission data for
the emission maxima were collected in triplicate for duplicate samples. To determine ICsg
values, fluorescence emission data were averaged and plotted as a function of log
concentration of compound (Figures S1, S2, and S3).

A fluorescent displacement assay developed in-house was utilized for compound screening
against A-site RNAs.33 F-NEO was mixed with an A-site at a 1:1 ratio to form a complex at
0.1 uM. NEO or its AMA conjugates were added to the complex at 0.3 uM. Controls
included the F-NEO complex without added drug and negative control with test compound
without F-NEO. Plates were incubated for 10 min at room temperature before the emission
scan. Percent binding relative to NEO was calculated according to the formula

% binding = 1000 — 1 )/(INgo — 1)

where /is the intensity of the complex with added drug, £ is the intensity of the control
without a drug, and /\ygo is the intensity of the complex with added NEO.
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Selectivity factors for A-sites relative to the £. coli A-site were calculated using the
following formula:14

SE=(Ky £ coti A —site) Ka, A —site) X UC50 £ . coti A - site IC50 A — site)

Determination of Selectivity Factors

This calculation is intended for a quick and convenient estimation of binding preferences of
a compound (cmpd) to one A-site versus another. We conducted an exchange reaction
between A-site—=F-NEO complex and a compound with binding constant K¢, .,y for the E.
coli A-site and Khyman for the human A-site:

A —ssite — F — NEO + cmpd = A — site — cmpd + F — NEO

The following relationship is true:

F - NE , .
Kg . coli _ Ky N O(E- coli) y Kgmpd(E. coli)
Khuman & g ~NEO (human) & zmp 4 human)

KqFNEO(E. coli) and K4F-NEO(human) are dissociation constants between F-NEO and £,
coliand human A-sites, respectively, and K;PI(E£. coli) and K;£MPd(human) are
dissociation constants between a compound and £. coli and human A-sites, respectively.

After regrouping:

1 Ke. coli

5757 K, human

K(Cimpd(E. coli)

Kgmpd(human)

Measurement of K ooz7and Khyman iS Not possible under our experimental conditions (for
example, utilized concentrations, signal detection, etc.); therefore, we substitute K with
conveniently measured ICsg, a total concentration of compound or NEO, at which the
emission intensity at half the maximum value is observed (see the Supporting Information).
A higher 1Cs5q value corresponds to a lower binding affinity when 1Csq values for the same
A-site are considered. After substitution of the ratio K o/ Khuman bY 1Csq (£. col)/ICxq
(human), we can calculate the selectivity factor representing the approximation of the
binding preference of a compound to £. coli over the human A-site:

ICs(E . coli)

selectivity factor = 575 X ICSO(hm

Cell-free Translation Assays for Prokaryotic and Eukaryotic Systems

Cell-free in vitro translation assays for prokaryote and eukaryote systems were used
employing the /uxAB reporter gene. 1Csq values were determined as the total concentration
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of compound or NEO at which the luminescence intensity is half the maximum value
observed. For determination of ICgq of test compounds in prokaryotic systems, the E. coli
S30 Extract System for Circular DNA (Promega, L1020) was used. A Master Mix (MM)
was created by combining 180 uL of S30 premix, 135 pL of S30 extract, 95 uL of nanopure
water, and 40 L of amino acid mixture for a total volume of 450 pL. Each test compound
was assayed at 10 concentration points serially diluted in DMSO for final concentrations of
1.25 uM-2.4 nM. The pBESTIuc provided in the kit was diluted from 10 to 54.4 L with 1x
TE buffer. A volume of 12.5 uL of MM was aliquoted to a 1.5 mL centrifuge tube, followed
by 0.5 pL of test compound. The tubes were then mixed and centrifuged briefly. The tubes
were held at room temperature for 20 min, after which 0.4 uL of pBESTluc was added. After
brief mixing and centrifugation, the tubes were incubated at 37 °C for 60 min. The tubes
were put on ice for a 5 min inactivation period. After gentle mixing by pipet, 5 pL was
aliquoted to a white half-volume 96-well plate (supplied by Greiner). Thirty-five microliters
of a 1 mM luciferin solution (Promega) was added to each well, and the plate was read for
luminescence after a 30 s shaking period. Luminescence was normalized to DMSO vehicle
controls. Data were processed with Graphpad Prism 6.

For determination of the ICgq for eukaryotic systems, rabbit reticulocyte lysate kits were
used (Promega). Cell lysate, RNasin, amino acids, and RNA were thawed on ice. Master
Mix (MM) was created by combining 300 pL of cell lysate, 5 pL of RNasin, 137 uL of
nanopure water, and 8 pL of amino acid mix for a total volume of 450 pL. Compounds were
serially diluted in DMSO so that the final concentrations ranged from 4.2 uM to 5 nM. MM
(12.5 pL) was aliquoted to a 1.5 mL centrifuge tube, followed by 0.5 pL of compound. The
tubes were then mixed and centrifuged briefly. The tubes were held at room temperature for
20 min after which 0.4 pL of RNA was added. After brief mixing and centrifugation, the
tubes were incubated at 30 °C for 90 min. The tubes were put on ice for a 5 min inactivation
period. After gentle mixing by pipet, 5 L was aliquoted to a white half-volume 96-well
plate (supplied by Greiner). Thirty-five microliters of 1 mM luciferin solution (Promega)
was added to each well, and the plate was read for luminescence after a 30 s shaking period.
Luminescence was normalized to DMSO controls. Data were processed with Graphpad
Prism 6.

