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ABSTRACT: Tetracyclines (TCs) are an important class of antibiotics threatened by an emerging new resistance mechanism�
enzymatic inactivation. These TC-inactivating enzymes, also known as tetracycline destructases (TDases), inactivate all known TC
antibiotics, including drugs of last resort. Combination therapies consisting of a TDase inhibitor and a TC antibiotic represent an
attractive strategy for overcoming this type of antibiotic resistance. Here, we report the structure-based design, synthesis, and
evaluation of bifunctional TDase inhibitors derived from anhydrotetracycline (aTC). By appending a nicotinamide isostere to the C9
position of the aTC D-ring, we generated bisubstrate TDase inhibitors. The bisubstrate inhibitors have extended interactions with
TDases by spanning both the TC and presumed NADPH binding pockets. This simultaneously blocks TC binding and the
reduction of FAD by NADPH while “locking” TDases in an unproductive FAD “out” conformation.

■ INTRODUCTION
Tetracycline (TC) antibiotics are a family of type-II
polyketides originally isolated from Streptomyces aureofaciens.1

TCs have been in clinical use for >70 years as broad-spectrum
antibiotics and continue to be used as frontline agents for
treating a variety of infections caused by Gram-positive and
Gram-negative bacteria.2−4 Until recently, it was thought that
clinical TC resistance occurred primarily through the
expression of efflux pumps and ribosome protection proteins.5

These resistance mechanisms have been largely overcome in
the clinic by the development of last-generation TCs known as
the glycylcyclines, including the FDA-approved drugs tigecy-
cline, eravacycline, and omadacycline.6−8 Unfortunately, all
known TC antibiotics are susceptible to an emerging third
route of clinical resistance: enzymatic inactivation by
tetracycline destructase (TDase) enzymes.9,10

TDases are members of the class A flavin monooxygenase
(FMO) enzyme family.11 TDases are FAD-dependent and use
an NADPH/O2-coupled redox cycle to catalyze the
inactivation of TC antibiotics.11−13 Oxidation of the bound
TC substrate occurs via a C4a-peroxy-flavin intermediate,
resulting in substrate-dependent oxygen transfer (hydroxyla-
tion) and oxygen insertion (Baeyer−Villiger type) reactions

(Figure 1A).11,12,14 The resulting oxidized TC scaffolds lack
antibacterial activity, presumably due to a loss of binding
affinity for the bacterial ribosome.15 TDases contain distinct
substrate and FAD-binding domains connected via a C-
terminal bridge helix (Figure 1B).10,16−18 Two distinct types of
TDases have <20% sequence homology and cluster by
structural features, resistance phenotype, and ecological
origin.11 Type 1 TDases [represented in this study by
Tet(X7)] have a constitutively open active site, provide
resistance against all known TC antibiotic classes, and are
found in human gut commensals and pathogens. Type 2
TDases [represented in this study by Tet(50)] contain an extra
C-terminal helix that “gates” the active site during the catalytic
cycle, provide resistance to only first- and second-generation
TC antibiotics but not glycylcyclines, and are found primarily
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in environmental microbes. The structural and functional
differences of type 1 and type 2 TDases have an important
influence on substrate binding mode, flavin dynamics,
mechanism of TC inactivation, and inhibition. At this point,
type 1 TDases appear to be the more likely clinical threat, but
the evolutionary connection between type 1 and type 2 TDases
presents a unique opportunity to study TC resistance via
enzymatic inactivation.
Enzymatic antibiotic inactivation is of particular concern

given that this pathogen phenotype depletes the antibiotic
challenge for the entire infection environment (including cells
not expressing inactivating enzymes).19 Evolution of antibiotic
inactivation enzymes under intense selective pressure is a
potential gateway to pan resistance against entire drug
classes.20 The clinical significance and global impact of this
resistance mechanism have been fully realized for β-lactam
antibiotics, where widespread dissemination of β-lactamase
encoding genes demands the co-administration of a β-
lactamase inhibitor to restore clinical efficacy of β-lactam
antibiotics.21,22 Presumably, TDase inhibitors will be needed in
the future given the mobilization and widespread distribution
of TDase genes in the environment, including clinical and
agricultural settings.23−25 The emergence of TDases in clinical
pathogens is on an upward trajectory and the deployment of
new glycylcyclines could exacerbate this trend as has been
observed following the release of new broad-spectrum β-lactam
antibiotics.21 Anhydrotetracycline (aTC), which differs from
parent TC by dehydration of the C6 alcohol, is a pan-TDase
inhibitor and rescues whole cell activity of TC antibiotics in
Escherichia coli and Mycobacterium abscessus.16,26 The co-crystal

structure of aTC bound to the type 2 TDase Tet(50) reveals a
binding mode that is unique from the observed substrate
binding mode leading to stabilization of the FAD-cofactor in
an unproductive “OUT” conformation that is stabilized
through a π−π stacking interaction with the benzylic sidechain
of Y267 (Figure 1C,D).
In addition to the TDase inhibitory activity, aTC alone has

inherent antibacterial activity and some general toxicity at the
effective concentrations (low μM) due in part to its ability to
disrupt cellular membranes.27,28 Further, some type 1 TDases
can turnover aTC as a slow substrate indicating that aTC can
sample the productive substrate binding mode with FAD in the
“IN” conformation.11,16,29 Simple modifications of the aTC
scaffold, including halogenation of C7 and C9 of the D-ring or
demethylation of C6 of the C-ring, were tolerated but failed to
mitigate these potential liabilities.29 Thus, we were motivated
in this work to rationally design more effective TDase
inhibitors with improved selectivity, potency, and stability by
using structure-guided molecular modeling (Figure 1E). We
identified a solvent-exposed channel between the aTC D-ring
and Y267 in the aTC-Tet(50) co-crystal structure (PDB:
5TUF) that appeared to be accessible by benzamide and
benzylamine substituents appended to the C9-position of the
aTC D-ring. Hence, we designed and synthesized a series of
“bisubstrate” TDase inhibitors predicted to span the aTC
binding site and occupy the space filled by Y267 used to
stabilize FAD in the “OUT” conformation through π−π
stacking of the aryl substituent with the FAD isoalloxazine
heterocycle. This is also the space proposed to be occupied by
the NADPH nicotinamide ring during FAD reduction. The

Figure 1. Structure-based design of C9-aTC derivatives as mechanism-based TDase inhibitors. (A) TDase-catalyzed hydroxylation of TC at C11a
to generate inactive TC-OH to achieve TC-resistance. (B) Structure of Tet(50) with overlay of FAD-IN (chain A, PDB 5TUE) and FAD-OUT
conformations (chain B, PDB 5TUE). (C) Structure of Tet(50) bound to CTC with FAD-IN (PDB 5TUI). (D) Structure of Tet(50) bound to
aTC with FAD-OUT stabilized by Y267 (chain B, PDB 5TUF). (E) Structure of compound 14 docked into the Tet(50) active site with FAD-OUT
stabilized by the C9-benzamido substituent displacing Y267 rotated toward solvent. Docking performed using Glide and structures visualized using
PyMOL v2.3.2.
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rationally designed bisubstrate inhibitors were stable toward
TDase-catalyzed oxidation, eliminating the slow catalytic
turnover observed for aTC and showed dose-dependent
recovery of TC activity in whole cell assays. We report
informative structure−activity relationships (SAR) and mech-
anistic studies to guide future inhibitor optimization and
identify synergistic inhibitor−antibiotic pairs to overcome TC
resistance via enzymatic inactivation. Our approach to
bisubstrate mechanism-based inhibitor design exploits flavin
dynamics, perturbs redox couples, and may be broadly
applicable across the class A FMO enzyme family.

■ RESULTS AND DISCUSSION
Structure-Based Design of Bisubstrate TDase Inhib-

itors. The structure of the aTC-Tet(50) inhibition complex
(PDB: 5TUF) shows aTC bound in the active site adjacent to
and overlapping with the substrate binding site. The A-ring of
aTC points toward the entrance of the active site, and the D-
ring extends toward a solvent-exposed channel.16 The FAD
cofactor is trapped in the “OUT” conformation and is sterically
occluded from accessing the “IN” conformation by the bound
aTC inhibitor. The FAD “OUT” conformation is stabilized
through a hydrogen bond between the flavin N3−H and the
aTC C10−OH and a π−π stacking interaction with the 4-
hydroxy-benzyl sidechain of Y26716 (Figure 1D). A similar

Tyr-mediated π−π stacking interaction has been observed for
other FMOs, including kynurenine-3-monooxygenase
(KMO).30−34 A group at GlaxoSmithKline (GSK) proposed
that this Tyr residue occupies the space that must be filled by
the nicotinamide portion of NADPH during the reductive
step.35 No co-crystal structure of a class A FMO liganded with
NAD(P)H or NAD(P)+ in a catalytically relevant conforma-
tion has been reported, and the functional binding site for this
cosubstrate remains elusive.33,36 The GSK group used X-ray
structures of KMO with competitive inhibitors occupying the
substrate binding site combined with molecular docking of
NADP+ to guide the design of bisubstrate inhibitors composed
of known benzoxazolidinone inhibitor scaffolds fused with
nicotinamide isosteres.35 We adapted the GSK scaffold
hybridization approach to design a series of benzamide and
benzylamine-substituted aTC analogues as potential bisub-
strate inhibitors of TDases.
We used the co-crystal structure of aTC in complex with the

type 2 TDase Tet(50) (PDB: 5TUF) as a template for
molecular modeling of bisubstrate inhibitors (Figure 1D). We
considered a variety of substituents at C9 of the bound aTC,
which is ∼4.8 Å from the nearest carbon atom of the Y267
phenyl ring (compounds 1−21; Scheme 1). We hypothesized
that positioning an aryl substitution from the aTC D-ring at
the C9-position could mimic the FAD isoalloxazine-Y267 π−π

Scheme 1. Synthesis of C9-aTC Derivatives (2−21)
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stacking interaction and potentially improve inhibitor binding
relative to the parent aTC scaffold. We used the Schrodinger
platform to prepare the Tet(50) receptor using an alternate
rotamer of Y267 allowing for the accommodation of C9-
substituents (Figure S1A).37 Molecular docking was performed
using Glide and validated through the docking of aTC, which
overlapped in good agreement with the experimentally
observed binding mode (docking score = −7.1 kcal/mol;
Figure S1B). We predicted the binding modes for p-NO2-
benzamide-C9-aTC (14) (docking score = −8.69 kcal/mol)
and p-CF3-benzylamine-C9-aTC (20) (docking score = −9.89
kcal/mol) analogues. The docked structures aligned well with
the crystallographically observed aTC binding conformation
and adopted an apparent π−π stacking interaction with the
FAD isoalloxazine ring. C9 of aTC is ∼3.8 Å and ∼5.0 Å from
C1 and C2 of the phenyl substituents, respectively. These
distances are in good agreement with the experimentally
observed distance of ∼4.87 Å between C9 of aTC and the
Y267 phenyl ring (Figures 1E and S1C,D). The top binding
poses support the bisubstrate inhibitor design where amide and
amine linked C9 aryl substituents on the aTC scaffold have the
proper geometry needed to span the solvent accessible channel
without disturbing the aTC inhibitor binding mode.

