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ABSTRACT

Tilimycin is an enterotoxin produced by the opportunistic pathogen Klebsiella oxytoca that
causes antibiotic-associated hemorrhagic colitis (AAHC). This pyrrolobenzodiazepine (PBD)
natural product is synthesized by a bimodular nonribosomal peptide synthetase (NRPS) pathway
comprised of three proteins: NpsA, ThdA and NpsB. We describe the functional and structural
characterization of the fully reconstituted NRPS system and report the steady-state kinetic
analysis of all natural substrates and cofactors as well as the structural characterization of both
NpsA and ThdA. The mechanism of action of tilimycin was confirmed using DNA adductomics
techniques through the detection of putative N-2 guanine alkylation after tilimycin exposure to
eukaryotic cells, providing the first structural characterization of a PBD-DNA adduct formed in
cells. Finally, we report the rational design of small-molecule inhibitors that block tilimycin
biosynthesis in whole cell K. oxytoca (ICsy = 29 £ 4 uM) through the inhibition of NpsA (Kp =

29 + 4 nM).
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INTRODUCTION

The gastrointestinal (GI) tract of every human houses an extraordinarily complex ecosystem
of microorganisms, collectively known as the GI microbiota, with representation of over one
thousand different species from all domains of life.! Advances in metagenomic screening over
the past decade have begun to reveal the profound influence of the GI microbiota on human
health and disease.?”’ Normally, these commensal microorganisms work harmoniously with the
human host to maintain a symbiotic relationship,®° but disturbance of the gut microbiota leads to
dysbiosis, which can have far reaching effects.!®!" While many chronic diseases including
inflammatory bowel disease, obesity, diabetes, and neurodegenerative disorders have been
correlated to dysbiosis of gut microbial communities,'>?? the causative links between microbiota

and disease are often shrouded by the complexity of the host-microbiota interactions.

Klebsiella oxytoca and its role in antibiotic-associated hemorrhagic colitis (AAHC) serves as
a model for understanding the molecular basis of a disease caused by an imbalance of the gut
microbiota.”> 23 K. oxytoca is an opportunistic gram-negative bacterial species that resides at low
abundance in the colon of 2—-10 percent of healthy individuals.?>?¢ Following B-lactam antibiotic
treatment, K. oxytoca utilizes its constitutively expressed [-lactamase to survive while
commensal bacteria are eliminated. In the absence of an otherwise competitive microbial
community, K. oxytoca thrives, triggering severe dysbiosis. Subsequent expansion of K. oxytoca
in the colon leads to overproduction of tilivalline and related small molecule enterotoxins that
cause apoptosis of colonic epithelium cells.?’3% Originally, the cytotoxicity and corresponding
AAHC was attributed solely to tilivalline,?33132 but further analysis led to the identification of
tilimycin,?’?* which is a more potent cytotoxin and likely plays a greater role in the

pathogenicity of K. oxytoca.’%-33
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Tilimycin is a tricyclic pyrrolobenzodiazepine synthesized by K. oxytoca via a nonribosomal
peptide synthetase (NRPS) pathway (Figure 1).24282° NRPSs are large multi-modular proteins
responsible for the synthesis of short peptides in an assembly line like fashion, independent of
mRNA ribosomal machinery. The formation of a single amide bond in a NRPS module requires
three unique domains. First, an adenylation domain (A) is responsible for amino acid selection,
activation and transfer onto the downstream thiolation domain. The thiolation domain (T)
contains a flexible and mobile phosphopantetheinyl cofactor arm which carries the amino acid
that is connected via a thioester linkage. Finally, a condensation domain (C) catalyzes amide
bond formation between two loaded amino acids.?* Tilimycin biosynthesis is performed by a
bimodular NRPS comprised of NpsA, ThdA and NpsB. NpsA and ThdA are stand-alone
proteins for adenylation and thiolation respectively while NpsB contains a complete C-A-T
module along with a C-terminal reductase (Re) domain for release of tilimycin. Bioinformatic
analyses of signature sequences within the adenylation domains suggest 3-hydroxyanthranilic
acid is the substrate for NpsA while NpsB confers specificity for L-proline.>* Thus, NpsA is
predicted to activate and load the stand alone thiolation protein ThdA with 3-hydroxyanthranilic
acid, while NpsB activates and loads L-proline on to its corresponding thiolation domain. The
condensation domain is predicted to catalyze amide bond formation between the 3-
hydroxyanthranilate thioester and the free amine of L-proline to afford the L-N-(3-
hydroxyanthraniloyl)prolyl-S~Typss acyl-peptide intermediate followed by reductive release of
the thioester to L-N-(3-hydroxyanthraniloyl)prolinal mediated by the reductase domain.>* Ring-
chain tautomerization of the amino aldehyde to the close-chain hemiaminals yields tilimycin.
which can undergo non-enzymatic reaction with indole, produced in large quantities

endogenously in K. oxytoca, to afford tilivalline.3?
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16 Figure 1. The NRPS pathway for the biosynthesis of tilimycin. Reductive release of the
17 dipeptide affords L-N-(3-hydroxyanthraniloyl)prolinal that spontaneously cyclizes to a mixture
18 of diastereomeric aminals known as tilimycin that are in equilibrium with the imine species.
Non-enzymatic condensation with indole yields tilivalline. A = adenylation domain, T =
thiolation domain, C = condensation domain, Re = thioester-reductase domain.

23 Herein we report the detailed functional and structural characterization of the tilimycin
2% biosynthetic pathway that extends prior metabolic profiling and mutasynthesis studies to define
28 the overall pathway and substrate tolerance.”?® We then describe the synthesis of two classes of
30 rationally designed bisubstrate inhibitors which enabled structural characterization of NpsA and
a NpsA-ThdA fusion protein in the adenylation and thioester conformations, respectively. One of
35 the bisubstrate inhibitors was shown to selectively inhibit tilimycin synthesis in cell culture
37 without impairing bacterial replication. Finally, to investigate the molecular mechanism of action
of the pyrrolobenzodiazepine class of natural products, we utilized DNA adductomic techniques
42 to successfully detect and structurally characterize alkylated DNA from eukaryotic cells exposed
44 to tilimycin, helping to further clarify the causative link between a microbiota derived natural

46 product and human disease.

RESULTS

32 Cloning, Expression and Purification of NpsA, holo-ThdA and holo-NpsB. The thdA and

55 npsB genes were PCR amplified from K. oxyfoca strain MIT-5243 genomic DNA and cloned
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into a pET15b vector containing a TEV cleavage site and a 5-His affinity tag at the N-terminus.
The npsA gene was codon optimized for expression in E. coli, synthesized and cloned into a
pET15b vector containing an identical 5-His TEV cleavage site. The plasmids were transformed
and overexpressed in E. coli BL21(DE3) cells. Two step purification was performed starting
with immobilized metal affinity chromatography (IMAC). The partially purified apo-ThdA and
apo-NpsB were incubated with the promiscuous phosphopantetheinyl transferase Sfp from
Bacillus subtilis to ensure conversion to the 4olo protein form. Subsequent size exclusion
chromatography afforded 20 mg/L of NpsA, 27 mg/L of holo-ThdA and 3 mg/L of holo-NpsB.
The molecular mass of the proteins determined by SDS-PAGE were consistent with their
calculated molecular weight: ~56 kDa (55,772 kDa calculated) for NpsA, ~10 kDa (9,486 kDa

calculated) for #olo-ThdA, and ~150 kDa (164,015 kDa calculated) for #olo-NpsB (Figure S1).

Biochemical Characterization of NpsA and ThdA. NpsA catalyzes a two-step ATP-
dependent acylation of the phosphopantetheine prosthetic group of holo-ThdA to yield 3-
hydroxyanthraniloyl-ThdA (acy/-ThdA) that proceeds through a 3-hydroxyanthraniloyl
adenosine monophosphate (3HA-AMP) intermediate (Figure 2A). Catalysis of these two steps
requires dynamic movement of the C-terminal hinge region of NpsA as observed in other
adenylating enzymes.?>-37 Initially, the “closed” adenylation conformation allows for binding and
ligation of aryl-acid and ATP substrates. The “open” thiolation conformation enables Zolo-ThdA
recruitment and subsequent acylation. While prior in vitro mutasynthesis studies have revealed
that NpsA possesses relaxed substrate specificity for anthranilic acid derivatives?’2°, steady-state
kinetic characterization of NpsA has not been reported. To assess the steady-state kinetics of the
complete adenylation-acylation reaction, we used a continuous coupled assay wherein the

pyrophosphate (PPi) byproduct generated in the initial adenylation reaction is converted to
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phosphate by inorganic pyrophosphatase and then purine nucleoside phosphorylase catalyzes the
phosphorolysis of 7-methylthioguanosine to 7-methylthioguanine (MesG), whose formation can
be monitored at 360 nm.?®3° We confirmed the reaction velocity was linearly dependent on
NpsA concentration for this coupled assay. ThdA was also required for full activity and the
reaction rate decreased 140-fold in the absence of ThdA. Initial velocity experiments were
performed by varying one substrate at fixed saturating concentrations of the other two substrates
and provided apparent Ky, values of 63, 15 and 3.4 uM for 3-hydroxyanthranilic acid, ATP and
holo-ThdA, respectively, with an average apparent k., equal to 0.89 s (Figure 2A, Table 1).
Because of reduced rates at high concentrations of ThdA, the kinetic data were fit to a substrate-
inhibited model providing a substrate inhibition constant, K; of 15 uM. Interestingly, substrate
inhibition by thiolation domains has not been previously observed. We next explored the
substrate specificity of 3-hydroxyanthranilic acid with 3-hydroxybenzoic acid and anthranilic
acid to probe the importance of the 2-amino or 3-hydroxyl substituents. Removal of the 3-
hydroxy group in anthranilic acid led to a 52-fold decrease in the specificity constant (k./Kwv),
while deletion of the 2-amino group in 3-hydroxybenzoic acid provided a more pronounced 200-
fold decrease in specificity constant indicating the 2-amino group is more critical for catalytic

efficiency than the 3-hydroxy group.
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Figure 2: A) Adenylation-ligation enzymatic reaction catalyzed by NpsA. B) Initial velocity vs
substrate concentration [3HA], [ATP] and [ThdA]. Data were fit to the Michaelis-Menten
equation or substrate inhibition model. Each reaction contained 5 mM ATP and 20 uM ThdA
(for varying 3HA), 500 uM 3-HA and 20 uM ThdA (for varying 3-ATP), 500 uM 3HA and 5
mM ATP (for varying ThdA) in 50 mM Tris, 150 mM NaCl, 10 mM MgCl, pH 8 buffer with 20
nM NpsA. Data are average (£SD) of triplicate experiments.

Table 1. Apparent Kinetic parameters for NpsA.

Substrate Ky (uM) keat (571 ko Ky (M1-s71)
3-Hydroxyanthranilic acid (6.3+0.2) x 10! 0.78 +0.01 (1.8+0.1) x 10*
3-Hydroxybenzoic acid (4.0+0.9) x 10 0.35+0.07 (8.8+2.6) x 10!
Anthranilic acid (8.5+0.7) x 102 0.29+0.01 (3.4+0.3) x 10
ATP (1.5+0.1) x 10! 0.82+0.01 (5.6%0.4) x 10*
holo-ThdA ( [gi f 50572) 1.08 +0.02 (32+0.2) x 10°

Characterization of NpsB and Fully Reconstituted Assay. The next downstream enzyme
in the NRPS pathway is NpsB with a C-A-T-Re multidomain architecture. Unlike the stand-
alone proteins NpsA and ThdA, the enzymatic activities of NpsB cannot be easily decoupled. We
initially attempted to interrogate the activity of the embedded adenylation domain of NpsB
employing hydroxylamine to facilitate enzyme turnover by reaction with the acyl-adenylate

intermediate using the coupled assay employed for NpsA. 404! Addition of hydroxylamine to the
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NpsB assay containing saturating L-proline and ATP did not stimulate enzyme turnover as
measured by PPi release suggesting acyl transfer to the prolyl-loaded thiolation domain (L-Pro-
S~Tnpss) Wwas rapid or the initial L-Pro-adenylate was inaccessible for reaction with
hydroxylamine (Figure S2). The observed steady-state rate for PPi formation of 0.01 sec™! (that
is dependent on both L-proline and ATP) is consistent with the leak of the acyl-adenylate from
the adenylation domain, which enables slow enzyme turnover. We next explored whether
addition of NADPH to the NpsB assay containing saturating L-proline and ATP could induce
turnover of L-prolyl-S~Tx,ss through reduction of the proline thioester by the reductase (Re)
domain to a prolinal shunt product (Figure 3A, red arrow). However, addition of NADPH did
not stimulate enzyme turnover as measured by PPi release or NADPH consumption which
suggests the Re domain is only operative on the native L-N-(3-hydroxyanthraniloyl)prolyl-
S~Tnpss substrate. To test this hypothesis, we developed a fully reconstituted assay with
stoichiometric 3-hydroxyanthraniloyl-S~ThdA as substrate, which could be generated by pre-
incubating stoichiometric ThdA with catalytic NpsA and 3-hydroxyanthranilic acid. Incubation
of the substrates 3-hydroxyanthraniloyl-S~ThdA, L-proline, ATP and NADPH with catalytic
NpsB afforded tilimycin as confirmed with an authentic synthetic standard (Figure 3A, blue
arrow). To investigate the apparent steady-state enzyme kinetic parameters of NpsB, we
measured NADPH consumption at 340 nm and varied the concentration of one substrate (i.e. L-
proline) at fixed saturating concentration of the other two substrates (i.e. ATP and NADPH)
along with 20 pM 3-hydroxyanthraniloyl-S~ThdA. Initial velocity experiments provided
apparent Ky values of 1.8 x 103, 21 and 57 uM for of L-proline, ATP and NADPH, respectively

with an average apparent k., equal to 0.050 s*! (Figure 3B, Table 2)
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Figure 3. A) Overall enzymatic reaction catalyzed by NpsB. The A-domain of NpsB activates
L-proline to the prolyl-adenylate species and transfers it to the downstream T-domain of NpsB.
The intermediate L-Pro-S~T can undergo two competitive reactions: direct reduction by the
reductase domain (red arrow) or condensation with acyl-ThdA (blue arrow), which can
subsequently be reduced by the Re domain to afford tilimycin. B) Initial velocity vs substrate
concentration [L-Proline], [ATP] and [NADPH]. Data were fit to the Michaelis-Menten equation.
Each reaction contained 5 mM ATP and 0.5 mM NADPH (for varying L-Proline), 5 mM L-
Proline and 0.5 mM NADPH (for varying ATP), 5 mM L-Proline and 5 mM ATP (for varying
NADPH) in 50 mM Tris, 150 mM NaCl, 10 mM MgCl, pH 8 buffer with 250 nM NpsB and 20
UM 3-hydroxyanthraniloyl-S~ThdA. Data are average (=SD) of triplicate experiments.