Testing of AME Activities on Conjugates 1-12

To determine if various AMEs would have the power to inactivate our AMA-NEO
conjugates, we used standard assays to visualize the modification of compounds 1-12. We
used NEO as a control. All AME enzymes, AAC(6")-le,*” AAC(3)-IV,* AAC(2")-Ic,*8 Eis,
48 APH(2”)-1a,%5 and APH(3")-1a,2* were purified and tested as previously described. All
reactions were monitored at 25 °C (with the exception of AAC(6”)-le and APH(2")-1a,
which were monitored at 37 °C) on a SpectraMax M5 microplate reader and performed in
duplicate. All rates were normalized to NEO.

Acetylation—The activity of the acetyltransferases was monitored using Ellman’s method,
coupling the release of the product (CoASH) with DTNB and monitored at 412 nm (e
14,150 cm=1 M~1). Briefly, reactions (200 L) containing NEO conjugate (100 uM) and
AcCoA (500 pM for Eis and 150 uM for all other acetyltransferases) were incubated with
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the enzymes (0.125 uM for AAC(3)-1V and AAC(2")-Ic; 0.5 uM for all remaining
acetyltransferases) in the presence of DTNB (2 mM) and the appropriate buffer (50 mM
MES, pH 6.6, for AAC(6")-le and AAC(3)-1V, 50 mM Tris-HCI, pH 7.5, for AAC(6")-1b,
100 mM sodium phosphate, pH 7.4, for AAC(2)-Ic, and 50 mM Tris-HCI, pH 8.0, for Eis).
Using kinetic measurements, reading every 30 s for 30 min, initial rates of the reactions
were calculated using the first 2 min of the reaction.

Phosphorylation—The phosphorylation activity of APH(2”)-la and APH(3")-la was
monitored at 340 nM through the consumption of NADH in the well-established enzyme-
coupled response to the production of ADP. Reactions (200 pL) containing AMA-NEO
conjugate (100 uM), Tris-HCI (50 mM, pH 8.0), MgCl, (10 mM), KCI (40 mM), NADH
(0.5 mg/mL), PEP (2.5 mM), GTP (2 mM), and PK/LDH (4 L) were initiated by the
addition of the phosphotransferase (1 uM). Reactions were monitored kinetically, taking
measurements every 30 s for 30 min. Initial rates were determined using the first 5 min of
the reaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AAC aminoglycoside acetyltransferase
AME aminoglycoside-modifying enzyme
AMK amikacin
ANT aminoglycoside nucleotidyltransferase
APH aminoglycoside phosphotransferase
Eis enhanced intracellular survival
NEO neomycin
MIC minimum inhibitory concentration
MH 11 Mueller Hinton 11
TS tryptic soy
MRSA methicillin-resistant S. aureus

DEPC diethylpyrocarbonate

AMA 2-aminomethylanthraguinone
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Structures of AMA-NEQ conjugates used in this study. Compound purity was verified by
RP-HPLC and HPLC purity profiles and has been reported previously.3!
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Figure 2.

Secondary structures of A-site models used in this study. Bases are colored as follows:
adenines, red; cytosines, black; guanines, purple; uridines, green. Box indicates the A-site
sequences of interest in this study.
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Figure 3.
Structure of F-NEO, a molecular reporter of compound binding.
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Figure 4.
Percent binding relative to NEO for compounds 1-12. Screening of the compounds was

performed with the following model A-sites: £. coli (black squares), human (red circles),
mitochondrial (green triangles), C1494U (blue inverted triangles), and A1555G (cyan
rhombuses).
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Figure 5.
Bar graph showing the relative rates of AME activity in the presence of AMA-NEO

conjugates normalized to the parent aminoglycoside (NEO). The scale of the y axis was
capped at 200% to highlight the usefulness of the compounds that were reacted more slowly
than NEO, rather than leaving the graph at full size and highlight the compounds that reacted
more quickly than NEO. For the compounds under modification by APH(3")-la that went
over 200% activity, the actual values follow: 4, 347 + 94; 5, 254 + 46; 8, 249 + 45; 9, 292
+40; and 10, 278 + 78.
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Table 1
Ky for F-NEO and ICgq and SF Values for NEO and Five A-Sites

A-site Kg (F-NEO),nM  IC5, (NEO), nM  SF (NEO)
E. coli 41+08 87.3+5.9 1.0
human cytosolic 23.3+3.1 76.5+13.2 0.2
mitochondrial 6.0+1.4 87.1+83 0.7
C1494U 215+40 67.9+2.0 0.2
A1555G 54+14 119.2 +3.7 0.5
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Table 5

Evaluation of Hemolysis of Rabbit Erythrocytes (%) in the Presence of AMA-NEO Conjugates (100 uM)?@

compound % hemolysis

Triton X-100 100.0
NEO 7.0+0.4
DMSO 40+0.1
AMA 10.0+4.6
40%0.1
10.0+0.2
40%0.8
40%0.1
50+1.2
40%0.9
50+04
50+17
40%0.3
40%0.6
50+0.38
12 50%0.2

© 0 N oo 0o~ W N -

=
= O

a . . . -
Red blood cells were incubated with each test compound at 37 °C for 1 h. Experiments were performed in triplicate, and the results are expressed
as the average percent hemolysis relative to the positive control (Triton X-100).
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