Synthesis of Bisubstrate TDase Inhibitors. We
designed a simple and scalable semi-synthetic route to prepare

aTC analogues via a C-9 amination strategy (Scheme 1). Initial
attempts to nitrate aTC (1) under standard nitration
conditions (HNO3/H2SO4) produced mixtures of C-9 and
C-7 nitro-aTC analogues. To our surprise, we serendipitously
discovered that nitrosylation of aTC (1) proceeded smoothly
with high regioselectivity for C-9 substitution. Treatment of
aTC (1) with sodium nitrite under acidic conditions provided
C9-nitroso-aTC (2) as the corresponding HCl salt in 86%
yield. This stable nitroso compound was converted to the
corresponding C9-amino-aTC (3) via Pd-catalyzed hydro-
genolysis, resulting in 73% yield of the desired product. This
simple two-step procedure can be accomplished on a gram
scale to provide C9-amino-aTC (3) as the corresponding HCl
salt with no chromatographic steps. We used C9-amino-aTC
(3) as a central intermediate to access C9-aTC analogues with
an amide or amine linkage via nucleophilic acyl substitutions
with carboxylic acid substrates or reductive aminations with
aldehyde substrates, respectively. Treatment of C9-amino-aTC
(3) with various carboxylic acids under optimized amide
coupling conditions (HATU, DIPEA, DMF, rt, 15 min)
provided amides 4−15 as the corresponding TFA salts in 5−
30% yield after final purification by prep-HPLC. Treatment of
C9-amino-aTC (3) with various aldehydes under optimized
reductive amination conditions (Na(OAc)3BH, MeOH, 0 °C,
6 h) provided amines 16−21 as the corresponding TFA salts in

Figure 2. Apparent IC50 values measured through in vitro inhibition of Tet(X7) (blue) and Tet(50) (red) by compounds 1−21. Error bars depict
standard deviations for three independent trials.
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9−25% yield after final purification by prep-HPLC. All
compounds were fully characterized by NMR and HRMS,
with purity analysis by LC−MS conducted prior to biological
testing. Some samples contained varying amounts of C4-
epimers as reported in the Methods section. Equilibration of
C4-epimers is common for TC, aTC, and related compounds
and is pH dependent.38 C4-epi-TC has a reduced affinity for
the ribosome and Tet repressor proteins, presumably due to
the disruption of essential interactions between the A-ring
substituents and conserved binding site residues.16,39 We
demonstrated that C4-epi-TC also has a reduced apparent
binding affinity to Tet(X7) and Tet(50), and C4-epi-aTC is
neither an inhibitor nor a substrate of these two enzymes
(Figures S2−S6). Hence, we assumed that only the C4-(S)
epimers of compounds 1−21 contributed significantly to the
observed biological activities.

In Vitro SAR of Bifunctional TDase Inhibitors. We
determined apparent IC50 values for compounds 1−21 against
the type 1 TDase Tet(X7) and the type 2 TDase Tet(50)
under steady-state conditions using TC as the substrate and
NADPH as a cosubstrate. Reactions were initiated by the
addition of TDase, without pre-incubation with inhibitors, and
were monitored by the continuous measurement of optical
absorbance at ∼400 nm (λTC monitoring for direct TC
consumption) to determine linear velocities for each reaction.
Apparent IC50 values were determined by plotting the
observed reaction velocity versus log[inhibitor] and are
visualized as bar graphs in Figure 2 for the convenient
comparison of SAR for each enzyme type (Figures S7 and S8).
We observed inhibition of Tet(X7) for 20 inhibitors (95% hit
rate), with apparent IC50 values ranging from 3 to 600 μM
adjusted for standard deviations. Similarly, 19 of the inhibitors
were active against Tet(50) (90% hit rate) with a statistically
significant range of apparent IC50 values from 38 to 370 μM.
Some notable SAR patterns emerged from the apparent IC50

values determined from the in vitro TDase inhibition assays
(Figure 2). aTC (1) represents the parent inhibitor structure
and provides a convenient reference point for comparing
inhibitor potencies. The apparent IC50 values of aTC were 10
± 2 and 260 ± 40 μM against Tet(X7) and Tet(50),
respectively. These values are in good agreement with a
previous report from our group [3 ± 1 and 210 ± 25 μM
against Tet(X7) and Tet(50), respectively].29 The reason for
preferential inhibition of type 1 [Tet(X7)] over type 2
[Tet(50)] TDases by aTC (1) was not immediately clear, but
we note that simple C9 substitutions including nitroso (2) and
amino (3) groups reduced the inhibition of Tet(X7) (30 ± 10
and 70 ± 10 μM, respectively) and improved the inhibition of
Tet(50) (40 ± 2 and 140 ± 10 μM, respectively) compared to
the parent aTC scaffold. Amido substituents at C9 were
generally well tolerated, with the simplest C9-acetamido (4)
showing preference for inhibiting Tet(X7) (50 ± 10 μM) over
Tet(50) (200 ± 10 μM). The bulkier C9-5-aminopentamide
derivative (5) was also well tolerated, with apparent IC50 values
of 40 ± 10 μM [Tet(X7)] and 110 ± 20 μM [Tet(50)].
The C9-benzamides 6−14 revealed a preference for meta-

and para-substitution over ortho-substitution for both TDase
types. Unsubstituted C9-benzamide 6 establishes a baseline for
this series with apparent IC50 values of 100 ± 10 μM
[Tet(X7)] and 70 ± 30 μM [Tet(50)], which are reduced
inhibitory activities against Tet(X7) and enhanced inhibitory
activity against Tet(50) compared to the parent aTC scaffold.
Substitution of the phenyl ring with an ortho-NO2 group (7)

was well tolerated for Tet(X7) (110 ± 20 μM) but abolished
inhibitory activity against Tet(50) (>1000 μM). Halogens in
the ortho-position of C9-benzamides were better tolerated than
ortho-nitration with a relatively tight range of apparent IC50
values of 140−220 μM [Tet(X7)] and 100−320 μM
[Tet(50)] for ortho-F (8), ortho-Cl (9), and ortho-I (10).
There is a slight preference for meta- and para-halogenation of
C9-benzamides with apparent IC50 values ranging from 48 to
180 μM [Tet(X7)] and 70−110 μM [Tet(50)] for meta-F
(11), meta-Cl (12), and para-Br (13). The para-NO2 C9-
benzamide 14 produced the lowest apparent IC50 value from
the set against Tet(X7) (4 ± 1 μM) and showed a striking
increase in activity against Tet(50) (50 ± 10 μM) compared to
the ortho-NO2 derivative (>1000 μM). Simple homologation
from C9-benzamide to C9-phenylacetamide (15) abolished all
TDase inhibitory activity, which deterred us from further
pursuing phenyl substituted analogues in this series.
We next explored a series of C9-benzylamine derivatives

(16−20) designed to maintain the same spacing as C9-
benzamides between the C9-position of the aTC scaffold to
the phenyl substituent (Figure 2). The C9-benzylamines
allowed us to evaluate a more flexible C9-linkage relative to the
rigid amide linkage in the C9-benzamide inhibitor series. We
only investigated para-substitutions on the phenyl ring for the
C9-benzylamine derivatives given the observed preference for
this position in the benzamide series. Overall, inhibitor
potency in the benzylamine series (apparent IC50 values
ranging 30−500 μM) was in line with that observed for the
benzamide series with a slight preference for inhibiting
Tet(X7) over Tet(50) (except for compound 16). Electron-
withdrawing groups (NO2, CF3) on the phenyl ring of the
benzylamine analogues were favored over donating groups
(Me, Br) against Tet(X7), while the unsubstituted phenyl ring
(16) was best against Tet(50). A homologated C9-phenethyl-
amine derivative (21) showed moderate activity against
Tet(50) (180 ± 50 μM) and diminished activity against
Tet(X7) (500 ± 100 μM), similar to the homologated C9-
phenylacetamide analogue 15. The para-CF3 analogue 20 was
the most effective broad-spectrum inhibitor of type 1 and type
2 TDases in the benzylamine series, with apparent IC50 values
of 100 ± 30 and 70 ± 10 μM against Tet(X7) and Tet(50),
respectively.
To validate that the compounds can inhibit degradation of

more clinically relevant substrates, we investigated the ability
of aTC (1) and compound 14 to inhibit Tet(X7) degradation
of tigecycline, a third-generation glycylcycline. Compounds 1
and 14 inhibited tigecycline degradation with apparent IC50
values of 1.2 ± 0.2 and 30 ± 11 μM, respectively (Figure S9).
Independent biophysical validation of inhibitor binding was
carried out using bio-layer interferometry (BLI). Treatment of
TDases with EZ-Link NHS-PEG4-Biotin (Thermo Fisher)
resulted in biotinylation of 7.4 mol biotin/mol Tet(X7) (22
Lys residues) and 6.1 mol biotin/mol Tet(50) (23 Lys
residues). We compared Tet(X7) and Tet(50) binding of TC,
1, and 14 (Figure S10) using BLI with super streptavidin tips
(Sartorius). While we were unable to quantitatively fit the
kinetic binding data, the qualitative binding curves consistently
show that inhibitor 14 displays slower binding kinetics (kon and
koff) compared to aTC, which is consistent with a bisubstrate
mode of inhibition.

Rescue of TC Antibacterial Activity with Bisubstrate
TDase Inhibitors. We selected a subset of C9-amide
(compounds 4 and 14) and C9-amine inhibitors (compounds
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16−20) for direct comparison with the parent inhibitor aTC
(1) in the ability of TDase inhibitors to recover the
antibacterial activity of TC in whole-cell bacterial growth
experiments (Figure 3). We selected more compounds from

the amine series due to the similarity in apparent IC50 values
from the in vitro TDase inhibition assays and the improved
water solubility of these compounds compared to the amides.
We used E. coli MegaX harboring pZE21 plasmid constructs
for constitutive expression of Tet(X7) and Tet(50). Our group
previously reported and validated this bacterial system for
antibiotic susceptibility testing with TDase inhibitors and TC
antibiotic combinations.10,11,16 An important consideration for
the interpretation of antibacterial combinations is the inherent
antibacterial activity of each compound alone. The MIC values
for TC against E. coli MegaX harboring pZE21-Tet(X7) and
pZE21-Tet(50) were recorded as 512 and 128 μg/mL,
respectively, using the standard broth microdilution method
in MHII medium.11,16 The MIC values for aTC (1) against the
same strains were recorded as 64 μg/mL [Tet(X7)] and 16
μg/mL [Tet(50)].16 In contrast, we found that compounds 4,
14, and 16−20 all lacked inherent antibacterial activity, with
cell growth observed at concentrations up to 128 μg/mL.
We designed a combination study using TC antibiotic fixed