Table 2. Apparent Kinetic parameters for NpsB.

Substrate Ky (M) Keat (s°) Kead Kt (M1s71)
L-Proline (1.8+0.3) x 103 0.037 + 0.002 (2.1+0.4) x 10!
ATP (2.140.3) x 10! 0.056 + 0.002 (2.7+0.4) x 103
NADPH (5.7+1.7) x 10! 0.058 + 0.007 (1.0+0.3) x 103

Rational Design and Synthesis of NpsA Inhibitors. Adenylation enzyme inhibitors that
mimic the acyl-AMP intermediate (Figure 4A and 4B) can be developed by replacing the labile
phosphate moiety of the acyl-AMP with a stabile non-cleavable bioisostere such as sulfamide to

afford an acyl adenosine monosulfamide (acyl-AMS) inhibitor.*> The sulfamide moiety closely

ACS Paragon Plus Environment 10
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mimics the tetrahedral geometry and charge distribution of the ionized phosphate group, but is
chemically and enzymatically stabile. Acyl-AMS inhibitors derive their high affinity by
simultaneously interacting with the carboxylic acid and ATP binding pockets of the adenylation
domain while their specificity arises from the acyl group. The NRPS assembly line responsible
for tilimycin biosynthesis contains two potential adenylation domain targets, NpsA and NpsB.
The stand-alone adenylating enzyme NpsA was selected as a target because it uses the esoteric
substrate, 3-hydroxyanthranilic acid, ensuring higher selectivity than NpsB, whose adenylation

domain is functionally related to prolyl tRNA synthetases found in all domains of life.*?
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Figure 4. A) The mechanism in which 3-hydroxyanthraniloyl-adenylate is loaded to the /olo-
ThdA phosphopantetheinyl arm yielding acy/-ThdA. B) Non-cleavable bioisostere 3-
hydroxyanthraniloyl-AMS mimicking the adenylate intermediate, inhibiting acylation of the
downstream ThdA. C.) Vinyl-sulfonamide 3-hydroxyanthraniloyl-AVS participates in a hetero-
Michael addition with the terminal phosphopantetheinyl thiol of #0/o-ThdA resulting in covalent
modification and irreversible inhibition.

Based on the above considerations, we designed the inhibitor 3-hydroxyanthraniloyl-AMS 5.

The synthesis commenced from 2',3'-isopropylideneadenosine 1 that was converted to the 5'-
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azido nucleoside 2* followed by catalytic hydrogenation to the intermediate amino derivative,
which was directly condensed with sulfamide using our recently developed method by refluxing
in 1,4-dioxane to afford 3 (Scheme 1A).* Acylation of 3 with N-hydroxysuccinimidyl (NHS)
ester 7 promoted by Cs,CO; in DMF furnished acyl-sulfamide 4. Catalytic hydrogenolysis of the
3-benzyloxy ether and concomitant reduction of the 2-nitro group using Pd/C in methanol
followed by TFA deprotection of the acetonide afforded the final product 3-hydroxyanthraniloyl-
AMS 5 in a 45% overall yield after purification by preparative reverse-phase high-performance
liquid chromatography (HPLC). The N-hydroxysuccinimidyl ester 7 was synthesized from the 3-
benzyloxy-2-nitrobenzoic acid 6* by DCC-mediated coupling with N-hydroxysuccinimide
(Scheme 1B). To explore the SAR of 3-hydroxyanthraniloyl-AMS 5, we also prepared two
closely related analogues, 3-hydroxybenzoyl-AMS 8 and anthraniloyl-AMS 9 through deletion
of the 2-amino and 3-hydroxy functional groups present in the aryl acid moiety (Scheme 1C).
These were prepared analogously to S as described in the Supporting Information starting from

2-anthranilic acid and 3-hydroxybenzoic acid.
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1
2
3 Scheme 1. Synthesis of 3-hydroxyanthraniloyl-AMS (5).
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33 We next synthesized a second class of adenylation inhibitor that incorporates a
vinylsulfonamide isostere of the acyl-phosphate linkage.4’*® Adenosine vinylsulfonamide (AVS)
38 inhibitors mimic the acyl-adenylate intermediate, but contain a reactive Michael acceptor at the
40 precise position of the incoming phosphopantetheine thiol that irreversibly binds the downstream
42 thiolation domain. AVS inhibitors thus cross-link the adenylation and thiolation domains,
stabilizing their transient interaction and are useful for capturing the adenylation domain in the

47 thioester conformation (Figure 4C).49->0

50 We designed 3-hydroxybenzoyl-AVS 13 for structural characterization of NpsA in complex
52 with ThdA. Notably, 13 lacks a 2-amino group on the aryl ring due to the oxidative instability of

>4 the ortho-aminophenol moiety observed under the extended crystallization trials. The 3-hydroxy

59 13
60 ACS Paragon Plus Environment
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group was retained since it is more important for NpsA binding (vide infra). Synthesis of ligand
13 was achieved in three steps beginning with Horner-Wittig condensation of 3-
hydroxybenzaldehyde 10 and N-Boc-diphenylphosphoryl sulfonamide®! to afford E-
vinylsulfonamide 11 (Scheme 2). Subsequent Mitsunobu coupling of 11 with 2'3'-
isopropylideneadenosine 1 gave 12. Global deprotection of the MOM, Boc and acetonide groups

using TFA yielded the final 3-hydroxybenzoyl-AVS 13.

Scheme 2. Synthesis of 3-hydroxybenzoyl-AVS (13).
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Biophysical and Biochemical Characterization of AMS inhibitors. Acyl-adenylate
inhibitors 5, 8, and 9 were evaluated for enzyme inhibition of NpsA using our coupled assay with
20 nM NpsA and 20 pM ThdA under initial velocity conditions in the presence of saturating
concentrations of 3-hydroxyanthranilic acid (500 pM) and ATP (5 mM). The concentration-
response plots were fit to the Morrison equation for tight binding inhibition to determine the
inhibition constants (Figure SA). The lead inhibitor 3-hydroxylanthraniloyl-AMS § exhibited an
appK; = 54 nM (Table 3). Analog 8 lacking the 2-amino group had a modest 4-fold loss of

potency while analog 9 devoid of the 3-hydroxyl group was 22-fold less potent than 5.
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Figure 5. A) Concentration-response plot for NpsA inhibition by 5, 8 and 9: 3-
hydroxyanthraniloyl-AMS 5 (circle), 3-hydroxybenzoyl-AMS 8 (square), anthraniloyl-AMS 9
(triangle). The curve represents the best non-linear fit to the Morrison equation. Data are average
(£SD) of triplicate experiments. B) Representative ITC binding isotherm of binding 5 to NpsA.
(Top) Data obtained by titration of 25 nM NpsA with 0.25 uM 5. (Bottom) The integrated curve
showing experimental points and the best fit (—).

Table 3: Summary of characterization of all three inhibitors against purified NpsA.

Cmpd appK; (nM) Ky (nM) AH (kcal/mol) (’{(Acil /mol) AG (kcal/mol) n
5 (5.4+0.8) x 10! (2.93 £0.28) x 10! (-1.61 £0.16) x 10! -5.67+0.21 (1.04 £ 0.16) x 10! 1.06 +0.03
8 (23+0.4)x10? (1.12+0.68) x 10? (-1.64 £ 0.29) x 10! -6.92 +2.91 9.45+0.23 0.94+0.01
9 (1.2+0.1) x 103 (4.85+2.50) x 10? (-1.09 £ 0.35) x 10! -2.31+047 8.59+0.31 1.17 +£0 .02

We also determined the binding affinities of 5, 8 and 9 to NpsA by isothermal titration
calorimetry to provide the dissociation constant (Kp), Gibbs free energy (AG), enthalpy (AH),
and entropy (AS) of the protein-ligand interactions (Table 3, Figure 5SB). Compound 5 binds

tightly with a Kp of 29 nM, a value in close agreement to the apparent K; value of 54 nM
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measured using the functional kinetic assay. Binding is enthalpically driven with a AH of -16.1
kcal/mol with a small unfavorable entropic component. Deletion of the 2-amino group in
compound 8 resulted in a 4-fold decrease in Kp relative to 5 due to an increased entropic penalty,
while deletion of the 3-hydroxyl in 9 provided a 17-fold decrease in Kp compared to 5 caused by
a 5.5 kcal/mol loss in enthalpy that was partially compensated by an entropic gain. The relative
binding affinities of 8 and 9 compared to 5 determined by ITC closely mirror the relative

inhibition constants from the steady-state kinetic assay.

Structures of NpsA and ThdA. To help gain further insight into molecular interactions
underpinning the observed trends in ligand affinities, we obtained an X-ray crystal structure (2.9
A) of NpsA co-crystallized with 3-hydroxyanthraniloyl-AMS 5 (Figure 6A). The structure
features a single chain of NpsA with 3-hydroxyanthraniloyl-AMS 5 occupying the active site and
the C-terminal subdomain, Ay, positioned in the adenylate forming conformation identifiable
by the contact between Lys492 within the Ay, and the pro-R oxygen atom of the acyl-
sulfamide.*> The moderate resolution of this initial structure precluded unequivocal
determination of the orientation of the aryl ring. Therefore, we obtained X-ray crystal structures
of the NpsA N-terminal domain (in which the C-terminal subdomain of NpsA was truncated
from the Asn405 hinge residue onward) in complex with compounds 5, 8 and 9 (1.7-2.2 A). The
resolution of the 3-hydroxyanthraniloyl-AMS 5 containing structure unequivocally displays the
orientation of the aryl ring suggested by the full-length structure (Figure 6A) in which the 3'-
hydroxyl group form a tripartite H-bond with Asn207 and Ser271 (Figure 7B). This pose was
used to deduce the orientation of the ligand in the full-length structure (Figure 7A). Each
liganded structure features canonical nucleotide A domain interactions including: Asp388 with

the ribose 2',3'-hydroxyls; Thr298 with the pro-S sulfamide oxygen; Asn293 with the adenine 6-
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amino group. In the aryl ring of the ligands, the 3'-hydroxy group presumably participates as an
H-bond acceptor with an Asn207 donor and an H-bond donor with a Ser271 acceptor, while
anthraniloyl derivatives contain the additional 2'-amino group that could potentially participate

as an H-bond donor with a Ser271 acceptor.

We also generated an engineered NpsA-ThdA fusion construct and subsequently determined
the 2.9 A crystal structure of NpsA-ThdA bound to 3-hydroxybenzoyl-AVS 13 (Figure 6B). The
final model contains four NpsA adenylation domains and four ThdA thiolation domains. The
linker joining the NpsA and ThdA domains are disordered in all four chains however the termini
of the respective molecules suggest that the proteins have adopted a domain swapped
configuration in which the carrier domain of one protein chain is donated to a neighboring
adenylation domain. This configuration was seen previously in the similar fusion construct from
enterobactin biosynthesis.*® Despite the disorder in the linker and ThdA, the interface between
the adenylation and thiolation domains is consistent and is similar to the interface seen in other
structures of trapped adenylation-thiolation structures.*®-3% The Ay, residues Arg411 and Arg414
have moved from a surface exposed loop in the adenylation conformation (Figure 6A) to form a
clamp over the Ser542 phosphodiester and 13, respectively in the thiolation conformation.
(Figure 6B). The majority of the NpsA-ThdA contact is mediated by a parallel helix-helix
interaction between ThdA helix 2 and a helix on the NpsA N-terminal domain that runs from
Gly248 to Val257. The residue interactions between the two appear as Arg411/Argd445/Asn541
that is analogous to the Arg437/Lys473/Asp574 motif, which is conserved among the

enterobactin, acinetobactin, bacillibactin and vibriobactin systems.*®
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Figure 6. A) 3-hydroxyanthraniloyl-AMS 5 bound to full length NpsA showing Ay, domain in
the adenylation conformation. B) 3-hydroxybenzoyl-AVS 13 bound to NpsA-ThdA fusion
protein showing A sub domain in the acylation configuration binding auxiliary protein ThdA.

Yy Foas
v i

S271 N207 .