at 16 μg/mL, severalfold lower than the recorded MIC values,
with variable concentrations of TDase inhibitor (1, 4, 14, or
16−20) ranging from 0 to 128 μg/mL. We determined full
bacterial growth curves during incubation at 37 °C with optical
density at 600 nm measured over a 20 h window. The growth
rate (reported as h−1) was determined for each condition to
compare the effects of TDase inhibitors in an unbiased manner
(Figures 3 and S11). We observed dose-dependent rescue of
TC activity by all the TDase inhibitors, with apparent IC50
values that agree with the in vitro potencies (Figure S12). The
parent inhibitor aTC (1) appears to give the most potent
rescue of TC activity with complete inhibition of bacterial
growth observed at 32 and 8 μg/mL for Tet(X7)- and
Tet(50)-producing strains, respectively, with apparent IC50
values of 10 ± 2 and 5 ± 1 μg/mL. For aTC, it is difficult

to separate the contributions of TDase inhibition and inherent
antibacterial activity at this concentration range. Hence, it is
appreciated that while compounds 4, 14, and 16−20 fall short
of providing complete growth inhibition at 16 μg/mL TC,
there is a clear dose-dependent decrease in growth rates,
consistent with TDase inhibition and TC rescue as the driver
of this effect given these compounds independently possess no
inherent growth inhibitory activity. All compounds tested
resulted in significantly lower growth rates at concentrations
≥64 μg/mL, with significant decreases for compounds 14 and
18 with just 2 μg/mL (Figure S11). We confirmed these
results on solid medium using the Kirby−Bauer agar diffusion
antibacterial susceptibility assay for tigecycline against the
Tet(X7)-expressing strain and for TC against the Tet(50)-
producing strain (Figure S13). This modest yet promising
bioactivity suggests that non-antibacterial TDase inhibitors can
be developed to rescue TC antibiotic activity against bacterial
pathogens expressing TC inactivating enzymes.

Bisubstrate TDase Inhibitors Block FAD Reduction by
NADPH. Our prior biochemical characterization of aTC (1)
inhibition of type 1 and type 2 TDases using Lineweaver−
Burke analyses supports a model of competitive mechanism-
based inhibition that is in agreement with the observed aTC
binding mode in the Tet(50) co-crystal structure.16,29 The new
C9-substituted aTC analogues in this study were designed to
be bisubstrate inhibitors that engage both the TC and NADPH
binding sites. We hypothesized that a bisubstrate TDase
inhibitor will competitively bind to both the TC and NADPH
binding sites. To test this hypothesis, we used TC, aTC (1),
and the para-NO2-substituted C9-benzamide aTC analogue
(14) to investigate the impact of TC antibiotics and TDase
inhibitors on NADPH consumption. FMOs, including TDases,
consume NADPH by reduction of FAD to FADH2 that leads
to the O2-dependent formation of a reactive C4a-peroxy-flavin
intermediate. FAD reduction by NADPH can be coupled to
substrate oxidation or uncoupled, leading to the formation of
H2O2. Detection of H2O2 has been used in diagnostic
applications for TDase resistance in bacterial cultures.40 Both
the coupled and uncoupled pathways must be considered
unless the substrate is omitted, where uncoupled H2O2
formation is the only viable path for enzyme turnover. Thus,
H2O2 formation can serve as a proxy for FAD reduction by
NADPH in FMOs.41

We analyzed TDase reactions with Tet(X7) and Tet(50) via
optical absorbance (λ = 250−500 nm), LC−MS, and H2O2
formation (Figure 4 and Figure S14). We monitored the
oxidation of Fe2+ to Fe3+ in the presence of xylenol orange to
quantify H2O2 during TDase reactions. Xylenol orange
provides a color change from orange to purple in the presence
of H2O2 that can be monitored via optical absorbance at λ =
595 nm (Figure S14).42 Both TC (Figure 4A) and aTC
(Figure 4B) enhanced the rate of NADPH consumption for
Tet(X7) and generated H2O2 in excess of the control (Figure
4G). LC−MS analysis of the reaction mixtures also showed
that TC and aTC are oxidized by the addition of one 16O to
the scaffold, corresponding to the time and TDase-dependent
formation of an observed [M + O + H]+ molecular ion for each
product. Conversely, the para-NO2-C9-benzamide aTC
analogue (14) reduced the rate of NADPH consumption,
blocked H2O2 formation, and was stable over the 2 h duration
of the reaction with Tet(X7) (Figure 4C). The results for TC
with Tet(50) were similar to the Tet(X7) results where TC
stimulated NADPH consumption, produced H2O2, and was

Figure 3. Dose-dependent recovery of TC activity by aTC (1) and
C9-aTC derivatives (4, 14, 16−20) against E. coli MegaX expressing
Tet(X7) (solid lines) or Tet(50) (dashed lines) from a pZE21
inducible vector. The x-axis represents the concentration of inhibitor
(0−128 μg/mL) in the presence of constant TC (16 μg/mL). The y-
axis represents growth rate generated from growth curve analysis, as
described in the Methods section. The legend includes apparent IC50
values in μg/mL calculated for these data plots. Error bars represent
the standard deviation for three technical replicates.
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rapidly oxidized (Figure 4D). Like Tet(X7), aTC (1)
stimulated NADPH consumption and produced H2O2 for
the Tet(50) reaction. However, unlike the Tet(X7) reaction,
aTC was stable over the reaction course with Tet(50) (Figure
4E). The result for the para-NO2-C9-benzamide aTC analogue
(14) against Tet(50) showed an even more pronounced
reduction in the rate of NADPH consumption and H2O2
generation (Figure 4F).
We also analyzed apparent steady-state kinetics of NADPH

consumption in the presence of variable TDase inhibitors, 1 or
14, to determine Kapp and vmax by fitting the observed reaction
rates to the Michaelis−Menten equation (Figure 4H). In
agreement with the results in Figure 4B,E, aTC (1) appeared
to enhance the rate of NADPH consumption in a dose-
dependent manner for Tet(X7) (Kapp = 2.1 ± 0.3 μM, vmax =
0.043 ± 0.002 min−1) and Tet(50) (Kapp = 2.0 ± 0.3 μM, vmax
= 0.24 ± 0.01 min−1). As expected from the results in Figure

4C,F, the para-NO2-C9-benzamide aTC analogue (14) did not
promote NADPH consumption at any concentration tested.
Lineweaver−Burke plots for aTC (1) against Tet(X7) and
Tet(50) suggest mixed competitive inhibition for variable TC.
We were unable to obtain Lineweaver−Burke plots for aTC
(1) with variable NADPH due to the dose-dependent
enhancement of NADPH oxidation by aTC and assume this
observed activity is due to an uncompetitive binding
interaction (Figure 4H). These findings support unique
inhibition mechanisms for aTC (1) as a competitive slow
substrate for type 1 TDases and a mixed competitive inhibitor
for type 2 TDases. Lineweaver−Burke plots for para-NO2-C9-
benzamide-aTC (14) against Tet(50) with variable TC
(Figure 5A) and variable NADPH (Figure 5B) support a
model for competitive inhibition with respect to both TC and
NADPH. The same trend was true, although less pronounced,
for compound 14 against Tet(X7) (Figure S15). These

Figure 4. TC and aTC are substrates for TDases, while C9-aTCs are not TDase substrates. Panels (A−F) depict time-dependent optical
absorbance, relative % LC−MS [M + H]+ ion counts for substrates and products normalized to an internal standard, and H2O2 production for
antibiotics (TC) and inhibitors (1, 14) at 20 μM over the course of 0−120 min in the presence of TDases, Tet(X7), and Tet(50). Panel (G)
depicts time-dependent optical absorbance for NADPH in the presence of Tet(X7) and Tet(50) with no TC substrate or inhibitor. Panel (H)
depicts the apparent steady-state kinetics of NADPH consumption with increasing concentrations of aTC (1) and C9-aTC derivative 14. All TDase
reactions were performed in at least duplicate as independent trials using pure NADPH.
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findings, along with molecular docking (Figures 1E, 5C,D, and
S1), validate the bisubstrate nature of C9-benzamide/benzyl-
amine-aTC analogues as TDase inhibitors.
A variety of TDase inhibitors have been reported, including

AZT,43 bismuth salts,44 flavonoids,45 and aTC.16 The develop-
ment of selective inhibitors for enzymes in the FMO
superfamily has been challenging due in part to the
mechanistic complexity, dynamic nature, and substrate
flexibility observed for this enzyme class.46 aTC represents a
cell permeable privileged scaffold from which to build better
TDase inhibitors. Bisubstrate FMO inhibitors are promising
given that the potential to inhibit multiple steps of the catalytic
cycle and to enhance binding affinity through extended ligand
engagement across multiple binding sites.47 Bisubstrate
inhibitors spanning the TC and NADPH binding sites of
TDases are conceptually possible given these two ligands seem
to have unique and adjacent binding sites near the dynamic

FAD cofactor in class A FMOs.35,48 The NADPH binding site
in class A FMOs has not been fully elucidated; however, the
co-crystal structure of a mutant version of para-hydroxyben-
zoate hydroxylase (PHBH) complexed to NADPH suggests
that the NADPH binding site is located on a surface-exposed
groove between the substrate and FAD-binding domains.49

The crystallographically observed NADPH binding mode in
PHBH appears to have the nicotinamide extended away from
the active site, although molecular modeling by the GSK group
with KMO supports an alternate binding mode that better
supports a functional model for reduction of FAD adopting the
solvent-exposed “OUT” conformation.35,36 Hence, bisubstrate
inhibitors could in principle be constructed via fusion of the
substrate and nicotinamide scaffolds (Figure 5C,D). This
concept has been demonstrated against the enzyme KMO and
is validated in this work for TDases.35

Figure 5. C9-benzamide/benzylamine-aTC analogues are bisubstrate TDase inhibitors. Lineweaver−Burke plots support thecompetitive nature of
Tet(50) inhibition by compound 14 with respect to (A) TC and (B) NADPH. (C) Overlay of the liganded X-ray crystal structures of Tet(50)
bound to CTC (PDB: 5TUI) and aTC (PDB: 5TUF) highlights the distinct ligand binding modes and conformation of the FAD cofactor (FAD-
IN for CTC; FAD-OUT for aTC). NADP+ was manually docked to highlight the presumed overlap of the space occupied by the Y267 sidechain or
the NADP+/NADPH nicotinamide ring in stabilizing the FAD-OUT conformation through π−π stacking with the FAD isoalloxazine ring system.
(D) Molecular docking of compound 14 captures the bifunctional binding mode where the aTC core scaffold overlaps with the original aTC
binding mode with extended interactions of the C9-benzamide group across a solvent-exposed channel to allow for stabilization of the FAD
isoalloxazine ring system through π−π stacking with overlap of the ligand space previously occupied by the Y267 sidechain or the NADP+/NADPH
nicotinamide ring.
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Our findings validate the promise of non-antibacterial TDase
inhibitors to overcome TC resistance caused by enzymatic
inactivation. Through the development of bisubstrate TDase
inhibitors, we have engineered out the inherent antibacterial
activity of the parent aTC scaffold and improved selectivity
and potency for TDase inhibition. We predict that this will
widen the therapeutic window of TDase inhibitors and
eliminate the potential for the TDase inhibitor to serve as a
selection factor for resistance. aTC (1) acts as a competitive
sacrificial substrate for type 1 TDases [Tet(X7)] and a mixed
competitive inhibitor for type 2 TDases [Tet(50)]. This
suggests that aTC potentially samples multiple binding modes
in the TDase active sites�TC substrate-like binding mode
with FAD-“IN” for type 1 TDases and aTC inhibitor binding
mode with FAD-“OUT” for type 2 TDases. The bisubstrate
inhibitor 14 was competitive with both TC and NADPH for
both type 1 [Tet(X7)] and type 2 [Tet(50)] TDases and was
not turned over as a substrate by either enzyme type. This is
consistent with our working model for bisubstrate inhibition,
where the C9-substituted aTC analogues bind in the TC site
via the core aTC scaffold and the NADPH nicotinamide site
via π−π stacking of the C9-benzamide/benzylamine aryl group
with the isoalloxazine heterocycle of FAD in the “OUT”
conformation (Figure 5D). Bisubstrate TDase inhibitors act
upstream of the parent aTC inhibitor scaffold by inhibiting the
reduction of FAD to FADH2, which is a prerequisite for the
formation of a reactive C4a-peroxy-flavin intermediate. This
could explain why bisubstrate TDase inhibitors are not
substrates for type 1 TDases. The bisubstrate nature might
also stabilize the inhibitor binding mode preventing sampling
of the substrate binding mode that might explain turnover of
aTC as a slow substrate by type 1 TDases. aTC stimulates
NADPH oxidation and FAD reduction, leading to a futile cycle
of the “uncoupled” oxidative path, resulting in the accumu-
lation of H2O2 (Figure 6).
There is no deposited structure of a type 1 TDase with the

FAD cofactor in the “OUT” conformation, which limited our

ability to pursue rigorous molecular docking to the type 1
enzymes without a validated structural model. It is presumed
that FAD dynamics are conserved across type 1 and type 2
enzymes, but it is noteworthy that type 1 enzymes lack the
conserved Y267 found to stabilize FAD in the “OUT”
conformation in type 2 enzymes. However, the overall loop
architecture is conserved across type 1 and type 2 enzymes,
with a Leu residue at the analogous 267 position in type 1
enzymes. The inability of Leu267 to stabilize FAD in the
“OUT” conformation might be limiting the ability to capture
this conformation in structural studies due to an increase in
flavin and protein dynamics. Bisubstrate TDase inhibitors slow
or block NADPH oxidation and FAD reduction for both type 1
and type 2 TDases (Figure 4), further supporting a shared
model of bisubstrate TDase inhibition through competitive
binding at the substrate and nicotinamide sites. Hence, we
propose that the binding mode of bisubstrate TDase inhibitors
can be controlled by extended interactions between aryl
substitutions and the FAD isoalloxazine heterocycle in both
type 1 and type 2 enzymes (Figure 5D).
The SAR explored in this study revealed that the C9-

benzamides are more potent than the C9-benzylamines and
that para-substitution of the phenyl ring with an electron-
withdrawing group (NO2 or CF3) was preferred. The more
rigid amide linkage might better align the benzamide to facially
interact with the FAD isoalloxazine. However, the water
solubility of the C9-benzylamines was significantly better than
that of the C9-benzamides, which is critical for preclinical
advancement. Hence, we propose that benzylic substitution of
the C9-benzylamine series might help to rigidify the inhibitor
to bias the binding conformation while preserving the water
solubility and adding beneficial metabolic stability (given
benzylic positions are often the site of oxidation via general
metabolism).50 The modest whole cell activity of the
bisubstrate inhibitors might also be associated to reduced
cell permeability relative to aTC, leading to low cell
accumulation in E. coli.51 Despite the advancements made in

Figure 6. Bisubstrate TDase inhibitors block reduction of FAD by competitively binding to the TC and NADPH sites to prevent the formation of
the peroxy flavin intermediate. aTC blocks the oxidation of TC and promotes the uncoupled formation of hydrogen peroxide by competitively
binding to the TC site. aTC can be turned over as a competitive sacrificial substrate for type 1 TDases.
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this study, the bisubstrate TDase inhibitors require further
optimization of solubility, potency, stability, selectivity, and
cellular accumulation. This could potentially be achieved
through systematic exploration of the C9-aryl substituent to
leverage existing knowledge of favorable aromatic heterocycle
π−π stacking interactions.52 These bisubstrate compounds
present a new mechanism of TDase inhibition with the
opportunity for further rational design to improve effectiveness
of overcoming TDase resistance when used in combination
with TC antibiotics.

■ CONCLUSIONS
We synthesized and characterized bisubstrate inhibitors of
TDase resistance enzymes via scaffold fusion of a known
inhibitor, aTC (1), and benzamide/benzylamine structural
mimics of nicotinamide (Figure 5). Inhibitor design was
guided by molecular modeling using the co-crystal structure of
aTC and the type 1 TDase Tet(50). Modeling identified the
C9-position of the aTC D-ring as the ideal attachment point
for aryl nicotinamide isosteres to promote π−π stacking with
the FAD isoalloxazine heterocycle in the solvent-exposed
“OUT” conformation to simulate the structural environment of
the reductive step of the catalytic cycle. We validated the
bisubstrate nature of the C9-functionalized TDase inhibitors
against type 1 [Tet(X7)] and type 2 [Tet(50)] TDase
enzymes and established important SARs via in vitro
biochemical characterization. aTC (1) is a competitive
inhibitor with respect to TC and is uncompetitive with respect
to NADPH. aTC is a competitive sacrificial substrate against
type 1 TDases and promotes the uncoupled reduction of FAD
by NADPH. However, para-NO2-C9-benzamide aTC inhibitor
14 is competitive with both TC and NADPH and blocks
reduction of FAD by NADPH. This compound is stable
toward type 1 and type 2 TDases, consistent with a bisubstrate
mode of TDase inhibition where the FAD “OUT” con-
formation is stabilized by the inhibitor binding mode. aTC (1)
rescues TC activity against resistant E. coli strains expressing
TDases and also exhibits inherent antibacterial activity.
Bisubstrate TDase inhibitors are non-antibacterial agents
capable of rescuing TC antibacterial activity against E. coli
expressing type 1 or type 2 TDases. Hence, TDase inhibition
via combination therapy is a viable therapeutic approach for
overcoming TC resistance via enzymatic inactivation.

■ EXPERIMENTAL SECTION
General Materials and Methods. All in vitro kinetic assays and

whole cell bacterial growth assays were prepared open to air in non-
degassed buffer solutions using sterile technique. All organic solvents,
including deuterated NMR solvents and reagent chemicals used in the
preparation or analysis of synthetic compounds, were obtained
commercially and used without further purification. TC (HCl salt),
NADPH (tetrasodium salt), and G6P dehydrogenase Leuconostoc
mesenteroides [recombinant, expressed in E. coli, suspension in
(NH4)2SO4] were purchased from Millipore-Sigma (St. Louis,
MO). aTC (HCl salt) was purchased from Chemodex (United
Kingdom). NADP+ (hydrate) was purchased from Carbosynth
(Compton, England). G6P was purchased from Chem-Impex
(Wood Dale, IL). NMR spectra were obtained on a Varian Unity-
Inova 500 MHz or Agilent Premium Compact+ 600 MHz
spectrometer in 5 mm type 1, class A borosilicate glass NMR tubes
(Wilman LabGlass part no. 535-PP-8). All free induction decay files
were processed using Mestrenova version 11.0.4 software. Chemical
shifts (δ) are reported in parts per million (ppm) and referenced to
residual non-deuterated solvent. Coupling constants (J) are reported

in hertz (Hz). TDase in vitro reactions were monitored by optical
absorbance spectroscopy on an Agilent Cary 50 UV−visible
spectrophotometer using polystyrene cuvettes and LC−MS using an
Agilent 6130 single quadrupole instrument (ESI+) with G1313
autosampler, G1315 diode array detector, and 1200 series solvent
module with separation on a Phenomenex Gemini C18 column, 50 ×
2 mm (5 μm) fit with a guard column cassette. LC−MS solvents were
0.1% formic acid in H2O (A) and 0.1% formic acid in ACN (B).
Solvent gradient was linear, starting from 0% B to 95% B over 20 min
at a flow rate of 0.5 mL/min. HPLC was performed on an HP1050
system using a Luna 10 mm C18(2) 100 Å column (250 mm × 21.2
mm) from Phenomenex fitted with a guard column of the same matrix
(15 mm × 21.2 mm). HPLC solvents were 0.1% formic acid in H2O
(A) and 0.1% formic acid in ACN (B), with a gradient formed from
0% B to 95% B over 20 min at a flow rate of 9 mL/min. LC−MS and
HPLC data were processed using ChemStation software version
B.04.02 SP1. Liquid medium bacterial growth assays were performed
using Difco BBL Mueller−Hinton broth in Costar 96-well plates at 37
°C. End-point growth density was judged by OD600 measurement
using a Synergy H1 plate reader (BioTek, Inc.). Solid medium
bacterial growth assays were performed using Mueller−Hinton no. 2
(MHII) agar, and inhibition zone sizes were measured using a Neiko
electronic caliper. SDS-PAGE analysis was carried out using Bio-Rad
Any kD precast polyacrylamide gels with staining by Coomassie
brilliant blue and comparison to a Bio-Rad Precision Plus Protein
Dual Xtra pre-stained protein standard ladder.

Compound Purity Statement. All compounds are >95% pure by
HPLC analysis. Epimerization of some compounds, presumably at
C4, was observed. The “epimeric purity” of each test compound was
determined by LCMS and is reported in the Experimental Section.

Synthesis of C9-Substituted aTC Derivatives. C9−NO-aTC
(2). A 25 mL Erlenmeyer flask was charged with aTC (0.1814 g, 0.392
mmol) and 9 mL of 0.1 M HCl (aq) and cooled to 0 °C in an ice
water bath to form a bright yellow suspension. Solid NaNO2 (0.0406
g, 0.588 mmol) was dissolved in 2.2 mL of 0.1 M HCl (aq) in a
separate vial and was transferred dropwise over 15 min to the
suspension of aTC at 0 °C. The rusty orange reaction mixture was
then filtered through a 0.45 μm PTFE syringe filter into a 100 mL
round bottom flask containing 10 mL of MeOH to give a dark red
filtrate. The original reaction flask was washed with 3 × 5 mL of 0.1 M
HCl (aq), and the washes were subsequently filtered through the
same syringe filter into the 100 mL round bottom flask. The solution
was concentrated under reduced pressure via rotary evaporation to
yield a reddish-orange residue. The residue was dissolved in minimal
amounts of MeOH and diluted with 150 mL of Et2O and cooled to 4
°C to induce precipitation of the product. After ∼24 h, the solvent
was removed via pipet, and the orange solid was triturated with fresh
Et2O. The solid was dried under a stream of N2 gas to yield
compound 2 as the corresponding HCl salt (powdery, bright orange
solid; 0.1659 g, 86% yield). The resulting solid was used for the next
step without further purification. 1H NMR (500 MHz, DMSO-d6): δ
(ppm) 9.29 (s, 1H) 6.66−6.59 (m, 2H), 3.22 (d, J = 17 Hz, 1H), 3.00
(dd, J = 17 Hz, 5 Hz), 2.39 (s, 6H), 2.22 (s, 3H). 13C NMR (151
MHz, DMSO-d6): δ (ppm) 192.4, 167.0, 141.5, 118.8, 117.7, 42.0,
40.3, 26.5, 13.6. LCMS purity 98%. MS (ESI+): [M + H]+; found,
455.9. High-resolution mass spectrometry (HRMS) (time-of-flight
(TOF) MS ESI+): calcd for C22H21N3O8 [M + H]+, 456.1401; found,
456.1387.