Figure 7. A) Full-length NpsA and 3-hydroxyanthraniloyl-AMS 5, B) NpsA-N and 3-
hydroxyanthraniloyl-AMS §, C) NpsA-N and 3-hydroxybenzoyl-AMS 8, and D) NpsA-N and 2-
anthraniloyl-AMS 9. Each panel displays conserved A domain nucleotide binding residues
(Asn293, Thr298, Asp388). Simulated annealing electron density is calculated with coefficients
of the form mFo-DFc and contoured at 3.
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Inhibition of Tilimycin Biosynthesis in Klebsiella oxytoca. 3-Hydroxyanthraniloyl-AMS 5
was next evaluated for its ability to inhibit tilimycin production in the clinical isolate K. oxytoca
strain MIT 10-5243. Due to the nonenzymatic addition of indole observed in endogenous
production of tilimycin, a high-performance liquid chromatography tandem mass spectrometry
(LC-MS/MS) method was developed to monitor the MS? transition of tilivalline (334.4—199.1
m/z) instead. We observed tilivalline production commenced as the K. oxyfoca culture
transitioned to stationary phase at 6 hours, with peak concentrations being detected after 27
hours before declining due to degradation (Figure S4). We first showed 3-hydroxyanthraniloyl-
AMS 5 does not inhibit growth of K. oxytoca at 300 uM highlighting the selectivity and
nonmicrobicidal activity of this adenylation inhibitor (Figure SS). Tilivalline levels were
subsequently measured at 8-hours following incubation of 300 uM 5, 8, and 9 with K. oxytoca.
Unfortunately, inhibition of tilivalline was not detected for compound 5 and more careful
examination of the growth curves revealed 5 paradoxically stimulated growth of K. oxytoca in
earlier timepoints likely leading to the modest increase of tilivalline production observed (Figure
S5). We speculated metabolism or degradation of 5 under the culture conditions may have been
responsible for the lack of tilivalline inhibition. We quantified 5 in the culture of K. oxytoca
during the full time course and observed 75% degradation of 3-hydroxyanthraniloyl-AMS 5 by
the 8-hour timepoint (Figure S4). Deletion of either the 2-amino or 3-hydroxy groups of the
ortho-aminophenol in 5 with analogs 8 and 9 was expected to abolish the potential oxidative
instability and subsequent degradation. Gratifyingly, 3-hydroxybenzoyl-AMS 8 and 2-
anthraniloyl-AMS 9 reduced tilivalline levels with 8 completely ablating tilivalline production

under the experimental conditions (Figure 8A). The concentration-response plot for inhibition of
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tilivalline production of the most promising inhibitor 3-hydroxybenzoyl-AMS 8 yielded an 1Cs,

value of 29 uM (Figure 8B).
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Figure 8. A) Cultures inoculated with K. oxytoca to a starting ODgoo = 0.01 with 300 uM of §, 8,
9 or 0.6% DMSO as a negative control were grown for 8 hours at 37 °C in CASO medium
shaking at 250 rpm. Tilivalline production was quantified using LC-MS/MS and the m/z
transitions 334.4—199.1 [tilivalline (analyte)] and 424—199.1 [O-benzyltilivalline (internal
standard)]. B) Concentration-response plot of the normalized % production of tilivalline at 8
hours under the incubation conditions described in panel A relative to a DMSO-only control
versus the concentration 3-hydroxybenzoyl-AMS 8. The curve was fit to a four-parameter Hill
equation to provide an ICsy value of 29 + 4 uM and a Hillslope of -2.1 £+ 0.5. The data points
represent the mean (£SD) of two independent experiments.

DNA Adductomics. Tilimycin belongs to a class of NRPS secondary metabolites called
pyrrolobenzodiazepines.’>> These compounds have been observed to react in vitro with DNA

via the electrophilic imine at the C-11 position and the nucleophilic N-2 of guanine forming a
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covalent aminal bond.’*>¢ Tilimycin has been predicted to react in an analogous fashion and
ultimately results in single and double stranded DNA breaks.’” Downstream effects of DNA
adduct formation have been observed, however, direct detection of the DNA adducts in cells has
not been observed.?? To further verify tilimycin’s mechanism of toxicity we used an LC-MS"
DNA adductomics approach to simultaneously detect both anticipated DNA adducts from direct
alkylation of DNA by tilimycin, and any unanticipated DNA adducts which may form.’® Data
acquisition consists of MS and MS? data dependent acquisition with MS? fragmentation triggered
upon neutral loss of 2'-deoxyribose (116.0473 m/z) or one of the four nucleobases (151.0494,

135.0545, 126.0429, 111.0433 m/z).
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Figure 9. Mass spectral data for ctDNA treated with tilimycin. A.) MS! EIC of 484.1939 m/z.
B.) MS? data dependent event for 484.1939 m/z. C.) MS? triggered event for
484.1939—368.1466 m/z (neutral loss of deoxyribose). D.) MS? mass spectrum from
fragmentation of 484 m/z at retention time = 15.19 min. E.) MS? mass spectrum from
fragmentation of 484.1939—368.1466 m/z at retention time = 15.20 min.

We began with exposure of either purified calf thymus DNA or °N bacterial DNA with
tilimycin at 37 °C for 24 hours. The DNA was then enzymatically hydrolyzed, and the resulting

mixture was purified and enriched by solid phase extraction and fractionated into three portions
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(10% MeOH/H,0, 100% MeOH, 2% formic acid/MeOH). Each fraction was analyzed to detect
and identify DNA adducts which formed due to the exposure. The proposed adduct dG-tilimycin
(484.1939 m/z) was observed in the 100% MeOH fraction with two distinct chromatographic
peaks (retention times of 14.5 and 15.1 min), likely corresponding to the two diastereomers
which could form upon nucleophilic addition of dG to the C-11 imine of tilimycin (Figure 9A,
Figure S6). MS? fragmentation of the parent ion of dG-tilimycin (484.1939 m/z) resulted in the
neutral loss of deoxyribose (368.1466 m/z) which triggered MS? fragmentation that was
dominated by a product ion of 269.0789 m/z (Figure 9E). Confirmation of the adduct identity
was aided by the PN bacterial DNA exposure which resulted in an isotopically labeled dG-
tilimycin (489.1791 m/z; +4.9852 m/z for 5 N atom incorporation in the nucleobase) with
fragmentation to 373.1323 m/z and 274.0637 m/z product ions which maintain all 5 >N atoms of
guanine (Figure 10). Along with the proposed dG-tilimycin adduct, we observed a dA-tilimycin
adduct in very low abundance (Figure S7). In parallel, we analyzed calf thymus DNA exposed
tilivalline and did not detect any adducts, consistent with the hypothesis of other laboratories that

tilivalline neither degrades back into tilimycin nor interacts with DNA.

To determine if these metabolites are detectable from whole cell exposure, HEK cells were
treated with 1 uM tilimycin (IC,s; Figure S13) and incubated at 37 °C for 24 hours. The cells
were lysed, and the DNA was extracted, hydrolyzed, purified and enriched identically to the
DNA exposure studies as describe previously. Targeted mass spectrometry of the MS?
fragmentation of 484.1939 m/z yielded distinct extracted ion chromatogram (EIC) peaks of
368.1446 m/z (neutral loss of 2'-deoxyribose) and 350.1360 m/z (neutral loss of 2'-deoxyribose

and H,0) between 13.2-14.0 min (Figure 11) consistent with the proposed dG-tilimycin adduct
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observed in the tilimycin-treated ctDNA (Figure 9). The dA-tilimycin adduct was not observed,

likely indicating it is below the limit of detection of the assay.
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Figure 10. MS? Fragmentation pattern of dG-tilimycin adduct (possible structure) from tilimycin
exposure to ctDNA (black) overlaid with identical exposure to N bacterial DNA (blue).
Possible product ions FO-F4 shown.
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Figure 11. MS? EIC of 484.1939—>368.1466 m/z (neutral loss of deoxyribose) for tilimycin-
treated HEK cells (A), DMSO-only HEK cells (B), and tilimycin treated ctDNA (C). MS? EIC of
484.1939—350.1360 m/z (neutral loss of deoxyribose, H,O) for tilimycin-treated cells (D),
DMSO-only HEK cells (E), and tilimycin-treated ctDNA (F).

ACS Paragon Plus Environment 23



oNOYTULT D WN =

ACS Infectious Diseases

DISCUSSION

Tilimycin belongs to a large class of NRPS secondary metabolites called
pyrrolobenzodiazepines (PBD) that contain a tricyclic ring system formed by condensation of
anthranilic acid and L-proline derivatives.’® PBDs are largely produced by the Streptomyces
genus of bacteria and their exceptional cytotoxicity>? has been exploited to design synthetic PBD
dimers as investigational chemotherapeutic agents.’? Targeted delivery of PBD dimers to tumor
cells through antibody-drug conjugate techniques has been investigated in multiple Phase I-III
clinical trials.%%2 Thus, the presence of an endogenously produced PBD within the human

microbiota is concerning.?*

The biosynthesis of prototypical PBDs including anthramycin®®, tomaymycin®, and
sibiromycin®*% have been elucidated by functional assignment of the corresponding biosynthetic
gene clusters through homology analysis, gene inactivation, and chemical complementation
studies. The PBD core is assembled by a bimodular NRPS comprised of a loading module with
an adenylation and thiolation domain, either as a single protein or separate stand-alone proteins,
and an extension module with a C-A-T-Re architecture. Miiller and co-workers recently reported
the first attempt to biochemically reconstitute a complete PBD NRPS system using LC-MS to
directly detect phosphopantetheine tethered substrates including anthranilic acid and proline
derivatives. A dipeptide intermediate attached to the thiolation domain of the extension module
was also observed.®> However, only trace quantities of PBD were produced, which the authors
speculated may be due to insufficient channeling between the recombinant NRPS proteins under
the in vitro assay conditions.®* We successfully reconstituted the complete tilivalline NRPS

employing recombinant NspA, ThdA, and NspB proteins and were able to dissect the activities
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of each module using continuous coupled assays that measured production of pyrophosphate or

NADPH consumption.

We first interrogated the activity of the loading module, which was greatly facilitated by the
unique organization of the tilimycin NRPS system wherein the adenylation and thiolation
domains, NpsA and ThdA, are stand-alone proteins, enabling use of stoichiometric quantities of
ThdA to promote turnover. Typically, adenylation domain activity is evaluated using a non-
physiologically relevant pyrophosphate exchange assay that only measures the first half-reaction
in the reverse direction through incorporation of pyrosphosphate into ATP. Instead, we evaluated
the loading of ThdA by NpsA by quantifying formation of the pyrophosphate byproduct using a
coupled enzyme system consisting of pyrophosphatase and purine nucleoside phosphorylase.3840
NpsA catalyzed the efficient loading of ThdA with 3-hydroxyanthranilic acid yielding a k., of
0.89 s! and Ky values of 63, 15 and 3.4 uM for 3-hydroxyanthranilic acid, ATP and /olo-ThdA,
respectively. The Ky for holo-ThdA is commensurate with other values reported for thiolation
domains with their cognate adenylation domains; however, the apparent Ky, of ATP and 3-
hydroxyanthranilic acid are an order of magnitude lower and higher than related substrates with
aryl acid adenylation domains, respectively.3641.6 Apparent Ky values determined for these
NRPS adenylation enzymes are strongly affected by the assay utilized (hydroxamate-MesG
versus the classical pyrophosphate exchange) as well as substrate concentrations, which could

explain the observed discrepancies.

We also observed ThdA possessed strong substrate inhibition with a K; = 15 £ 2 uM. The
three dimensional structure of our NpsA:ThdA fusion construct shows the interface between the
ThdA loop 1 and the Ay, domain of NpsA are composed of many electrostatic and non-specific

hydrophobic interactions. These interactions are also conserved in the homologous natural
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didomain of the Xenorhabdus species.®” These observations support the hypothesis that the
interface observed in the NpsA-ThdA crystal structure is physiologically relevant. This
interaction also explains the observed inhibition at high concentrations of ThdA; the substrate
binding pocket is occluded by ThdA and Ay, when ThdA is bound to NpsA in the thiolation
conformation. There may be an equilibrium between adenylation and thiolation conformations

that shift in favor of thiolation in the presence of holo-ThdA.

Interrogation of NpsB activity proved much more challenging and initial attempts using our
coupled assay systems for pyrophosphate or NADPH consumption failed to show any turnover.
However, catalytic turnover could be achieved employing stoichiometric concentrations of pre-
loaded ThdA as the substrate for NpsB in the presence of the other co-substrates L-proline and
NADPH. The time-dependent formation of tilivalline was confirmed by LC-MS analysis
employing an authentic synthetic standard. We were able to demonstrate for the first time the
efficient production of a PBD in vitro with an overall kys of 0.013 s using this product
formation assay (Figure S16). The inability of NpsB to turnover L-proline in the presence of
ATP and NADPH suggests the reductase domain possesses high specificity for the native L-N-
(3-hydroxyanthraniloyl)prolyl-S~Txys intermediate over L-prolyl-S~Typs, which stands in stark
contrast to other reported Re domains that more rapidly reduce the amino thioester monomers
over the corresponding dipeptide thioesters.®® The close correspondence between the kg
determined in the product formation and the k., of 0.05 s independently determined using a
NADPH consumption assay confirm reduction is tightly coupled to dipeptide formation. While
the overall k., is low, it represents a composite of the microscopic rate constants for L-proline
adenylation and thioesterification onto the thiolation domain of NpsB, condensation of the

resulting L-prolyl-S~Txp with the upstream 3-hydroxyanthraniloyl-S~ThdA, and thioester
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reduction of the L-N-(3-hydroxyanthraniloyl)prolyl-S~Ty,s intermediate to a dipeptide aldehyde
species that spontaneously cyclizes to tilimycin as a diastereomeric mixtures of cyclic aminals.
We hypothesize the rate-limiting step is likely reductive release since previous studies with Re
domains®®%° show low turnover numbers (apparent kc,’s ranging from 0.03 to 0.003 sec’!). By
contrast, the reaction rates of isolated adenylation and condensation domains are typically two-

to-three orders of magnitudes greater than our observed k,.3%-30:68.70.71

The major metabolite isolated from K. oxytoca in cell culture as well as the gut microbiome
is not tilimycin, but rather tilivalline due to non-enzymatic and irreversible reaction of tilimycin
with indole by electrophilic aromatic substitution.?*?*33 The reaction proceeds through an
iminium species produced by dehydration of tilimycin. The initial report by Zechner and co-
workers identified tilivalline as the major metabolite produced by K. oxytoca; however,
subsequent studies have shown tilimycin is also formed in vitro and in vivo.?**3 Tilimycin is an
order of magnitude more cytotoxic than tilivalline and is also a genotoxic DNA-damaging agent,
whereas tilivalline inhibits microtubule formation.33 Consequently, tilimycin likely plays a more
significant role in AAHC and may additionally lead to cellular transformation upon long-term

exposure.’?