C9−NH2-aTC (3). Compound 2 (0.1659 g, 0.337 mmol) was added
as a solid to an oven-dried 100 mL round-bottom flask. The solid was
dissolved in a few mL of MeOH, and 25 drops of 1 M NaOH (aq)
were added while gently swirling the flask. The resulting dark reddish-
purple solution was concentrated under reduced pressure via rotary
evaporation and dried for ∼48 h under vacuum to yield a dark purple
solid. After drying under vacuum, the flask was backfilled with Ar gas
and charged with 17 mL of anhydrous MeOH (DriSolv). The flask
was sonicated to help dissolve residual solids. The flask was charged
with 10% Pd/C (0.008 g, 5% by mass) and exposed to H2 gas with
direct bubbling into the MeOH solution (15 min). After 15 min, the
vent needle was removed, and the reaction mixture was left to stir
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under an H2 atmosphere (∼1 atm balloon) until complete (5 h as
judged by LC−MS analysis). The reaction mixture was acidified by
the addition of 8 mL of 1 M HCl (aq) prior to filtration through
Celite. The filtrate and combined MeOH washings were concentrated
under reduced pressure via rotary evaporation to yield a brown
residue. The residue was dissolved in a minimal amount of MeOH,
diluted with 150 mL Et2O, and cooled to 4 °C to induce precipitation
of the product. After ∼24 h, the solvent was removed via pipet, and
the light brown solid was triturated with fresh Et2O. The solid was
dried under a stream of N2 gas to yield compound 3 as the
corresponding HCl salt (powdery, light brown solid; 0.1264 g, 73%
yield). The resulting solid was used for the next step without further
purification. 1H NMR (600 MHz, DMSO-d6): δ (ppm) 9.60 (s, 1H),
9.23 (s, 1H), 7.63−7.51 (m, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.38 (d, J
= 6.7 Hz, 1H), 3.49−3.45 (m, 3H), 2.97−2.91 (m), 2.38 (s, 3H). 13C
NMR (151 MHz, DMSO-d6): δ (ppm) 188.1, 172.6, 172.1, 121.7,
115.2, 112.4, 108.9, 97.8, 97.1, 76.8, 76.3, 66.7, 66.2, 44.3, 34.0, 26.3,
15.2, 14.0. LCMS purity 99%. MS (ESI+): [M + H]+; found, 442.0.
High-resolution mass spectrometry (HRMS) (time-of-flight (TOF)
MS ESI+): calcd for C22H23N3O7 [M + H]+, 442.1609; found,
442.1594.

General Procedure (A) for the Synthesis of C9-Amido-aTC
Analogues (4−15). Acetic acid (0.056 mL, 0.972 mmol) and
DIPEA (0.271 mL, 1.556 mmol) were dissolved in 26 mL of
anhydrous DMF (DriSolv) in a dry 100 mL round-bottom flask
charged with HATU (0.3696 g, 0.972 mmol). The clear solution
turned pale yellow and was stirred at room temperature for 10 min
before the addition of compound 3 (HCl salt). The dark brown
reaction solution was stirred for 5 min at room temperature, and then
quenched with 5 mL of 1 M HCl (aq) and concentrated under
reduced pressure via rotary evaporation to yield a dark brown residue.
The residue was dissolved in MeOH, filtered through a 0.45 μm
PTFE syringe filter, and purified by RP-C18 prep-HPLC to provide
the desired products 4−15 as the corresponding formic acid salts.

(4S,4aS,12aS)-9-Acetamido-4-(dimethylamino)-3,10,11,12a-tet-
rahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-hexahydrotetra-
cene-2-carboxamide (4). Compound 4 was prepared according to
general procedure A and was obtained in 25% yield as a brown solid.
1H NMR (500 MHz, DMSO-d6): δ 9.64 (d, J = 4.2 Hz, 0H), 9.34 (s,
1H), 9.23 (s, 2H), 9.14 (s, 2H), 8.96 (s, 1H), 8.12 (t, J = 10 Hz, 2H),
7.37 (d, J = 8.8 Hz, 1H), 7.08 (s, 1H), 6.81 (s, 1H), 4.66 (s, 1H),
3.16−3.09 (m, 2H), 2.93 (s, 4H), 2.42 (s, 6H), 2.36 (s, 3H), 2.22 (s,
2H), 2.11 (d, J = 7.8 Hz, 4H). 13C NMR (126 MHz, DMSO-d6): δ
168.6, 164.6, 163.0, 135.2, 41.7, 38.3, 23.8, 23.6, 13.9, 13.7. Prep-
HPLC tR 13m. LCMS epimeric purity 82%. MS (ESI+): [M + H]+;
found, 483.8. High-resolution mass spectrometry (HRMS) (time-of-
flight (TOF) MS ESI+): calcd for C24H25N3O8 [M + H]+, 484.1714;
found, 484.1697.

(4S,4aS,12aS)-9-(5-Aminopentanamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (5). Compound 5 was prepared
according to general procedure A and was obtained in 21% yield as a
brown solid. 1H NMR (500 MHz, DMSO-d6): δ 8.76 (d, J = 4.4 Hz,
1H), 8.52 (d, J = 8.4 Hz, 1H), 7.95 (s, 1H), 7.52 (d, J = 4.4 Hz, 1H),
7.50 (d, J = 4.4 Hz, 1H), 3.16 (s, 3H), 3.13−3.10 (m, 2H), 2.89 (s,
6H), 2.73 (s, 5H), 2.43 (s, 1H), 2.16−2.11 (m, 2H), 2.07 (s, 1H)
1.69−1.65 (m, 2H), 1.65−1.59 (m, 2H). 13C NMR (126 MHz,
DMSO-d6): δ 172.60, 172.08, 170.44, 162.30, 161.68, 159.39, 151.07,
149.08, 139.66, 136.39, 134.60, 128.80, 120.87, 120.68, 116.23,
112.27, 109.31, 109.19, 97.12, 77.03, 76.35, 53.26, 48.58, 41.25, 38.25,
35.79, 34.06, 31.17, 30.77, 21.89, 20.55, 16.70, 14.08, 14.02, 1.16.
Prep-HPLC tR 13m. LCMS epimeric purity 60%. MS (ESI+): [M +
H]+; found, 540.3. High-resolution mass spectrometry (HRMS)
(time-of-flight (TOF) MS ESI+): calcd for C27H32N4O8 [M + H]+,
540.2215; found, 540.2452.

(4S,4aS,12aS)-9-Benzamido-4-(dimethylamino)-3,10,11,12a-tet-
rahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-hexahydrotetra-
cene-2-carboxamide (6). Compound 6 was prepared according to
general procedure A and was obtained in 21% yield as a brown solid.
1H NMR (500 MHz, DMSO-d6): δ (ppm) 8.08−8.02 (m, 3H), 7.64−

7.53 (m, 4H) 3.16 (s, 3H), 2.98−2.94 (m, 1H), 2.90−2.88 (m, 1H),
2.44 (s, 1H), 2.40 (s, 1H), 2.07 (s, 6H). 13C NMR (125 MHz,
DMSO-d6): δ (ppm) 165.2, 136.0, 134.2, 131.7, 130.2, 128.5, 128.2,
127.6, 126.9, 121.3, 118.0, 114.9, 112.1, 108.9, 76.4, 48.5, 47.9, 47.7,
47.6, 47.4, 47.2. Prep-HPLC tR 14m. LCMS epimeric purity 98%. MS
(ESI+): calcd for C29H27N3O8 [M + H]+, 546.2; found, 546.2.

(4S,4aS,12aS)-9-(2-Nitrobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (7). Compound 7 was prepared
according to general procedure A and was obtained in 5% yield as an
orange solid. 1H NMR (500 MHz, DMSO-d6): δ (ppm) 8.19 (d, J = 9
Hz, 1H), 8.15 (d, J = 9 Hz, 1H), 7.88 (t, J = 7.5 Hz, 1H), 7.79 (d, J =
8 Hz, 1H), 7.75 (d, J = 8 Hz, 1H), 7.62−7.56 (m, J = 5 Hz, 1H),
3.54−3.42 (m, 1H), 3.01 (s, 1H), 2.98−2.94 (m, 1H), 2.89 (s, 6H),
2.44 (s, 3H). 13C NMR (125 MHz, DMSO-d6): δ (ppm) 172.6,
172.1, 164.7, 162.9, 148.6, 146.5, 134.0, 132.6, 130.8, 129.3, 124.1,
121.2, 114.9, 112.1, 76.9, 76.4, 48.6, 35.8, 14.0. Prep-HPLC tR 14m.
LCMS epimeric purity 75%. MS (ESI+): [M + H]+; found, 591.2.
High-resolution mass spectrometry (HRMS) (time-of-flight (TOF)
MS ESI+): calcd for C29H26N4O10 [M + H]+, 591.1722; found,
591.1720.

(4S,4aS,12aS)-9-(2-Fluorobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (8). Compound 8 was prepared
according to general procedure A and was obtained in 8% yield as a
dark orange solid. 1H NMR (500 MHz, DMSO-d6): δ 9.71 (d, J = 7.6
Hz, 2H), 8.42 (d, J = 8.9 Hz), 7.91 (t, J = 7.2 Hz, 2H), 7.87 (td, J =
7.9, 1.6 Hz, 1H), 7.67−7.62 (m, 3H), 7.58 (d, J = 8.9 Hz), 7.41 (d, J =
9.6 Hz, 2H), 7.38 (d, J = 7.2 Hz, 2H), 7.32 (td, J = 4.5, 1.2 Hz, 1H),
7.30 (d, J = 7.9 Hz, 1H), 3.17 (s, 6H), 2.43 (s, 3H). 13C NMR (125
MHz, DMSO-d6): δ (ppm) 134.7, 134.6, 131.9, 130.8, 124.9, 124.5,
124.4, 117.0, 116.8, 116.3, 112.0, 76.4, 64.9, 48.6. Prep-HPLC tR 14m.
LCMS epimeric purity 95%. MS (ESI+): [M + H]+; found, 564.2.
High-resolution mass spectrometry (HRMS) (time-of-flight (TOF)
MS ESI+): calcd for C29H26FN3O8 [M + H]+, 564.1777; found,
564.1775.

(4S,4aS,12aS)-9-(2-Chlorobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (9). Compound 9 was prepared
according to general procedure A and was obtained in 10% yield as an
orange solid. 1H NMR (500 MHz, DMSO-d6): δ (ppm) 8.17 (d, J =
8.9, 1H) 7.67−7.63 (m, 1H), 7.60−7.57 (m, 1H), 7.57−7.55 (s, 1H),
7.55−7.50 (m, 1H), 7.50−7.45, (m, 1H), 3.55−3.50 (m, 1H), 3.16 (s,
3H), 2.99−2.95 (m, 1H), 2.89 (s, 1H), 2.47−2.42 (m, 1H), 2.36 (s,
6H). 13C NMR (125 MHz, DMSO-d6): δ (ppm) 165.3, 136.4, 131.2,
130.1, 129.7, 129.3, 127.2, 115.0, 48.6, 30.7, 14.0. Prep-HPLC tR 14m.
LCMS epimeric purity 75%. MS (ESI+): [M + H]+; found, 579.6.
High-resolution mass spectrometry (HRMS) (time-of-flight (TOF)
MS ESI+): calcd for C29H26ClN3O8 [M + H]+, 580.1481; found,
580.1465.

(4S,4aS,12aS)-9-(2-Iodobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (10). Compound 10 was
prepared according to general procedure A and was obtained in
16% yield as a brown solid. 1H NMR (500 MHz, DMSO-d6): δ 8.16
(d, J = 9 Hz, 1H), 7.94 (d, J = 7.7, 1H), 7.59−7.50 (m, 3H), 7.24 (td,
J = 7.7, 2.0, 1H), 3.52−3.48 (m, 1H), 3.03−3.01 (m, 1H), 2.98−2.94
(m, 2H), 2.44 (s, 1H), 2.39 (s, 3H). 13C NMR (125 MHz, DMSO-
d6): δ (ppm) 172.6, 167.9, 163.0, 142.5, 139.1, 131.1, 128.2, 128.0,
112.2, 93.8, 76.4, 64.9, 15.2, 14.0. LCMS epimeric purity 97%. MS
(ESI+): M + H]+; found, 671.6. High-resolution mass spectrometry
(HRMS) (time-of-flight (TOF) MS ESI+): calcd for C29H26IN3O8
[M + H]+, 672.0837; found, 672.0819.

(4S,4aS,12aS)-9-(3-Fluorobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (11). Compound 11 was
prepared according to general procedure A and was obtained in 6%
yield as an orange solid. 1H NMR (500 MHz, DMSO-d6): δ 8.03−
7.75 (m), 7.60−7.57 (m), 7.44−7.41 (m), 7.35−7.30 (m), 3.17 (s),
2.89 (s), 2.73 (s), 2.43−2.32 (m). Prep-HPLC tR 14m. LCMS
epimeric purity 98%. MS (ESI+): [M + H]+; found, 564.2. High-
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resolution mass spectrometry (HRMS) (time-of-flight (TOF) MS ESI
+): calcd for C29H26FN3O8 [M + H]+, 564.1777; found, 564.1761.

(4S,4aS,12aS)-9-(3-Chlorobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (12). Compound 12 was
prepared according to general procedure A and was obtained in 5%
yield as an orange solid. 1H NMR (500 MHz, DMSO-d6): δ 10.00 (s,
1H), 9.64 (s, 1H), 9.38 (d, J = 13.4 Hz, 1H), 9.24 (s, 2H), 8.09−8.07
(m, 1H), 7.99−7.96 (m, 3H), 7.69 (ddd, J = 8.0, 2.1, 0.9 Hz, 2H),
7.61−7.53 (m, 3H), 3.39−3.36 (m), 3.17 (s, 1H), 2.91 (s, 6H), 2.44
(s, 3H), 2.41−2.39 (m, 1H). 13C NMR (125 MHz, DMSO-d6) 172.1,
168.6, 163.0, 150.0, 136.8, 136.3, 133.3, 131.5, 130.5, 130.3, 127.5,
127.4, 126.4, 121.0, 114.9, 112.3, 108.9, 76.34, 14.00, 13.60. Prep-
HPLC tR 14m. LCMS epimeric purity 98%. MS (ESI+): [M + H]+;
found, 580.2. High-resolution mass spectrometry (HRMS) (time-of-
flight (TOF) MS ESI+): calcd for C29H26ClN3O8 [M + H]+,
580.1481; found, 580.1467.

(4S,4aS,12aS)-9-(4-Bromobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (13). Compound 13 was
prepared according to general procedure A and was obtained in 5%
yield as a dark brown solid. 1H NMR (500 MHz, DMSO-d6): δ 9.92
(d, J = 6.2 Hz, 1H), 7.98 (t, J = 8.0 Hz, 4H), 7.76 (d, J = 8.5 Hz, 2H),
7.54 (dd, J = 9.1, 5.8 Hz, 2H), 4.94 (d, J = 3.0 Hz, 1H), 2.87 (s, 1H),
2.77 (d, J = 4.6 Hz, 1H), 2.43 (s, 6H), 2.39 (s, 3H). Prep-HPLC tR
14m. LCMS epimeric purity 65%. MS (ESI+): [M + H]+; found,
623.5. High-resolution mass spectrometry (HRMS) (time-of-flight
(TOF) MS ESI+): calcd for C29H26BrN3O8 [M + H]+, 624.0976;
found, 624.0962.

(4S,4aS,12aS)-9-(4-Nitrobenzamido)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (14). Compound 14 was
prepared according to general procedure A and was obtained in
15% yield as a rusty orange solid. 1H NMR (600 MHz, DMSO-d6): δ
8.38 (d, J = 7.5, 2H), 8.25 (d, J = 7.5, 2H), 7.99 (d, J = 9, 1H), 7.57−
7.54 (m, 1H), 3.50−3.44 (m, 1H), 3.17−3.07 (m, 1H), 3.00−2.97
(m, 1H), 2.86−2.81 (m, 1H), 2.54 (s, 6H) 13C NMR (151 MHz,
DMSO-d6): δ 199.19, 190.07, 187.99, 172.58, 172.21, 163.88, 163.22,
162.35, 150.16, 149.22, 148.87, 140.51, 140.01, 136.49, 134.15,
131.88, 130.73, 130.59, 130.40, 129.22, 128.82, 123.62, 123.44,
122.14, 121.93, 120.73, 120.68, 118.58, 114.84, 114.65, 112.26,
112.21, 108.93, 97.06, 76.86, 76.39, 67.10, 66.25, 44.49, 40.43, 38.43,
27.16, 26.08, 14.04, 14.00. Prep-HPLC tR 14m. LCMS epimeric purity
90%. MS (ESI+): [M + H]+; found, 590.6. High-resolution mass
spectrometry (HRMS) (time-of-flight (TOF) MS ESI+): calcd for
C29H26N4O10 [M + H]+, 591.1722; found, 591.1708.

(4S,4aS,12aS)-4-(Dimethylamino)-3,10,11,12a-tetrahydroxy-6-
methyl-1,12-dioxo-9-(2-phenylacetamido)-1,4,4a,5,12,12a-hexa-
hydrotetracene-2-carboxamide (15). Compound 15 was prepared
according to general procedure A and was obtained in 30% yield as a
brown oil. 1H NMR (600 MHz, DMSO-d6): δ 8.08 (d, 1H), 7.38−
7.23 (m, 7H), 3.56 (s, 2H), 2.99−2.94 (m, 2H) 2.61 (s, 2H), 2.37 (s,
6H), 2.32−2.24 (m, 2H), 2.18 (s, 3H). Prep-HPLC tR 16m. LCMS
epimeric purity 95%. MS (ESI+): calcd for C30H29N2O8 [M + H]+,
559.2; found, 559.9.

General Procedure (B) for Synthesis of C9-Amino-aTC
Analogues (16−20). To a clean, dry round-bottom flask, equipped
with a stir bar, was added C9−NH2-aTC-NH2 HCl salt (compound
3) (0.1069 mmol) as a solution in 5.0 mL of anhydrous MeOH
(DriSolv) under an Ar atmosphere. A solution of Et3N (14.91 mL,
0.1069 mmol) in 1.5 mL of anhydrous MeOH was prepared in a
separate vial and transferred to the brown stirring solution of 3. The
benzaldehyde substrate (0.1925 mmol) was dissolved in 1 mL of
anhydrous MeOH in a separate vial and transferred to the reaction in
one portion. Na(OAc)3BH (0.0793 g, 0.3742 mmol) was added in
one portion to the reaction mixture as a solid. The reaction mixture
was stirred for 3 h at room temperature prior to the addition of a
second portion of Na(OAc)3BH (0.0226 g, 0.1069 mmol). The
reaction mixture was stirred for an additional 3 h prior to quenching
with a solution of saturated NaHCO3 (aq). The quenched reaction
mixture was concentrated under reduced pressure via rotary

evaporation. The dark red solid was dissolved in MeOH and filtered
through a 0.45 μM PTFE syringe filter prior to purification by RP-
C18 prep-HPLC to provide the desired products 16−20 as the
corresponding formic acid salts.

(4S,4aS,12aS)-9-Benzylamino-4-(dimethylamino)-3,10,11,12a-
tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-hexahydrote-
tracene-2-carboxamide (16). Compound 16 was prepared according
to general procedure B and was obtained in 22% yield as a red solid.
1H NMR (600 MHz, DMSO-d6): δ (ppm) 7.36 (d, J = 7.5 Hz, 1H),
7.30 (d, J = 7.4 Hz, 2H), 7.28 (d, 1H), 7.20 (d, J = 7.4 Hz, 2H),
6.93−6.89 (m, 1H), 3.28−3.23 (m, 1H), 3.05−2.99 (m, 1H), 2.63−
2.59 (m, 1H), 2.53 (s, 3H), 2.41 (s, 6H), 2.26 (d, 1H) 13C NMR
(151 MHz, DMSO-d6): δ 193.25, 192.62, 191.41, 173.03, 163.04,
157.84, 157.05, 141.57, 134.59, 132.87, 129.84, 129.49, 129.25,
129.17, 128.83, 128.65, 128.57, 128.47, 128.21, 126.89, 126.84,
126.36, 126.30, 117.40, 116.23, 113.53, 113.22, 112.01, 111.85,
109.73, 46.76, 42.36, 41.73, 34.39, 32.41, 31.10, 29.02, 24.59, 22.64,
22.03, 17.02, 13.99, 13.59. Prep-HPLC tR 16m. LCMS epimeric purity
92%. MS (ESI+): [M + H]+; found, 531.8. High-resolution mass
spectrometry (HRMS) (time-of-flight (TOF) MS ESI+): calcd for
C29H29N3O7 [M + H]+, 532.2078; found, 532.2079.