Interestingly, the relationship between the dipeptides tilimycin and tilivalline, which are
produced by enzymatic and non-enzymatic processes and mediate different cellular effects, bears
similarity to other NRPS systems. Fischbach et al. has shown that NRPS biosynthetic gene
clusters harboring terminal reductase domains that afford dipeptide aldehydes are ubiquitous in
the gut microbiota.”?> Dipeptide aldehydes produced in the gut can potentially modulate host-
microbe interactions through inhibition of cysteine proteases.”? Cyclization of typical dipeptide
aldehydes lacking an anthranilate moiety occurs slowly over several hours in the gut yielding
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dihydropyrazinone and pyrazinone metabolites, which are predicted to have important

physiological roles in mediating microbe-microbe interactions.%%73

In parallel to our characterization of NpsA we synthesized the bisubstrate inhibitors 3-
hydroxyanthraniloyl-AMS 5, 3-hydroxybenzoyl-AMS 8 and anthraniloyl-AMS 9. Biophysical
characterization by isothermal titration calorimetry revealed the 3-hydroxyl of the aryl ring is
more important than the 2-amino substituent since removal of the 3-hydroxyl group in 8 led to a
greater than 20-fold loss of affinity and concordant 4 kcal/mol decrease in binding enthalpy. The
ITC result is consistent with the removal of the two hydrogen bonds (Asn207/Ser271) that could
contribute ~2 kcal/mol each to binding enthalpy as seen in the co-crystal structures. By contrast,
deletion of the 2-amino group in 9 led to no reduction in binding enthalpy and a modest 4-fold
reduction in affinity that can be attributed to an entropic penalty from removal of the possible
prearrangement via intramolecular hydrogen bonding between the 2-amino and the N-acyl
sulfamide. The trend in binding affinities for 3-hydroxybenzoyl ligand 8 (Kp = 112 nM) and
anthraniloyl ligand 9 (Kp = 485 nM) is counterintuitively opposite the trend in Ky values for the
respective substrates 3-hydroxybenzoic acid (Ky = 4,000 uM) and anthranilic acid (Ky = 854
nM) with NpsA. These results indicate the 3-hydroxy is more critical for binding, whereas the 2-

amino group is important for catalytic efficiency.

The design of inhibitors of specific enzymes in gut microbial pathways mechanistically
linked to human diseases represents a novel strategy to develop a new class of pharmacological
agents.”*7% The tilimycin pathway has been genetically validated for causing AAHC.%*
Moreover, tilimycin and many PBDs are potent genotoxins,?? thus small-molecule inhibitors of
tilimycin biosynthesis could have therapeutic utility for not only treating AAHC, but also to

prevent transformation of colorectal cells in the 2-10% of people colonized with K. oxyfoca.
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Attempts to ‘drug the microbiome’ are still in the early stages of conception; however, non-
antibiotic approaches may have utility, especially in light of the rise of antimicrobial resistance
and the revolution of precision medicine.””’® As a prelude to future studies for treating AAHC,
we evaluated our bisubstrate inhibitors for inhibition of tilimycin in K. oxytoca cell cultures. We
initially examined our most potent enzyme inhibitor 3-hydroxyanthraniloyl-AMS 5 against K.
oxytoca and were dismayed to observe no inhibition of tilimycin production. We speculated the
lack of activity may be due to oxidative degradation of the ortho-aminophenol moiety of 3-
hydroxyanthraniloyl-AMS 5 under the aerobic culture conditions.” Indeed, we observed rapid
degradation of 5 under the culture conditions, so we examined 3-hydroxybenzoyl-AMS 8 and
anthraniloyl-AMS 9 that lack the sensitive ortho-aminophenol moiety. Consistent with its
improved biochemical potency, 3-hydroxybenzoyl-AMS 8 was found to possess superior activity
inhibiting 50% tilimycin production at 29 uM, but no observable growth inhibition of K. oxytoca
at 300 uM, the highest concentration evaluated. Previous studies of related adenylation inhibitors
have shown they possess poor bioavailability and thus are expected to accumulate to high levels
in the gastrointestinal tract.*> Consequently, inhibitors such as 8 may have ideal characteristics

for selective inhibition of tilimycin inhibition while sparing both the host and the microbiome.

PBDs share a common mechanism of action through the covalent binding to guanosine in
double-stranded DNA, which was established by a series of seminal studies in the 1970s.37:30 A
single X-ray co-crystal structure of anthramycin bound to the synthetic oligonucleotide 5'-
CCAACGTTGG-3' confirmed anthramycin binds in the minor groove and alkylates N-2 of the
guanine nucleobase.?! However, limited binding is available for most PBDs and DNA interaction
is inferred using molecular modeling and thermal stabilization assays measuring unfolding of

double-strand DNA with short synthetic oligonucleotides.’>8 A few recent studies have
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quantified overall DNA binding using mass spectrometry, but detection of defined DNA adducts
in vivo has never been reported for any PBD.?7# To this end, we sought to identify for the first
time, PBD-like DNA adducts caused by tilimycin exposure to eukaryotic cells. The major
metabolite observed in calf thymus DNA and HEK cell exposure was the hypothesized dG-
tilimycin adduct with a parent mass of 484.1939 m/z. This molecular weight supports the
previous reports of the N-2 regioselective alkylation of guanine. The N-7 of guanine is the most
nucleophilic nitrogen on the nucleobase, however, when alkylation of the N-7 occurs, like in the
case of nitrogen mustards, the anomeric linkage is weakened and the 2'-deoxyribose is rapidly
cleaved. In the case of tilimycin, the parent mass of this N-7 metabolite would be 368.1467 m/z
(-ribose), which was not observed. MS? fragmentation of the dG-tilimycin adduct reveals a
unique fragment with a mass of 269.0789 m/z. We hypothesized that this fragment was a result
of loss of pyrrolidine from tilimycin which maintained the aminal linkage to guanine. When calf
thymus DNA was exposed to high levels of tilimycin we were also able to detect a novel dA-
tilimycin adduct. This adduct was not detectable in the exposure of tilimycin to HEK cells,
which may indicate a higher sensitivity requirement to monitor the low abundance of the

metabolite.

CONCLUSION

Although pyrrolobenzodiazepines were discovered nearly sixty years ago and have been
extensively studied, fundamental questions remained concerning their biosynthesis and
mechanism of action. In this study we sought to more fully characterize the NRPS biosynthetic
machinery and mechanism of action of the microbiota-derived metabolite, tilimycin. We
provided the first kinetic characterization of a bimodular NRPS responsible for PBD

biosynthesis. First, we established that NspA efficiently loads ThdA with a preference for
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anthranilate and demonstrated the 2-amino group is more critical than the 3-hydroxyl group for
catalytic efficiency. Unexpectedly, we showed ThdA exhibits strong substrate inhibition by
occluding the substrate binding pocket of NpsA. We next studied the extension module NpsB
and showed it orchestrates the biosynthesis of tilimycin in a tightly controlled manner with
reductive release only occurring on the dipeptide chain intermediate to afford a dipeptidyl
aldehyde that spontaneously cyclizes to tilimycin. The bisubstrate AMS and AVS inhibitors
proved crucial for the structural characterization of NpsA and ThdA and allowed us to observe
both the adenylation and thioester conformations of NpsA. As a potential therapeutic strategy for
treating antibiotic associated hemorrhagic colitis, we showed 3-hydroxybenzoyl-AMS 8 could
completely block biosynthesis of tilimycin in K. oxyfoca providing a nonmicrobiocidal approach
to drugging the microbiome. Finally, in order to conclusively characterize the mechanism of
action of tilimycin, we detected the pyrrolobenzodiazepine-like N-2 deoxyguanine adduct when
HEK cells were exposed to tilimycin and detected a novel deoxyadenosine DNA adduct when
exposed calf thymus DNA to tilimycin. To the best of our knowledge, this is the first structural

characterization of a PBD-DNA adduct formed in cells.
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Methods

Cloning: The K. oxytoca gene encoding for NpsA (NpsA; WP_004103551.1) was commercially
synthesized (GENEWIZ, South Plainfield, NJ) containing Ndel (5") and Xhol (3") restriction
sites appended to the ends of the gene. A single silent mutation was designed at the codon for
Ala5 to eliminate a natural Ndel site contained within the gene. The gene was subcloned using
Ndel/Xhol) into a pETI5b vector containing an N-terminal 5xHis-tag and TEV protease
recognition site (pET15b-TEV-NpsA; Genewiz; South Plainfield, NJ, USA). K. oxytoca strain
MIT-5243 was obtained from BEI Resources (Manassas, VA) and grown in small cultures for
the generation of genomic DNA. The genes encoding ThdA and NpsB were PCR amplified from

genomic DNA and cloned into the pET15b-TEV plasmid using Ndel and Xhol restriction sites.

Protein expression and purification. Wild-type (wt)-NpsA. The ampicillin-resistant pET15b-wt-
NpsA plasmid was transformed into BL21(DE3) cells for expression. A single colony from the
transformed cells was used to inoculate a 3 mL starter culture of LB containing ampicillin (100
pg/mL). The starter culture was grown overnight at 37 °C with shaking at 250 rpm. The
following day, the 3 mL culture was used to inoculate 1 L of terrific broth (24 g/L yeast extract,
20 g/L tryptone, 4 mL/L glycerol, 0.017 M KH,POy, 0.072 M K,HPO,) containing ampicillin
(100 ug/mL). The culture was shaken at 250 rpm and 37 °C until the ODsys reached 0.8, then the
temperature was lowered to 16 °C and the culture induced with IPTG (750 uM) and incubated

overnight at 16 °C with shaking at 250 rpm.

Cells were harvested by centrifugation (5,000xg, 20 min, 4 °C), resuspended in lysis buffer
(50 mM HEPES, 150 mM NacCl, 20 mM imidazole, 0.2 mM TCEP, pH 6.8) and lysed by French
press. The lysed cells were centrifuged (35,000xg, 40 min, 4 °C) and the supernatant was loaded

onto Ni-NTA resin (2 mL, Takara; Mountain View, CA. USA). The resin was washed with lysis
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buffer (10 mL). wt-NpsA was eluted with elution buffer (50 mM HEPES, 150 mM NacCl, 300
mM imidazole, 0.2 mM TCEP, pH 6.8) and subsequently loaded onto a HiLoad 16/600 Superdex
75 pg gel-filtration column (GE Healthcare) using SEC buffer (50 mM HEPES, 150 mM NaCl,
0.2 mM TCEP, 10% glycerol, pH 6.8). The fractions containing NpsA were pooled, exchanged
into storage buffer (25 mM HEPES, 75 mM NaCl, 0.2 mM TCEP, 10% glycerol, pH 6.8) and
concentrated using a 10 kDa centrifugation. The resulting protein stock was stored at -80 °C and
thawed prior to use.

ThdA. Expression was the same as wt-NpsA with the following exceptions: After IMAC
chromatography the partially purified protein was incubated with TEV protease (8% w/w) and
dialyzed in 50 mM HEPES, 250 mM NacCl, 0.2 mM TCEP, pH 8.0 buffer for 16 h at 4 °C.
Further incubation of ThdA with the promiscuous phosphopantethineyl transferase Sfp (10 nM),
12.5 mM MgCl, and 1 mM CoA for 60 minutes at 24 °C ensured full conversion of apo-ThdA to
holo-ThdA.#>%° The storage buffer was (20 mM HEPES, 40 mM NaCl, 0.2 mM TCEP, pH 7).
holo-ThdA was concentrated using a 10 kDa centrifugation filter and fractionated into 20 pL
aliquots frozen at -80 °C until used. The total protein yield was determined by nanodrop to be
26.5 mg/L of culture.

NpsB. The ampicillin-resistant pET15b-NpsB plasmid was transformed into BL21(DE3) cells
for expression. A single colony from the transformed cells were used to inoculate a 3 mL starter
culture of LB containing ampicillin (100 pg/mL). The starter culture was grown overnight at 37
°C with shaking at 250 rpm. The following day, the 3 mL culture was used to inoculate 1 L of
terrific broth (24 g/L yeast extract, 20 g/L tryptone, 4 mL/L glycerol, 0.017 M KH,PO,, 0.072 M

K,HPO,) containing ampicillin (100 pg/mL). The culture was shaken at 250 rpm and 37 °C until
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the ODsos reached 0.6, then the temperature was lowered to 16 °C and the culture induced with
IPTG (250 uM) and incubated overnight at 16 °C with shaking at 250 rpm.