(4S,4aS,12aS)-9-(4-Nitrobenzylamino)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (17). Compound 17 was
prepared according to general procedure B and was obtained in 5%
yield as a red solid. 1H NMR (600 MHz, DMSO-d6): δ 8.27 (d, J =
8.7 Hz, 1H), 8.20 (d, J = 8.7 Hz, 2H), 8.14 (s, 1H), 7.59 (d, J = 8.6
Hz, 2H), 5.53 (t, J = 5.5 Hz, 1H), 4.64 (d, J = 5.1 Hz, 2H), 3.30 (s,
20H), 2.62−2.60 (m, 1H), 2.48−2.45 (m, 3H), 2.40 (s, 3H), 2.36 (s,
13H). 13C NMR (151 MHz, DMSO-d6): δ 163.06, 137.82, 130.65,
128.17, 127.70, 127.03, 124.30, 123.91, 123.62, 123.29, 61.99, 41.81,
29.02, 13.71. Prep-HPLC tR 16m. LCMS epimeric purity 90%. MS
(ESI+): calcd for C29H28N4O9 [M + H]+, 577.2; found, 576.7.

(4S,4aS,12aS)-9-(4-Methylbenzylamino)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (18). Compound 18 was
prepared according to general procedure B and was obtained in
20% yield as a red solid. 1H NMR (600 MHz, DMSO-d6): δ (ppm)
7.83 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 7.9 Hz, 1H), 7.24 (d, J = 7.4 Hz,
2H), 7.09 (d, J = 7.4 Hz, 2H), 4.41 (s, 2H), 3.28−3.25 (m, 1H),
3.05−3.02 (m, 1H), 2.63−2.60 (m, 1H), 2.39−2.37 (m, 1H) 2.38 (s,
6H), 2.37 (s, 3H), 2.24 (s, 3H). 13C NMR (151 MHz, DMSO-d6): δ
(ppm) 191.55, 177.41, 173.03, 172.76, 167.28, 163.03, 157.73,
143.01, 137.58, 137.21, 135.58, 135.32, 132.81, 130.88, 129.83,
129.31, 129.21, 129.10, 128.87, 128.60, 128.00, 127.14, 126.92,
126.83, 125.44, 117.65, 116.24, 115.25, 113.39, 113.18, 111.73,
109.71, 108.01, 76.59, 47.14, 46.70, 45.70, 41.73, 40.29, 34.36, 26.99,
24.58, 23.90, 21.11, 20.63, 13.71, 13.56. Prep-HPLC tR 16m. LCMS
epimeric purity 98%. MS (ESI+): [M + H]+, 545.8. High-resolution
mass spectrometry (HRMS) (time-of-flight (TOF) MS ESI+): calcd
for C30H31N3O7 [M + H]+, 546.2235; found, 546.2235.

(4S,4aS,12aS)-9-(4-Bromobenzylamino)-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (19). Compound 19 was
prepared according to general procedure B and was obtained in
30% yield as a bright red solid. 1H NMR (600 MHz, DMSO-d6): δ
(ppm) 7.86 (d, J = 8.3 Hz, 1H), 7.70 (d, J = 8.3, 1H), 7.51 (d, J = 8.1
Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 4.46 (s, 2H), 3.32 (s, 6H), 3.25−
3.15 (m, 1H), 3.02−2.94 (m, 1H), 2.38 (s, 3H), 2.25−2.23 (m, 1H)
13C NMR (151 MHz, DMSO-d6): δ (ppm) 163.02, 141.91, 140.48,
131.55, 131.20, 130.80, 128.46, 119.42, 62.03, 41.79, 28.92, 24.51.
Prep-HPLC tR 16m. LCMS epimeric purity 98%. MS (ESI+): [M +
H]+, 609.9. High-resolution mass spectrometry (HRMS) (FT-ICR
APCI+) calcd for C29H28BrN3O7 [M + H]+, 610.1183; found,
610.1163.

(4S,4aS,12aS)-9-(4-Trifluoromethylbenzylamino)-4-(dimethyla-
mino)-3 ,10 ,11 ,12a-tet rahydroxy-6-methy l -1 ,12-d ioxo-
1,4,4a,5,12,12a-hexahydrotetracene-2-carboxamide (20). Com-
pound 20 was prepared according to general procedure B and was
obtained in 25% yield as a red solid. 1H NMR (600 MHz, DMSO-d6):
δ (ppm) 7.66 (d, J = 8.1 Hz, 2H), 7.57 (d, J = 8.1 Hz, 2H), 7.25 (d, J
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= 8.9 Hz, 1H), 7.00 (d, J = 8.9 Hz, 1H), 4.57 (s, 2H), 3.27 (d, J = 16
Hz, 2H), 3.09−3.02 (m, J = 17, 16, 5.9 Hz, 1H), 2.54 (s, 1H), 2.38 (s,
5H), 2.27 (s, 3H). 13C NMR (151 MHz, DMSO-d6): δ (ppm)
172.76, 163.02, 146.19, 145.69, 132.53, 130.09, 129.61, 129.32,
128.53, 127.55, 127.35, 127.14, 126.93, 125.52, 125.15, 123.45,
121.65, 117.29, 111.59, 108.04, 76.54, 45.74, 41.69, 39.92, 39.78,
39.64, 39.50, 39.36, 39.22, 39.08, 34.36, 28.99, 23.89, 13.70, 13.54,
8.59. Prep-HPLC tR 16m. LCMS epimeric purity 99%. MS (ESI+):
calcd for C30H28F3N3O7 [M + H]+, 600.2; found, 600.2.

(4S,4aS,12aS)-9-Phenethylamino-4-(dimethylamino)-
3,10,11,12a-tetrahydroxy-6-methyl-1,12-dioxo-1,4,4a,5,12,12a-
hexahydrotetracene-2-carboxamide (21). To a clean, dry round-
bottom flask, equipped with a stir bar, was added aTC-NH2
hydrochloride (compound 3) (63.8 mg, 0.124 mmol) and DriSolv
methanol (6.0 mL) under an argon atmosphere. Et3N (18.7 μL,
0.1341 mmol) was dissolved in 1.2 mL of methanol in a separate vial
and transferred to the brown stirring solution. The dark red reaction
mixture was cooled to 0 °C. Phenylacetaldehyde, synthesized via
Dess−Martin oxidation of phenethyl alcohol, was dissolved in 1 mL of
methanol in a separate vial and transferred to the reaction. The
reaction was stirred for 5 min. Na(OAc)3BH (0.0788 g, 0.3720
mmol) was added in one portion, and the reaction was stirred for 1 h.
The reaction was quenched with a saturated sodium bicarbonate
solution and concentrated under reduced pressure. The dark red solid
was filtered through a 0.45 μM PTFE syringe filter and purified by
preparative HPLC (tR = 15m) to provide the formate salt (pink solid,
0.0110 g, 15% yield). 1H NMR (600 MHz, DMSO-d6): δ (ppm)
7.34−7.23 (m, 10H), 3.56 (s, 2H), 3.21−3.18 (m, 2H), 3.10−3.06
(m, 1H), 2.94−2.90 (m, 1H), 2.73−7.69 (m, 1H), 2.39 (s, 8H) 13C
NMR (151 MHz, DMSO): δ 172.66, 139.62, 135.00, 129.34, 128.72,
128.65, 128.37, 128.33, 128.21, 126.81, 126.55, 126.08, 108.05, 47.83,
45.71, 44.68, 40.67, 39.94, 39.80, 39.66, 39.52, 39.38, 39.24, 39.10,
35.10, 34.37, 31.69, 13.78. LCMS epimeric purity 90%. MS (ESI+):
[M + H]+, 546.0. High-resolution mass spectrometry (HRMS) (time-
of-flight (TOF) MS ESI+) calcd for C30H31N3O7 [M + H]+,
546.2235; found, 546.2242.

Cloning, Expression, and Purification of TDases. All genes
encoding TDases used in this study were cloned into pET28b(+)
vectors (Novagen) as previously described (BamHI and NdeI
restriction sites) and transformed into BL21-Star (DE3) competent
cells (Life Technologies). Cells were cultured at 37 °C in lysogeny
broth (LB) containing kanamycin (Kan) at 0.03 mg/mL (final
concentration); once the culture reached an OD600 of ∼0.6, the cells
were cooled to 0 °C in an ice water bath. Protein expression was
induced by the addition of 1 mM IPTG (final concentration), and
cells were grown at 15 °C for 12−15 h. To harvest protein, the
induced cells were pelleted by centrifugation at 4000 rpm for 15 min
(4 °C) and resuspended in cold 40 mL of lysis buffer (50 mM
K2HPO4, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 5 mM
BME, pH 8.0) containing SIGMAFAST protease inhibitor (Millipore-
Sigma). Cell suspensions were flash frozen in liquid nitrogen and
stored at −80 °C. Frozen cell suspensions were thawed and
mechanically lysed using an Avestin EmulsiFlex-C5 cell disruptor,
and the resultant lysate was clarified via ultracentrifugation at 45,000
rpm for 35 min at 4 °C. The clarified supernatant was transferred to a
fritted column containing washed and equilibrated Ni-NTA resin and
incubated for 30−45 min with gentle rocking. Resin was then washed
with lysis buffer (2 × 40 mL), and the protein was eluted from the
resin with elution buffer (5 × 10 mL elutions, 50 mM K2HPO4, 500
mM NaCl, 5 mM BME, 300 mM imidazole, 10% glycerol, pH 8.0).
Fractions containing the desired proteins (as judged by SDS-PAGE
analysis) were combined and transferred to a 10,000 molecular weight
cutoff (MWCO) Snakeskin dialysis tubing (Thermo Scientific) and
equilibrated in dialysis buffer (50 mM K2HPO4 pH 8.0, 150 mM
NaCl, 1 mM DTT) overnight. Dialyzed protein solutions were
concentrated using a 30,000 MWCO Amicon centrifugal filter
(Millipore-Sigma), and the concentrated protein solution was flash
frozen as beads in liquid nitrogen (50 μL portions) and stored at −80
°C. The % FAD for each batch of protein varies and is determined by
back calculation from a denaturated aliquot of enzyme using optical

absorbance with the published extinction coefficient of 11,300 M−1

cm−1 for FAD. On average, batches of Tet(50) and Tet(X7) ranged
from 20 to 60% FAD with an average of 30% FAD for batches of
Tet(50) and 50% FAD for batches of Tet(X7).

Characterization of Substrate and Inhibitor Degradation
and Hydrogen Peroxide Detection by In Vitro TDase
Reaction. TDase reactions were prepared in 100 mM TAPS buffer
(pH 8.5) with an NADPH regenerating system (40 mM G6P, 4 mM
NADP+, 1 mM MgCl2, 4 U/mL G6P dehydrogenase) or 252 μM
NADPH and 5.04 mM MgCl2, 20 μM substrate (15 μM substrate and
30 μM inhibitor in mixed assays), and 0.24 μM TDase enzyme
[Tet(X7) and Tet(50)] (all concentrations represent final protein
concentrations based on absorbance at 280 nm with % FAD-bound
protein ranging from 20 to 60% batch-to-batch). Reaction progress
was monitored by optical absorbance spectroscopy (280−550 nm, 5
min intervals) over 2 h. Aliquots of reaction sample (150 μL) were
removed and quenched (600 μL of 1:1 acetonitrile/0.25 M aqueous
HCl) immediately after enzyme was added (0 min) and at 5, 30, 60,
90, and 120 min intervals. The quenched samples were centrifuged
(5000 rpm, 4 °C) for 5 min, and 600 μL of the resulting supernatant
was mixed with an Fmoc-Ala internal standard (3.12 μM final
concentration) and analyzed by LC−MS in positive ion mode (single
trial). Extracted ion chromatograms for the expected [M + H]+
molecular ions corresponding to substrate and mono-hydroxylated
product were normalized to the Fmoc-Ala internal standard [M + H]+
counts. A separate 20 μL aliquot of the reaction mixture was removed
at 0, 5, 30, 60, 90, and 120 min timepoints and used for colorimetric
detection of hydrogen peroxide formation performed using an
aqueous Pierce Quantitative Peroxide Assay Kit (Thermo Scientific).
Each 20 μL aliquot (performed in triplicate on three separate aliquots
for each timepoint) was added to a 96-well plate containing 200 μL of
working reagent (prepared according to specifications for the Pierce
Quantitative Peroxide Assay Kit). The plate was incubated for at least
20 min at room temperature, and optical absorbance was measured at
595 nm. Control reactions containing no TDase enzyme or no
compound were also performed to determine background signals, and
no significant substrate/inhibitor degradation or H2O2 formation were
observed (Figure S16).

Apparent Steady-State Kinetics of aTC Inactivation and
Inhibitor Acceleration of NADPH Consumption. Reactions were
prepared in 100 mM TAPS buffer at pH 8.5 with varying amounts of
aTC (0−60 μM), 504 μM NADPH, 5.04 mM MgCl2, and 0.4 μM
TDase (final protein concentration; working concentration of the
active enzyme is predicted to be 0.08−0.24 μM based on FAD
content). Reactions were initiated by the addition of TDase and were
monitored continuously via optical absorbance spectroscopy at 440
nm for aTC degradation or 360 nm for NADPH consumption for 2
min (performed in triplicate as independent trials). Initial enzyme
velocities were determined by linear regression using Agilent Cary
WinUV Software over the linear range of the reaction (typically
between 0 and 1 min), plotted against the concentration of the
substrate, and fitted to the Michaelis−Menten equation using
GraphPad Prism 6.

Lineweaver−Burke Kinetics of Inhibition of NADPH and TC
Consumption. Reactions were prepared in 100 mM TAPS buffer at
pH 8.5 with varying amounts of NADPH [3−65 μM for Tet(X7); 3−
260 μM for Tet(50)] or TC [2−30 μM for both Tet(X7) and
Tet(50)], 5.04 mM MgCl2, and 0.4 μM TDase (final protein
concentration; working concentration of active enzyme is predicted to
be 0.08−0.24 μM based on FAD content). Reactions were initiated by
the addition of TDase and were monitored continuously via optical
absorbance spectroscopy at 400 nm for up to 2 min (performed in
triplicate as independent trials). Initial enzyme velocities were
determined by linear regression using Agilent Cary WinUV Software
over the linear range of the reaction (typically between 0 and 1 min),
plotted against the concentration of the substrate, and fitted to the
Michaelis−Menten equation using GraphPad Prism 6.

Determination of Apparent TDase Inhibitor IC50 Values.
Half-maximal inhibitory concentrations (IC50) for the inhibition of
Tet(X7) and Tet(50) were determined from the velocities of TC
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degradation in the presence of varying concentrations of inhibitor.
Reaction samples were prepared in 100 mM TAPS buffer (pH 8.5)
with 504 μM NADPH, 5.04 mM MgCl2, 25.3 μM TC, varying
concentrations of inhibitor (typically 2−262 μΜ), and 0.4 μM TDase
(final protein concentration; working concentration of active enzyme
is predicted to be 0.08−0.24 μM based on FAD content). Reactions
were initiated by the addition of TDase and were monitored
continuously via optical absorbance spectroscopy at 400 nm for 3 min
(performed in triplicate as independent trials). Initial enzyme
velocities were determined by linear regression using Agilent Cary
WinUV Software over the linear range of the reaction (typically
between 0 and 1 min). The velocities were plotted against the
logarithm of inhibitor concentration, and apparent IC50 values were
determined using nonlinear regression analysis in GraphPad Prism v6.
Each set of experiments included a no-TDase control reaction, which
was used as the full enzyme inhibition velocity and assigned to
inhibitor concentration of 1 × 1015, and a no-inhibitor control, which
was assigned an inhibitor concentration of 1 × 10−15. A no-TC
control was also performed to search for potentially competitive
background signals generated from the enzymatic degradation of the
inhibitor itself. For all inhibitor−enzyme combinations, the initial
velocities of the no-TC controls were negligible.

Antibiotic Susceptibility Testing�Broth Microdilution
Method. Inhibitors were diluted to 20 mg/mL in DMSO, then
diluted to 256 μg/mL in cation-adjusted MH-II broth supplemented
with 50 μg/mL Kan. Inhibition panels were prepared by performing a
two-fold dilution series of each inhibitor, including a no-drug control,
resulting in a concentration gradient of 0−128 μg/mL in MH-II broth
containing a constant concentration of TC (16 μg/mL; final working
concentration). E. coli MegaX (Invitrogen) expressing a TDase
[Tet(X7) or Tet(50)] in the pZE21 plasmid vector were cultured to
an OD600 of 0.3−0.8, then inoculated into the inhibition panel for a
final concentration of ∼5 × 106 cfu/mL, including three replicates per
inhibitor and a no-inocula control column. Plates were sealed with
Breathe-Easy membranes (Sigma-Aldrich) and incubated at 37 °C.
For end-point growth assays, plates were shaken at 225 rpm, and
OD600 was measured at 20 h using a Synergy H1 plate reader
(BioTek). For growth rate assays, inhibition panels were placed in a
BioStack plate stacker (BioTek), and every 10−20 min panels were
shaken for 30 s, followed by OD600 measured using the Synergy H1
plate reader. The resulting growth curves were log-transformed, and a
rolling regression with a shifting window of 1 h was applied, such that
the maximum slope of any of the regressions is the exponential growth
rate.53 If one of the three technical replicates showed no growth while
the other two had growth (or vice versa), or droplets on the Breathe-
Easy membrane were observed, those wells were masked. For each
strain-[inhibitor] combination, growth rates were compared to the
no-inhibitor control using a one-way ANOVA with p-values corrected
for multiple hypotheses using the Benjamini−Hochberg method
(FDR) in Prism. The growth rates were plotted against the logarithm
of inhibitor concentration, and apparent IC50 values were determined
using nonlinear regression analysis in GraphPad Prism v6. A control
reaction containing only TC in MH-II broth at 37 °C was performed
to determine background TC degradation, and no significant non-
enzymatic degradation was observed (Figure S17).

Antibiotic Susceptibility Testing�Agar Diffusion Method.
Antibacterial activity of the compounds was determined by a modified
Kirby−Bauer agar diffusion assay.54 Overnight cultures of E. coli
MegaX (Invitrogen) expressing a TDase [Tet(X7) or Tet(50)] from
the pZE21 plasmid vector were grown in LB broth containing 4 μg/
mL TC and 50 μg/mL Kan for 18−24 h. Standardized cell
suspensions of a 0.5 McFarland standard (OD600 ∼0.08−0.1) were
prepared in MH-II broth. Each standardized cell suspension (0.1 mL)
was added to 35 mL of sterile, melted MH-II agar containing 4 μg/
mL TC and 50 μg/mL Kan tempered to 47−50 °C. After gentle
mixing, the inoculated agar media was poured into a sterile plastic
Petri dish (145 mm × 20 mm) and allowed to solidify. Wells of 9.0
mm diameter were cut from the Petri dish agar and filled with 50 μL
of the test sample solution. Substrate alone wells contained 4 mg/mL
TC or 0.5 mg/mL tigecycline. All wells with inhibitor contained 0.25

mg/mL of the corresponding inhibitor, and all wells contained 80%
DMSO v/v. Controls for 80% DMSO v/v were performed and
resulted in no observable growth inhibition. The Petri dish was
incubated at 37 °C for ∼24 h, and the inhibition zone diameters were
measured (mm) with an electronic caliper.

Bio-layer Interferometry. BLI experiments were performed on
an Octet RED384 system (ForteB́io) with super streptavidin pins
(Sartorius). Tet(50) and Tet(X7) were biotinylated using EZ-Link
NHS-PEG4-Biotin No-Weigh Format (Thermo Scientific) and Pierce
Biotin Quantitation Kit to quantify biotinylation. Experiments were
conducted in a running buffer of HEPES (pH = 7.5) supplemented
with 150 mM NaCl, 0.005% tween 20, 1 mM MgCl2, and 5% DMSO.
Data were processed using double-reference subtraction with the
protein-binding signal corrected by subtracting signal of both
immobilized protein into the buffer and biotin-loaded pin into the
ligand (Figure S10).

Preparation of Receptors and Ligands for Molecular
Docking. All computations were performed using the Schrödinger
platform (release 2021-1) accessed through the SBGrid consortium.55

Ligands and protein were prepared as previously described.56 In brief,
ligands were obtained using 2D sketcher in maestro (version
12.7.156). Different 3D structural and chemical possibilities of ligands
were enumerated using LigPrep.57 Epik was used to generate
ionization states at pH 7.0 ± 2.0.58 The receptor was prepared
from chain B of PDB ID 5TUF59 using the protein preparation
wizard.60 The protein was pre-processed to add hydrogens, to fill in
missing sidechains and to delete water molecules. The bound
inhibitor, aTC (TDC in PDB ID 5TUF), was deleted. An alternate
rotamer was selected for Tyr267 such that the hydroxyphenyl side
chain flips away from the FAD-interacting region (Figure S1A).
Different tautomeric states of the bound co-factor, FAD, were
generated at pH 7.0 ± 2.0, and the conformation with the least clash
score was chosen. H-bonds were assigned using PROPKA at pH 7.0,
and thus, the prepared protein was restrained minimized.

Generation of Receptor Grid for Molecular Docking.
OPLS_2005 forcefield was used to generate the receptor grid.61

The grid center was manually adjusted to include the entire active site
region. The bound cofactor, FAD, was included in the receptor while
generating the grid. An inner box of 10 Å × 10 Å × 10 Å and an outer
box of 30 Å × 30 Å × 30 Å were set, and the grid center was fixed at
Cartesian coordinates of 18.7, 61.7, and 60.0.

Molecular Docking and Analyses. Molecular docking was
performed using Glide62 with the following parameters: precision
mode = standard precision; ligand sampling = flexible; added Epik
state penalties to the docking scores; no constrains; and perform post-
docking minimization. The docking results were visualized using the
pose viewer in maestro. PyMOL v2.3.2 was used to generate images.
To validate the docking protocol, the co-crystallized ligand, aTC, was
extracted from chain B of Tet(50) (PDB ID: 5TUF) and re-docked
into the prepared receptor. aTC binds with a docking score of −7.21
kcal/mol, and the docked conformation overlaps with the co-
crystallized conformation (Figure S1B). The validated docking
protocol was used to predict the binding modes of aTC derivatives
(compounds 14 and 20) in Tet(50) as described in the main text.
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