Cells were harvested by centrifugation (5,000xg, 20 min, 4 °C), resuspended in lysis buffer
(50 mM HEPES, 250 mM NaCl, 20 mM imidazole, 0.2 mM TCEP, 10% glycerol, pH 6.8) and
lysed by French press. The lysed cells were centrifuged (35,000xg, 40 min, 4 °C) and the
supernatant was loaded onto Ni-NTA resin (2 mL, Takara; Mountain View, CA. USA). The resin
was washed with lysis buffer (10 mL). NpsB was eluted with elution buffer (50 mM HEPES, 250
mM NaCl, 300 mM imidazole, 0.2 mM TCEP, 10% glycerol, pH 6.8) and subsequently loaded
onto a HiLoad 16/600 Superdex 200 pg gel-filtration column (GE Healthcare) using SEC buffer
buffer (50 mM HEPES, 250 mM NaCl, 0.2 mM TCEP, 10% glycerol, pH 6.8). The fractions
containing NpsB were pooled, exchanged into storage buffer (50 mM HEPES, 150 mM NaCl,
0.2 mM TCEP, 10% glycerol, pH 6.8) and concentrated using a 10 kDa centrifugation filter. The
resulting protein stock was stored at -80 °C and thawed prior to use. The total protein yield was

2.7 mg/L of culture.

NpsA Assay. Reactions were performed under initial velocity conditions using wt-NpsA (20-200
nM), 0.1 U purine nucleoside phosphorylase (Sigma N8264-100UN), 0.04 U inorganic
phosphatase (Sigma 11643-100UN), and 100 uM MesG (Berry & Associates), with varying
concentrations of ATP, aryl acid, and ThdA in assay buffer (50 mM Tris, 150 mM NaCl, 10 mM
MgCl,, pH 8) in a total volume of 100 pL. The reaction was initiated by addition of wt-NpsA.
Reactions were run in triplicate in 96 half-area UV transparent plates (Corning 3679) and
cleavage of MesG was continuously monitored at Aszq every 10 sec on a Molecular Devices

Spectra Max M5e over 5 min.
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Determination of Kinetic Parameters and Substrate Specificity of NpsA. Steady-state kinetic
parameters of aryl acids, ATP and holo-ThdA were determined using the wt-NpsA assay
described above by varying one substrate concentration while maintaining the other two
substrates at fixed saturating levels. The enzyme and substrate concentrations for kinetic
characterization were: aryl acid (7.8-1000 uM) with ATP (5 mM) and ThdA (20 uM) held
constant employing 200 nM wt-NpsA; ATP (7.8—-1000 uM) with aryl acid (500 uM) and ThdA
(20 uM) held constant employing 20 nM wt-NpsA; and ThdA (0.31-80 uM) with aryl acid (500
uM) and ATP (5 mM) held constant employing 20 nM wt-NpsA. The normalized initial
velocities from triplicate experiments were then plotted against the varied substrate concentration
to generate a saturation curve, which was fit by nonlinear regression analysis to the Michaelis-

Menten equation (eq 1) or the substrate inhibition model (eq 2) using GraphPad Prism 6.0.

Vinax[S]
Yo =k, + 5] (D)
[s]
V0 = Vmax Is] (2)
K +15)(1+5)

Measurement of Inhibition Constants. The determination of the apparent inhibition constants
(appK;) for adenylation inhibitors 5, 8 and 9 was performed using the NpsA assay described
above and performed in triplicate. All inhibitors were tested from 11-1000 nM at a constant 1%
DMSO concentration with 20 nM wt-NpsA in the presence of saturating concentrations of 3-
hydroxyanthranilic acid (500 uM), ATP (5 mM) and ThdA (20 uM). The inhibitors displayed
tight-binding inhibition (K®P < 200:[E]), thus the fractional activity (vi/vy), where v; is the
reaction velocity at a given [I] and v is the reaction velocity of the DMSO control, were fit by
nonlinear regression analysis using GraphPad Prism 6.0 to the Morrison equation (eq 3),%

constraining [E] to 20 nM to obtain the appK; values, which were converted to K; values using
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the Cheng-Prushoff equation (eq 4) for a competitive inhibitor, where [S] and Ky correspond to

the concentration and Michaelis constant of 3-hydroxyanthranilate.

, (ETr + e + K#P) — J(ETr + (U7 + KEP) — 4[E][1}
vl/v() = 1 —_ Z[E]T (3)

KO = Ki(1+ ) )
Determination of Kinetic Parameters of NpsB. Steady-state kinetic parameters of L-proline,
ATP and NADPH were determined by monitoring NADPH consumption (AA34) with or without
the presence of NpsA (20 nM), ThdA (20 uM), and 3-hydroxyanthranilic acid (500 uM) in assay
buffer (50 mM Tris, 150 mM NaCl, 10 mM MgCl,, pH 8). The enzyme and substrate
concentrations for kinetic characterization were: L-proline (0.078—10 mM) with ATP (5 mM)
held constant employing 250 nM NpsB; ATP (7.8-500 uM) with L-proline (5 mM) held constant
employing 250 nM NpsB; and NADPH (7.8-250 uM) with L-proline (5 mM) and ATP (5 mM)
held constant employing 250 nM NpsB. The initial velocities from triplicate experiments were
then plotted against the varied substrate concentration to generate a saturation curve, which was

fit by nonlinear regression analysis to the Michaelis-Menten equation (eq 1).

Isothermal Titration Calorimetry. ITC experiments were performed on an AutolTC,y (Malvern
Instruments). The experiments were performed at 25 °C in assay buffer (50 mM HEPES, 150
mM NaCl, 5 mM MgCl, pH 6.8). Buffer exchange into assay buffer was performed on wt-NpsA
prior to experiments using centrifugation filtration (Amicon 10 kDa filter) and the final filtrate
was used to prepare a solution of the inhibitors from a 50 mM stock in DMSO. The percentage
DMSO in the final inhibitor solution was matched in the wt-NpsA protein solution. The 200 pL
sample cell was filled with wt-NpsA (30 uM, concentration determined using the calculated

extinction coefficient Protparam tool) and the 40 pL injection syringe was filled with inhibitor
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(300 puM). Titrations were carried out with a stirring speed of 750 rpm and a 200 s interval
between 2 pL injections. The first injection for each sample was excluded from data fitting. The
experimental data was fitted to a titration curve using the Origin™ software package (version
7.0) to determine K4, n, and AH. The thermodynamic parameters (AG and TAS) were calculated
using equation 5:

AG = —RTIn(K4) = AH —TAS (5)
where AG, AH, and AS are the changes in free energy, enthalpy, and entropy of binding,
respectively; R = 1.98 cal'-mol 'K™!; T is the absolute temperature (298 K). The affinity of the
ligands for the protein is given as the dissociation constant (Kp = 1/K,). ITC experiments were

run in triplicate and analyzed independently, and the thermodynamic values were averaged.

Inhibition of Tilivalline Biosynthesis in K. oxytoca. Production of tilivalline by K. oxytoca (BEI
Resources, MIT 10-5243) was performed in duplicate in 14 mL snap-cap tubes containing 3-mL
cultures in CASO medium (17 g/L casein peptone, 2.5 g/L. K,HPO,, 2.5 g/L, D(+)-glucose, 5 g/L
NaCl, 3 g/L soy peptone). Cultures were incubated at 37 °C at 250 rpm. Prior to every
experiment, K. oxytoca was streaked out on an LB-ampicillin agar plate and one colony was
chosen for the subsequent experiments. Cultures were inoculated with an overnight CASO
culture from a single colony to a starting ODgoy = 0.01 with varying concentrations of 5, 8 and 9
or 0.6% DMSO as a negative control. Aliquots (20 pL) of the cultures were taken at 8 and 24-

hour timepoints. The aliquots were diluted with 80 pL acetonitrile, vortexed for 20 sec and
stored at -20 °C for 2 h to ensure full precipitation. The solutions were centrifuged at 15,000xg
for 5 min and 50 pL of the supernatant was transferred to a conical vial containing 50 nM

benzyl-tilivalline as an internal standard. The samples were then subjected to LC-MS/MS

analysis.
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Tilivalline Quantitation. Samples were analyzed by LC-MS/MS (Shimadzu UFLC XR-AB
SCIEX QTRAP 5500). Reverse phase LC was performed on a Kinetix C18 column (50 mm x
2.1 mm, 2.6 pm particle size; Phenomenex, Torrance, CA). Mobile phase A was 0.1% aqueous
formic acid while mobile phase B was 0.1% formic acid in acetonitrile. Initial conditions were
5% B from 0 to 0.5 min, after which the %B was increased to 95% from 0.5 to 3 min. The
column was washed in 95% B for 2 min, returned to 5% over 0.2 min, and allowed to re-
equilibrate for 2.8 min in 5% B to provide a total run time of 8 min. The flow rate was 0.5
mL/min and the column oven was maintained at 40 °C. The injection volume was 10 pL.
Tilivalline was monitored by MS in positive ionization mode by multiple reaction monitoring
(MRM). To determine the optimum mass spectrometry settings, an authentic tilivalline standard
was infused at a concentration of 1 uM (1:1 water/acetonitrile containing 0.1% formic acid) onto
the MS by a syringe pump at a flow of 10 uL/min. The following transitions were utilized:
334.4—199.1 [tilivalline (analyte)] 424—199.1 [benzyl-tilivalline (internal standard)]. Analyte
and internal standard peak areas were calculated (MultiQuant, version 2.0.2, AB SCIEX).
Analyte peak areas were normalized to internal standard peak areas, and the analyte

concentrations were determined with an appropriate standard curve.

Cloning, expression, and purification of NpsA, NpsA-N and NpsA-ThdA fusion protein for X-
ray crystallography. Wt-NpsA proved refractory to initial crystallization attempts with an in-
house sparse matrix screen. To enhance the probability of successful crystal nucleation and
growth, a surface entropy reduction (SER) mutation, EEQ—AAA, was identified with the SERp
server and introduced at positions 312-314 via QuikChange mutagenesis. All subsequent
constructs generated for crystallographic analysis contain this EEQ—SER mutation. A construct

encoding NpsA with the C-terminal subdomain, Ay, (Asn405-Val506), removed was also
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cloned into pET15b-TEV and designated pET15b-TEV-NpsA-N. The artificial di-domain fusion
construct encoding for NpsA-ThdA was cloned by inserting the ThdA gene with a six bp 5’

linker encoding for the insertion of an Ala-Ser dipeptide at the 3" end of NpsA to generate

pET15b-TEV-NpsA-ThdA (Figure S8-S12).

NpsA, NpsA-ThdA, and NpsA-N for crystallization studies were produced in E. coli
BL21(DE3) cells. 1 L of LB media (100 pg/mL ampicillin) was inoculated with 1 mL of an LB
overnight culture (100 pg/mL ampicillin, 37 °C, 250 rpm). Cultures were grown to an ODgg of
approximately 0.6 (37 °C, 250 rpm) then incubated at 4 °C (30 min, 250 rpm) after which IPTG
(500 uM) was added followed by incubation at 16 °C (20 h, 250 rpm). Cells were harvested via
centrifugation (5000xg, 35 min, 4 °C) and flash frozen in liquid nitrogen. Subsequent

purification steps were carried out at 4 °C.

Cell pellets were resuspended in lysis buffer (NpsA, NpsA-N; 50 mM HEPES pH 8.0,
150 mM NaCl, 20 mM imidazole, 0.2 mM TCEP; 10 mL/g) or lysis buffer with 10% v/v
glycerol (NpsA-ThdA; 20 mL/g). Cells were lysed via mechanical disruption (Branson sonifier)
and the resulting lysate was clarified via ultracentrifugation (40,000xg, 40 min, 4 °C), filtered
(0.45 um) and passaged over a Ni-loaded HisTrap column followed by a 3 column volume (CV)
washout with lysis buffer. The column was then washed with 5 CVs of 10% v/v elution buffer
(NpsA, NpsA-N; 50 mM HEPES pH 8.0, 150 mM NaCl, 300 mM imidazole, 0.2 mM TCEP) or
elution buffer with 10% v/v glycerol (NpsA-ThdA) followed by a linear gradient of 10—100%
v/v elution buffer over 5 CVs. For NpsA-N, protein-laden fractions were pooled, TEV protease

was added (1:100 w/w, TEV:NpsA/NpsA-N), and then fraction pools were dialyzed against lysis
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buffer for approximately 16 h. TEV protease and uncleaved NpsA-N were removed by a second
passage over the Ni-loaded HisTrap column following the initial day 1 procedure.

NpsA-ThdA was subjected to simultaneous TEV cleavage and phosphopantetheinylation.
Following day 1 Ni-IMAC, NpsA-ThdA containing fractions were pooled and combined with
TEV protease (1:100 w/w, TEV:NpsA-ThdA), promiscuous phosphopantetheinyl transferase Sfp
(400 nM), MgCl, (1 mM), and coenzyme A (1 mM; ~5 equivalents NpsA-ThdA). The reaction
mixture was rocked gently at 23°C for 3 h and then dialyzed against lysis buffer (4 h, 4°C). TEV
protease, Sfp, and uncleaved NpsA-ThdA were removed by a second passage over the Ni-loaded
HisTrap column following the initial day 1 procedure. Following the final IMAC purification
step fraction pools were concentrated (Amicon® Ultra Filter; NpsA/NpsA-N: 30 kDa MWCO,
NpsA-ThdA: 50 kDa MWCO) and further purified via gel filtration (Superdex200, 16/60; NpsA,
NpsA-N: 50 mM HEPES pH 8.0, 150 mM NacCl, 0.2 mM TCEP; NpsA-ThdA: 50 mM HEPES
pH 8.0, 150 mM NacCl, 0.2 mM TCEP, 10% v/v glycerol; Figure S14. Following gel filtration
samples were exchanged to a crystallization buffer (NpsA: 10 mM HEPES pH 8.0, 25 mM NaCl,
0.4 mM TCEP; NpsA-ThdA: 10 mM HEPES pH 8.0, 25 mM NaCl, 0.4 mM TCEP, 2.5 mM
MgCl,, 5% v/v glycerol) via serial concentration and dilution or concentrated directly in gel
filtration buffer (NpsA-N). Final protein concentrations (NpsA-N: 15.0 mg/mL, NpsA: 7.0
mg/mL, holo-NpsA-ThdA: 19.0 mg/mL) were determined using extinction coefficients at
280 nm (NpsA-N: 31860 M-'cm™!, NpsA: 38850 M-'cm!, holo-NpsA-ThdA: 44350 M-'ecm!).
NpsA-N and NpsA-ThdA samples protein samples were flash frozen as pellets in liquid nitrogen
and stored at -80°C. NpsA protein samples were stored at 4°C for approximately 2 days prior to

crystallization plate setup.
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Crystallization of NpsA variants. NpsA-N. Unliganded NpsA-N crystals were grown with
hanging drop vapor diffusion at 20 °C. Thawed NpsA-N stock solution (15 mg/mL, 1 uL) was
mixed with well solution (100 mM HEPES pH 7.5, 150 mM KBr, 30% w/v PEG3350, 1 uL) and
the resultant drop was incubated over 500 pL of well solution in a 24-well linbro style plate.
Unliganded NpsA-N crystals were cryoprotected by soaking in well solution supplemented with
15% v/v glycerol for approximately 15-30 seconds prior to vitrification in liquid nitrogen. 3-
hydroxyanthraniloyl-AMS 5, 3-hydroxybenzoyl-AMS 8 and anthraniloyl-AMS 9 ligands were
introduced into unliganded NpsA-N crystals following the same general cryoprotection/soaking
procedure. Three separate solutions containing increasing PEG3350 concentration (34, 41, 48%
w/v), 100 mM HEPES pH 7.5, and 150 mM KBr, were supplemented with 2 mM 5/8/9. Ligand
stock solutions (50 mM) were prepared with either gel filtration buffer (5/8) or DMSO (9). The
NpsA-N crystals were harvested and soaked for approximately 1 h in each PEG3350 solution in
order of increasing PEG concentration at 23 °C. During each soaking step drops were sealed in a
72 well microbatch plate with paraffin oil. Crystals were vitrified directly in liquid nitrogen after
the final soak.

NpsA. Crystals of full length NpsA were grown in the presence of 5 using the microbatch
under paraffin oil technique at 23 °C. NpsA stock solution was concentrated (10 kDa MWCO
Amicon® filter) and combined with a 5 stock solution (30 mM in NpsA crystallization buffer) so
that the composition of the final solution was 16 mg/mL NpsA, 5 mM 5 in NpsA crystallization
buffer. The NpsA/5 solution (2 pL) was combined with well solution (400 mM imidazole pH
6.6, 10% w/v PEG HMW, 2.5% w/v 1,3-dimethylimidazolium dimethyl phosphate; PEG HMW
is a 1:1:1:1 mixture of PEG8000/10000/12000/20000; 1 pL) and the resultant drop was overlaid
with paraffin oil in an untreated, polystyrene 72 well microbatch plate from Hampton Research
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(Aliso Viejo, CA, USA). Crystals, which formed concurrently with heavy precipitate, were
extracted from the drops and soaked for approximately 5 min in a solution of well solution
supplemented with 25% v/v pentaerythritol propoxylate (5/4 PO/OH; PEP426) prior to
vitrification in liquid nitrogen.

NpsA-ThdA. Holo-NpsA-ThdA was crystallized in the presence of a 3-hydroxybenzoyl-AVS 13
inhibitor using the microbatch under paraffin oil technique at 14 °C. A stock solution of 13 (160
mM, DMSO) was added directly to a thawed solution of #0olo-NpsA-ThdA (19 mg/mL, 300 uM)
in approximately 4-fold excess (1.2 mM). The resultant NpsA-ThdA/13 solution was incubated
on ice for approximately 30 min and then filtered (0.2 um) prior to crystallization plate setup.
The protein/ligand solution (1.2 uL) was mixed with well solution (0.2 M sodium formate,
20% w/v PEG3350; 1 puL) and overlaid with paraffin oil. Crystals began to form approximately
1-2 h after plate setup. (+/-)-2-Methyl-2,4-pentanediol (neat, ~1 puL) was added directly to the

drop and after approximately 5 min crystals were harvested and vitrified in liquid nitrogen.

X-ray diffraction data collection, structure solution, and refinement. Diffraction data were
collected from single crystals on either APS beamline 23-IDD (unliganded NpsA-N, NpsA-N/5,
NpsA-N/8, NpsA/9), SSRL beamline 12-2 (NpsA-ThdA/13), or SSRL beamline 9-2 (NpsA-N/5)
(Table S1). In each case data were indexed and integrated with XDS followed by merging in the
appropriate space group with AIMLESS. Optimal processing parameters were generated with the
AutoPROC software package.

NpsA-N. Two separate datasets were collected for unliganded NpsA-N crystals, which
occurred in distinct monoclinic space groups with unit cell constants that corresponded to one
(C2) or two (P2;) chains in the asymmetric unit. Each structure was solved via molecular

replacement. A protein basic local alignment search tool (BLAST) search of the protein data
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bank (PDB) yielded 53 sequences ranging from 22-33% identity. Due to the lack of a clearly
distinguished homology model, the program MRage, as implemented in the PHENIX suite, was
used to identify a viable search model from among the BLAST results and to solve the NpsA-N
C2 structure. Ultimately, a solution to the C2 structure was found using a search model derived
from 1AMU®! (29% identity with NpsA; phenylalanine activating domain of gramicidin synthase
1) processed with phenix.sculptor and with the C-terminal subdomain removed. To improve
these initial phases the structure was solved and rebuilt with MR-Rosetta and phenix.autobuild
using the sculpted 1AMU N-terminal domain as a search model. Portions of the model were
rebuilt manually with iterative real space refinement in Coot and reciprocal space refinement in
phenix.refine. Final rounds of refinement employed translation-libration-screw (TLS)
parameterization. The P2; unliganded NpsA-N structure was solved with two chains in the
asymmetric unit using Phaser and the C2 unliganded NpsA-N structure as a search model.
NpsA-N crystals soaked with 5, 8, and 9 each crystallized in space group P2; with unit cell
constants that were consistent with those of the unliganded NpsA-N P2, crystal. For both
liganded structures a copy of the two chain unit from the unliganded NpsA-N P2, structure was
placed in the unit cell with Phaser followed by iterative real space refinement with Coot and
reciprocal space refinement with phenix.refine. Ligand restraints for 5, 8, and 9 were generated
with AM1 optimization as implemented in phenix.elbow.”? Final rounds of refinement employed
translation-libration-screw (TLS) parameterization.

NpsA. Full-length NpsA was co-crystallized with 5 in space group /222 and with one chain in
the asymmetric unit. The structure was solved via molecular replacement using Phaser and a
single chain unliganded NpsA-N (P2;) search model. Difference density (mF,-DF.)

corresponding to the C-terminal subdomain was observed after an initial round of coordinate and
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atomic displacement parameter (ADP) refinement with phenix.refine. The C-terminal
subdomain, Ay, was built in manually using the C,-baton building mode in Coot. Following
manual placement of Ay, and several rounds of iterative real space refinement in Coot and
reciprocal space refinement in phenix.refine and phenix.rosetta_refine the structure was
subjected to molecular dynamics flexible fitting (MDFF) with the ChimeraX plugin ISOLDE®.
Map coefficients (2mF,-DF.) for real space MDFF via ISOLDE were generated with
phenix.maps by filling in missing F,s reflections and excluding Rg.. flagged reflections.
Following MDFF in ISOLDE, ADP values were refined with phenix.refine. Final rounds of
refinement employed TLS parameterization; the C-terminal subdomain, Ay, was excluded from
TLS refinement.

NpsA-ThdA. NpsA-ThdA co-crystallized with the mechanism-based inhibitor 13 in space
group P1 with four chains in the asymmetric unit. The structure was solved via molecular
replacement using Phaser and a single chain unliganded NpsA-N (P2;) search model. Difference
density (mF,-DF.) corresponding to Ay and ThdA (PCP domain) was observed after an initial
round of coordinate and atomic displacement parameter (ADP) refinement with phenix.refine.
Ay and ThdA domains were built in manually to varying degrees among the four chains with
iterative rounds of real space and reciprocal space refinement using Coot and phenix.refine
respectively. Following this initial refinement problematic regions of the model, i.e. rotamer and
Ramachandran outliers, were relaxed with ISOLDE into a static 2mF,-DF_, map generated with
phenix.maps with Ry, flagged reflections excluded and missing F, reflections filled. Ligand
restraints were generated with phenix.elbow for a single entity comprised of a
phosphopantetheine arm covalently tethered to 13. Tetrahedral bond restraints were applied to

the phosphopantetheine/Ser542 phosphodiester bond. Final rounds of refinement included bond
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length and angle outlier correction with phenix.real space_refine followed by ADP refinement
and TLS parameterization in phenix.refine; Ay, and ThdA domains were excluded from TLS

refinement.

Alamar Blue Cell Viability Assay. Human embryonic kidney cell (HEK293T, ATCC: CRL-
3216) cells were cultured in Dulbecco’s minimum essential medium (MEM) supplemented with
10% (v/v) fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin under a 5%
CO, atmosphere at 37 °C. Cells were seeded into a 96 well plate (Corning 3595) at a density of
10,000 cells/well. After incubation for 24 h, the media was removed from adherent cells and
replaced with FBS free MEM containing tilimycin yielding a final concentration of 0.125, 0.25,
0.5, 1, 2, 4, 8, 16, 32, 64, 128 uM tilimcyin or DMSO (0.2%) and subsequently allowed to
incubate for an additional 24 h. All experiments were performed in triplicate for each
concentration. Following the 24 h incubation, 10 pL of alamar blue cell viability reagent
(Invitrogen A50100) was added. The plate was further incubated for 4 h in the dark at 37 °C after
which fluorescence was measured at Exsqo/Emsgp 560:590 on a Molecular Devices Spectra Max
M5e plate reader. Cell viability was calculated by normalizing fluorescence signal to the DMSO

treated control (Figure S13).

Reagents for DNA Adductomics. Methanol (LC-MS grade), acetonitrile (LC-MS grade),
isopropanol (IPA) and formic acid (FA, 98% v/v) were purchased from Fluka (St. Louis, MO,
USA). Distilled water was purified by a Milli-Q system (Milford, MA, USA). DNase I
recombinant expressed by Pichia pastoris (R-DNase, 10,000 U/mg), phosphodiesterase-1
extracted from Crotalus adamanteus (PDE-1, 0.4 U/mg), recombinant alkaline phosphatase
expressed by Pichia pastoris (R-ALP, 7,000 U/mg), and calf thymus DNA (CtDNA) were

purchased from Roche (St. Louis, MO, USA). Single membrane filtration devices Microcon (10
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kDa cutoff, 0.5 mL) were purchased from Amicon (Billerica, MA, USA). Silanized vials (0.3
mL, 1.2 mL and 4 mL) were purchased from ChromTech (Apple Valley, MN, USA). Internal
standards [!°Ns]-N?-ethyl-deoxyguanosine (dG) and [!°Ns]-N°-methyl-deoxyadenosine (dA) were

synthesized as described by Wang et al.%+%>

ISN-DNA Generation. Escherichia coli (MG1655 strain) was cultured in '"N-labeled minimal
medium (5 mL) at 37 °C overnight, for three generations to obtain a uniformly labeled "N-
strain. The ODgoy was used to monitor bacterial growth until stationary phase. The bacteria
culture was centrifuged at 3000xg for 10 min at 24 °C. The bacterial pellet was resuspended in
50% glycerol in bacterial medium solution, frozen and stored in —80 °C until use. "N-labeled
minimal medium (1 L) was prepared using 200 mL of M9 salts (Na,HPO4+*7H,0, 64 g KH,PO,,
15 g, NaCl, 2.5 g, "'NH,CI, 5.0 g, deionized H,0, to 1 L), 20 mL of glucose (20%; Sigma-
Aldrich), 2 mL of MgSO, (1 M; Fisher Scientific), 100 uL of CaCl, (1 M; Fisher Scientific). A
starter culture was done by inoculating 10 puL of N and 'N- stock bacteria into 5 mL of
medium and grown overnight. 50 pL of cells were then inoculated in 1 L of medium and

incubated overnight. Cells were centrifuged and pellet stored at -80 °C until use.

Bacterial ’N-DNA Isolation. Cells were resuspended in 25 mL of Cell Lysis Solution (Qiagen)
and treated with 150 pL of Proteinase-K (24 h, 24 °C) and RNase-A (2 h, 24 °C). Proteins were
precipitated by adding 7.5 mL of Protein Precipitation Solution (Qiagen). The pellet was
discarded and the supernatant was transferred into a new tube containing an equal amount of
cold IPA to precipitate the DNA. The mixture was centrifuged, the supernatant was discarded
and the DNA pellet washed with IPA 70 % v/v in water and then with 100% IPA. The pellets

were dried, resuspended in DNA buffer (20 mM Tris, 2 mM MgCl, pH 7.4), and stored at -20
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°C. The yield and purity of the DNA was assessed using a nanodrop UV/Vis spectrophotometer

monitoring the 260 nm and 280 nm wavelengths.

DNA Exposure and Digestion. CtDNA (100 pg), bacterial DNA (100 pg), and ’N-bacterial
DNA (100 pg), were dissolved in Tris buffer (20 mM Tris, 2 mM MgCl, pH 7.4). Tilimycin and
tilivalline were added to the DNA solutions separately (100 uM). The samples total volume was
200 pL and they were incubated at 37 °C overnight. DNA exposure to DMSO (1% v/v) was used
as a negative control. DNA isolation was performed by IPA precipitation. Briefly, 1 mL of cold
IPA was added to each sample vial. The precipitated DNA was isolated, washed twice with 1 mL
70% IPA and 1 mL 100% IPA and dried under a nitrogen stream. All steps of the protocol were

performed using silanized glass vials.

DNA Isolation from HEK Cells. HEK293T cells in MEM media containing 10% FBS, 100
U/mL penicillin and 100 pg/mL streptomycin under a 5% CO, atmosphere at 37 °C were grown
to 90% confluency in T75 flasks (Corning CLS3275; ~6 x 10 cells). The cells were then washed
with PBS and incubated with 1 uM tilimycin or DMSO (0.2%) in FBS free MEM media for 24 h
at 37 °C. Following treatment, the cells were washed PBS, suspended in a trypsin-containing
buffer, pelleted at 500xg for 5 min, and further washed 3 times in PBS. Cells were resuspended
in 15 mL of Cell Lysis Solution (Qiagen) and treated with 150 pL of Proteinase-K (24h, RT) and
RNase-A (2 h, RT). Proteins were precipitated by adding 7.5 mL of Protein Precipitation
Solution (Qiagen). The pellet was discarded and the supernatant was transferred into a new tube
containing an equal amount of cold IPA to precipitate the DNA. The mixture was centrifuged
and the supernatant was discarded and the DNA pellet washed with IPA 70 % v/v in water and

then with 100% IPA. The pellets were dried, resuspended in appropriate buffer, and stored at -20
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°C. The yield and purity of the DNA was assessed using a nanodrop UV/Vis spectrophotometer

monitoring the 260 nm and the 280 nm wavelengths.

DNA Hydrolysis and Deoxyguanosine Quantitation via HPLC. DNA was enzymatically
hydrolyzed. Recombinant-DNase was added (0.5 U/ug DNA) and the samples were incubated
overnight at 24 °C. Then, Recombinant-DNase (0.5 U/ug DNA), R-ALP-1 (0.4U U/ug DNA)
and PDE-1 (0.02 mU/ug DNA) were added and the samples were incubated at 37 °C for 2 h and
additionally, overnight at 24 °C. Enzymes were removed before dG quantitation via filtration
(Microcon, 10 kDa cutoff). The recovery of the DNA adducts was determined by spiking the
samples with isotopically labeled internal standards (['’Ns]-N?-ethyl-dG and ['’Ns]-N°-methyl-
dA 100 fmol each).

Quantitation of dG was carried out with a Dionex UltiMate 3000 RSLCnano System
(Thermo Scientific, Waltham, MA) with a UV detector set at 254 nm. A 300 um ID x 15 cm
C18 column (2 um, 100 A) (Thermo Scientific, Waltham, MA) was used with water (A) and
CH;0H (B) as mobile phases, an injection volume of 1 pL, and a flow rate of 15 puL/min. The
elution gradient was as follows: an initial condition of 5% B for 2 min, a linear gradient from 2%
to 25% B in 10 min, and then from 25% to 95% B in 3 min, followed by a 5 min hold, a return to
the starting conditions over 2 min and re-equilibration for 3 min (25 min total run time). A
calibration curve for dG (0.0625-50 ng/uL) was performed in triplicate. The amount of dG in
each sample was calculated using the peak area, the slope of the calibration curve, and the
fraction of the total volume injected. The amount of dG was then used to calculate the amount of

DNA in each sample using the ratio of 1 mg of DNA per 0.66 umol of dG.

Sample Enrichment and Purification. Samples were purified by solid-phase extraction using

Strata-X cartridges (30 um, Phenomenex, Torrance, CA) after washing with 3 mL of CH;0H

ACS Paragon Plus Environment 48

Page 48 of 69



Page 49 of 69

oNOYTULT D WN =

ACS Infectious Diseases

and equilibrating with 1 mL of H,O. The samples were loaded on the cartridges, washed with 1
mL of H,0, and eluted with 1 mL of 10% CH3;OH, 100% CH3;OH and 2% formic acid in CH;0OH
sequentially. The last two eluted fractions were evaporated to dryness and reconstituted in 2%

CH;0H/H;0 to a final volume of 20 puL.

LC Conditions for MS Analysis. The dried hydrolyzed DNA samples were reconstituted in 20
uL of 2% CH3;0H/H,O (LC-MS grade, Fluka) and 1 pL analyzed by LC-MS. The LC was
performed using a nanoflow UPLC (Ultimate 3000 RSLCnano UPLC, Thermo Scientific,
Waltham, MA). The UPLC was equipped with a 5 uLL loop and reversed-phase chromatographic
separation was performed using a hand-packed commercially available fused-silica emitter (230
% 0.075 mm ID, 15 pum orifice, New Objective, Woburn MA) with C18 stationary phase (5 pum,
100, Luna Phenomenex, Torrance, CA). The mobile phase consisted of an aqueous solution of
0.05% (v/v) formic acid (A) and CH3;CN (B). The elution program included an isocratic step (2%
of B for 5.5 min at 1 pl./min), followed by a two steps linear gradient of B (1.3%/min for 37 min
and 24%/min for 2 min, both at 0.3 plL/min) and it concluded with a washing isocratic step,
performed at 98% of B for 2 min at 0.3 pL/min. At the end of the elution program, the LC-
system was equilibrated for 3 min at isocratic conditions (2% of B, 1 pL/min). The injection

valve position was switched at 6 min to take the injection loop out of the flow path.

Mass Spectrometry. All mass spectrometry-based analysis was performed using a hybrid high-
field Orbitrap mass spectrometer (Lumos, Thermo Scientific, Waltham, MA). The LC system
was interfaced to the mass spectrometer using a Nanoflex ESI ion source (Nanoflex Thermo
Scientific, Waltham, MA), which operated in positive ion mode at 2.5 kV. The transfer ion tube

temperature was 300 °C, and S-Lens setting was 60.
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Untargeted Adductomic Screening Analysis. The screening method was performed using a data
dependent acquisition-constant neutral loss/MS? (DDA-CNL/MS?) approach, consisting of full
scanning with data dependent MS? and neutral loss MS? acquisition (NL-MS?3). The full scan
(150-1,200 m/z) was performed with quadrupole filtering, maximum injection time of 50 ms,
automatic gain control target of 2x10°, and a resolution setting of 120,000. Data dependent
parameters were: dynamic exclusion of 30 s, mass tolerance of + 5 ppm, repeat count of 1,
minimum intensity of 2x104, and a cycle time of 3 s. An MS? exclusion list of 18 masses (Table
S2), consisting of unmodified nucleosides and their electrostatically bound dimer ions, was used
with a mass tolerance of = 5 ppm. MS? scan events were triggered based on an intensity
threshold of 2x10% The MS? fragmentation was performed with a quadrupole isolation width of
1.5 m/z, stepped HCD collision energy (15, 25, 35%), AGC value of 2x10°, maximum injection
time of 54 ms, and Orbitrap detection at a resolution setting of 30,000. For the NL-MS? data
acquisitions, MS? product ions were isolated in the ion trap with an isolation window of 2 m/z,
and MS? fragmentation triggered upon observation of the neutral loss of the 2'-deoxyribose (dR)
or the base moieties (-dR; 116.0474, -G; 151.0494, -A: 135.0545, -T; 126.0429; -C; 111.0433 +
5 ppm), with HCD fragmentation (40%), Orbitrap detection at a resolution of 15,000, AGC value
of 200,000 and a maximum injection time of 200 ms. A set of scan events was included for the
targeted fragmentation of hypothesized ions of interest. 6 tilimycin derived-DNA adducts
(484.1946 m/z, 468.1997 m/z, 368.1472 m/z, 352.1523 m/z, 459.1881 m/z, 444.1884 m/z), was
investigated with quadrupole isolation widths of 1.5 m/z, maximum injection time of 54 ms,
AGC of 200,000, and resolution setting of 30,000. Fragmentation was performed using HCD
with stepped collision energy (16, 26, 36%). LC and injection conditions are as reported in the

LC Conditions for MS Analysis section.
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Targeted Adduct Analysis. The targeted adduct analysis was performed using targeted MS?
analysis of 4 tilimycin derived-DNA adducts (484.1946 m/z, 468.1997 m/z, 368.1472 m/z,
352.1523 m/z), with quadrupole isolation widths of 1.5 m/z, maximum injection time of 246 ms,
AGC of 1x10°, and resolution setting of 120,000. Fragmentation was performed using HCD with
a stepped collision energy (16, 26, 36%). The fragmentation of the DNA adduct precursor ions
[MH]" results in neutral loss of the dR, G, A, T or C moiety to produce the corresponding [MH-
dR]*, [MH-G]*, [MH-A]?, [MH-T]", and [MH-C]* product ions whose masses are extracted for
detection of the adducts. LC and injection conditions are as reported in LC Conditions for MS

Analysis section.

Data  Analysis. For DNA  adduct screening data  analysis, RawConverter

(http://fields.scripps.edu/rawconv/) was used to convert the Thermo Scientific raw data files to

mzXML files which were imported into a SQL database, where data filtration on the basis of
MS? triggering ion m/z and retention time was performed. MS? triggering ions present in the
exposed samples with both m/z (5 ppm) and retention times (£ 30 s) different than those in the
control (non-exposed) samples, were selected and reported as putative DNA adducts. The
absence of putative DNA adduct ion signals in the control samples were further confirmed by
generating extracted ion chromatograms for all putative DNA adduct precursor masses at 5 ppm
mass tolerance using the Qualbrowser component of the Xcalibur 3.0 software package (Thermo
Scientific, Waltham, MA). MS? and MS? spectra of each putative DNA adduct were
subsequently evaluated for structural information and the peak area of the precursor mass was
determined. lons uniquely found in exposed samples were then confirmed by manually searching

the the corresponding '"N-version of the hypothesized adduct in the °N-labelled-DNA sample.
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MS? and MS? spectra of ’'N-molecules were also compared with the ones observed in unlabelled

or cell-derived DNA.

General Methods for Chemistry. All commercial reagents (Sigma-Aldrich, Acros Organics, and
Alfa-Aesar) were used as provided unless otherwise indicated. Compounds 2°0, 646, and 10°7
were synthesized as described. ACS and HPLC grade solvents were purchased from Fischer
Scientific. An anhydrous solvent dispensing system (MBRAUN) using packed columns of
neutral alumina was used for drying CH,Cl, and the solvents were dispensed under nitrogen. All
reactions were performed under an inert atmosphere of argon in oven dried (130-150 °C)
glassware. Thin layer chromatography (TLC plate, Merck EMD Millipore) was performed on a
pre-coated silica gel 60 F254 plates. The detection of compounds was carried out with UV light.
Flash chromatography was performed with silica gel P60 (Silicycle) with the indicated solvent
system. All NMR spectra were recorded on a Varian 400 MHz spectrometer. '"H NMR spectra
were referenced to residual CDCl; (7.27 ppm) or CD;0D (3.31 ppm); '*C NMR spectra were
referenced to CDCl; (77.23 ppm) or CD;0D (49.0 ppm). Data for 'H NMR are reported as
follows: chemical shift (multiplicity, coupling constant in Hertz (Hz), number of hydrogens).
Abbreviations are as follows: s = singlet, d = doublet, t = triplet, ¢ = quartet, p = pentet, m =
multiplet, br = broad. High-resolution mass spectra (HRMS) were obtained at the Department of

Chemistry, University of Minnesota, on a Bruker BioTOF II instrument.

Synthesis of Tilimycin and Tilivalline Tilimycin, tilivalline and O-benzyltilivalline were

synthesized as described and the 'H NMR and HRMS data matched previously reported data.?%-%

General Procedure 1: Global Deprotection. Fully protected adenosine acyl-sulfamide adenylate
(4, S3, S4) (0.1 mmol) was dissolved in EtOH (20 mL), then charged with 5% w/w Pd/C (10

wt%). The flask was evacuated and backfilled with H, three times, then stirred under an
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atmosphere of H, for 3 h. The Pd/C was removed by filtering through a pad of celite and the
supernatant was concentrated to yield a waxy brown solid. The solid was dissolved in TFA:H,O
(4:1) and stirred at room temperature for an additional 3 h. The acidic solution was concentrated
in vacuo to yield a crude orange solid. The crude material was redissolved (10 mg/mL) in 1:1
MeCN-50 mM triethylammonium bicarbonate (pH 7.5) and filtered to remove insoluble solids.
The resulting solution was purified by preparative reverse phase HPLC with a Phenomenex
Gemini C18 (250 mm x 21 mm) column at a flow rate of 21.0 mL/min employing a gradient of
5—30% acetonitrile (Solvent B) in 50 mM aqueous triethylammonium bicarbonate at pH 7.5 for
15 minutes. Fractions containing the product were pooled and lyophilized to afford the final
compound as the triethylammonium salt.

5'-[N-Sulfamoyl]amino-2’,3’-O-isopropylidene-5'-deoxyadenosine (3). Compound 2 (690 mg,
2.08 mmol, 1 equiv) was dissolved in EtOH (15 mL). The flask was charged with 5% w/w Pd/C
(70 mg, 10 wt%) evacuated and backfilled with H, three times, then stirred under an atmosphere
of H, for 2 h. The Pd/C was removed by filtering through a pad of celite and the supernatant was
concentrated to yield a yellow oil. The crude material was redissolved in 1,4 dioxanes (25 mL)
and refluxed for 2 h. The reaction mixture was concentrated and purified by silica gel flash
chromatography (dry loading, 1—-5% MeOH/EtOAc) affording the title compound (510 mg,
64%) as a white solid: R, = 0.24 (5:95 MeOH/EtOAc); 'H NMR (400 MHz, CD;0D) § 1.36 (s,
3H), 1.60 (s, 3H), 3.36 (dd, 2H, J = 3.90, 5.24 Hz), 4.47 (td, 1H, J = 2.32, 3.78, 3.78 Hz), 5.09
(dd, 1H, J =2.45, 6.23 Hz), 5.32 (dd, 1H, J=4.10, 6.26 Hz), 6.05 (d, 1H, J =4.07 Hz), 8.22 (s,

1H), 8.26 (s, 1H). MS (ESI+) m/z calcd for Ci3HoN70sSNa+ [M+Na]* 408.1, found 408.6.

5'-[ N-(3-Benzyloxy-2-nitrobenzoyl)sulfamoyl]amino-2',3'-O-isopropylidene-5'-

deoxyadenosine (4). The NHS-ester 7 (74 mg, 0.2 mmol, 1.5 equiv) and adenosine
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monosulfamide (3) (50 mg, 0.13 mmol, 1 equiv) were dissolved in DMF (5 mL). The reaction
mixture was cooled to 0 °C and Cs,CO; (130 mg, 0.4 mmol, 3 equiv) was added. The reaction
was allowed to warm to room temperature and stirred for 18 h. The excess Cs,CO; was removed
by filtration with a sintered glass filter and the supernatant was concentrated to yield a yellow
solid, which was purified by silica gel flash chromatography (dry loading, 2.5—15%
MeOH/EtOAc) afforded the title compound (53 mg, 65%) as a white solid: R, = 0.25 (10:90
MeOH/EtOAc); 'H NMR (400 MHz, CD;0D) 8 1.32 (s, 3H), 1.56 (s, 3H), 3.35-3.37 (m, 2H),
4.41-4.42 (m, 1H), 5.08 (dd, J = 6.1, 2.5 Hz, 1H), 5.16 (s, 2H), 5.32 (dd, J = 6.2, 3.8 Hz, 1H),
6.07 (d, J = 3.7 Hz, 1H), 7.25-7.39 (m, 8H), 8.23 (s, 1H), 8.26 (s, 1H); 3C NMR (100 MHz,
CD;0D) & 25.6, 27.6, 46.3, 72.2, 83.4, 84.7, 85.7,92.4, 115.6, 117.7, 120.6, 122.5, 128.3, 129.1,
129.14, 129.5, 131.8, 133.3, 137.3, 141.7, 150.0, 151.0, 154.0, 157.2, 170.3; HRMS (ESI-) m/z

calcd for Cy7H,7NgOoS- [M—H]~ 639.1627, found 639.1657 (error 4.5 ppm).

5'-[N-(2-Amino-3-hydroxybenzoyl)sulfamoyl]amino-5’-deoxyadenosine triethylammonium
salt (5). The title compound was prepared from 4 using general procedure 1 to afford a colorless
foam (20 mg. 45%): HPLC purity = 93.8%, tx = 8.86 min, £’ = 2.5; '"H NMR (400 MHz,
CD;0OD) 6 1.29 (t,J =8 Hz, 27 H, excess Et;N), 3.16 (q, J = 8 Hz, 18 H, excess Et;N), 3.29-3.41
(m, 2H), 4.26 (q, J = 3.4 Hz, 1H), 4.35 (dd, J = 5.4, 2.5 Hz, 1H), 4.86-4.90 (m, 1H), 591 (d, J =
6.8 Hz, 1H), 6.47 (t,J=7.9, 1H), 6.76 (d, J= 7.7 Hz, 1H), 7.23 (d, /= 8.1 Hz, 1H), 8.26 (s, 1H),
8.39 (s, 1H), 8.55 (s, 2H); 13C NMR (100 MHz, CD;0D) 4 9.3, 46.5, 47.8, 73.2, 74.6, 85.9, 91.0,
115.1, 115.9, 119.5, 120.2, 138.7, 140.7, 145.2, 148.8, 152.7, 155.7, 171.8; HRMS (ESI-) m/z

calcd for C17HoNgO;S- [M—H] 479.1103, found 479.1088 (error 3.6 ppm).

3-Benzyloxy-2-nitrobenzoic acid N-hydroxysuccinimide ester (7). Aryl acid 6* (270 mg, 1

mmol, 1 equiv) was dissolved in THF (25 mL). The solution was cooled to 0 °C. N-
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hydroxysuccimide (250 mg, 2.2 mmol, 2.2 equiv) was added followed by DCC (450 mg, 2.2
mmol, 2.2 equiv). The reaction mixture was allowed to warm to room temperature and stirred for
12 h. The resulting precipitate was filtered with a sintered glass filter and the supernatant was
concentrated and purified by silica gel flash chromatography (dry loading, 10—50%
EtOAc/hexanes) affording the title compound (315 mg, 85%) as a white solid: R,= 0.30 (50:50
EtOAc/hexanes); '"H NMR (400 MHz, CDCl;) 6 2.88 (s, 4H), 5.24 (s, 2H), 7.33-7.40 (m, 6H),
7.51 (t, J = 8.19 Hz, 1H), 7.76 (d, J = 7.86 Hz, 1H); 3C NMR (100 MHz, CDCl;) § 25.8, 71.7,
118.7, 121.0, 122.8, 127.2, 128.7, 129.0, 131.2, 134.8, 150.5, 158.5, 168.6 (missing 1 aryl
carbon); HRMS (ESI+) m/z caled for CigH4N,O;Na* [M+Na]* 393.0693, found 393.0692 (error

0.4 ppm).

5'-[N-(3-Hydroxybenzoyl)sulfamoyl]amino-5'-deoxyadenosine triethylammonium salt (8).
The title compound was prepared from S3 using general procedure 1 afford a colorless foam (23
mg, 49%): HPLC purity = 99.8%, g = 12.10 min, £’ = 3.5; '"H NMR (400 MHz, CD;0D) & 1.27
(t, J= 8.0 Hz, 9H), 3.15 (q, J = 8.0 Hz, 6H), 3.31-3.35 (m, 2H), 4.24 (q, J = 3.4 Hz, 1H), 4.34—
4.36 (dd, J= 5.4, 2.8 Hz, 1H), 4.85-4.86 (m, 1H), 5.92 (d, J= 6.5 Hz, 1H), 6.87 (d, J = 2.6 Hz,
1H), 7.18 (t, J = 7.9 Hz, 1H), 7.38 (s, 1H), 7.43 (d, J = 7.9 Hz, 1H), 8.28 (s, 1H), 8.33 (s, 1H);
BC NMR (100 MHz, CD;0D) & 9.3, 46.4, 47.8, 73.1, 74.8, 85.9, 90.7, 116.3, 119.3, 120.7,
120.8, 129.9, 139.5, 141.9, 150.4, 154.2, 157.4, 158.3 (missing 1 aryl carbon); HRMS (ESI-) m/z

calcd for C17HsN;0;S-[M—-H]~ 464.0994, found 464.0978 (error 3.4 ppm).

5'-[N-(2-Aminobenzoyl)sulfamoyl]amino-5'-deoxyadenosine triethylammonium salt (9). The
title compound was prepared from S4 using general procedure 1 to afford a colorless foam (12
mg, 25%): HPLC purity = 90.5%, g = 9.98 min, £’ =2.9; '"H NMR (400 MHz, CD;0D) 6 1.23 (t,

J = 8.0 Hz, 9H), 3.05 (q, J = 8.0 Hz, 6H), 3.31-3.34 (m, 2H), 4.24 (g, J = 3.3 Hz, 1H), 4.36 (dd,
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J=5.4,2.9 Hz, 1H), 4.82-4.85 (m, 1H), 5.94 (d, /= 6.3 Hz, 1H), 6.56 (t, J= 7.5, 1H), 6.67 (d, J
= 8.2 Hz, 1H), 7.10 (t, J = 8.3 Hz, 1H), 7.80 (d, J = 8.0 Hz, 1H), 8.31 (s, 2H); '3C NMR (100
MHz, CD;0D) § 9.6, 46.5, 47.7, 73.0, 74.9, 85.9, 90.4, 117.0, 118.0, 120.5, 120.7, 131.8, 132.8,
141.8, 150.5, 150.7, 154.1, 157.3, 175.9; HRMS (ESI-) m/z caled for C;7H;oNsOgS™ [M—H]"

463.1154, found 463.1130 (error 5.0 ppm).

(E)-tert-Butyl  {2-[3-(methoxymethoxy)phenyl]ethenyl}sulfonylcarbamate (11) tert-
Butyl[(diphenylphosphoryl)methyl]sulfonyl carbamate*® (150 mg, 0.37 mmol, 1 equiv) was
dissolved in DMF (5 mL) under an atmosphere of argon. The solution was cooled to 0 °C and
NaH (27 mg, 1.1 mmol, 3 equiv) was added. The reaction mixture was allowed to warm to 24 °C
and stirred for an additional 30 min to ensure complete conversion to the ylide. Aldehyde 10°
(63 mg, 0.37 mmol, 1 equiv) was added as a solution in DMF (2 mL) and the reaction was stirred
overnight. The reaction mixture was concentrated to a yellow oil and partitioned between H,O
(20 mL) and EtOAc (20 mL). The organic layer was collected, dried over Na,SO, and
concentrated to a light-yellow oil. Purification by flash chromatography (15—30%
EtOAc/Hexanes) afforded the title compound (120 mg, 92%) as a white solid: R, = 0.45 (33:67
EtOAc/Hexanes); '"H NMR (400 MHz, CDCls) 6 1.85 (s, 9H), 3.50 (s, 3H), 5.21 (s, 2H), 5.30 (s,
1H), 6.99 (d, J = 15.5 Hz, 1H), 7.13-7.18 (m, 2H), 7.21 (s, 1H), 7.35 (t, /= 8.0 Hz, 1H), 7.64 (d,
J =15.5 Hz, 1H); 3C NMR (100 MHz, CDCls) & 28.1, 56.2, 84.3, 94.6, 116.0, 119.5, 122.5,
124.5, 130.3, 133.6, 144.4, 149.6, 157.9; HRMS (ESI+) m/z calcd for C;sH;pNOgS™ [M+H]*

344.1162, found 344.1101 (error 1.6 ppm).

(E)-5'-Deoxy-5'-N-tert-butoxycarbonyl-2',3'-O-isopropylidene-5'-N-({2-[3-
(methoxymethoxy)phenyl]ethenyl}sulfonyl)adenosine (12) To a solution of 2'.3'-O-

isopropylideneadenosine 1 (32 mg, 0.1 mmol), 11 (30 mg, 0.09 mmol) and triphenylphosphine
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(34 mg, 0.13 mmol), in THF (1 mL) at 0 °C was added a solution of DIAD (26 pL, 0.13 mmol)
in THF (1 mL) over 10 min. The solution was allowed to warm to 24 °C and stirred for 15 h. The
mixture was concentrated and purified by flash chromatography (100% EtOAc) to afford a white
foam (10 mg, 75% brsm): R,=0.12 (100% EtOAc); '"H NMR (400 MHz, CD;0D) & 1.38 (s, 3H),
1.41 (s, 9H), 1.58 (s, 3H), 3.46 (s, 3H), 4.03—4.06 (m, 2H), 4.44-4.48 (m, 1H), 5.18 (dd, J = 6.4,
3.3 Hz, 1 H), 5.23 (s, 2H), 5.52 (d, 6.3 Hz, 1H), 6.25 (d, J = 2.0 Hz, 1H), 7.02 (d, J = 15.4 Hz,
1H), 7.12 (t, J = 9.5 Hz, 1H), 7.18 (s, 1H), 7.34 (t, J = 8.0 Hz, 1H), 7.36 (d, J = 15.5 Hz, 1H),

8.23 (s, 1H), 8.27 (s, 1H). MS (ESI+) m/z caled for CogHNgOoS* [M+H]* 633.2, found 633.3.

(E)-5'-Amino-5'-deoxy-5'-N-{[2-3-hydroxyphenyl)ethenyl|sulfonyl}adenosine (13) To a
solution of 12 (7 mg, 0.01 mmol) was added 80% aqueous TFA (5 mL). The solution was stirred
at 24 °C for 2 h then concentrated. Purification by flash chromatography (1—10%
MeOH/EtOAc) afforded a white solid (5 mg, 95%): HPLC purity = 94.1%, tg = 11.97 min, k' =
3.6 Ry=0.30 (1:9 MeOH/EtOAc); 'H NMR (600 MHz, CD;0D) 6 3.41 (d, J= 3.5 Hz, 1H), 4.28
(q, J=3.2 Hz, 1H), 437 (dd, J = 5.4, 2.7 Hz, 1H), 4.87-4.89 (m, 1H), 5.93 (d, J = 6.6 Hz, 1H),
6.85 (dd, J = 8.2, 2.5 Hz), 6.95 (d, J=15.4 Hz, 1H), 6.97 (s, 1H), 7.02 (d, /= 7.6 Hz, 1H), 7.22
(t, J=7.9 Hz, 1H), 7.37 (d, J = 15.4 Hz, 1H), 8.24 (s, 1H), 8.26 (s, 1H); 3C NMR (100 MHz,
CD;0D) & 45.8, 73.0, 74.4, 85.9, 91.5, 115.5, 118.9, 120.8, 121.2, 126.7, 131.1, 135.5, 142.2,
142.3, 150.0, 153.7, 157.6, 159.2; HRMS (ESI+) m/z caled for CigH; NgOgS* [M+H]™ 449.1237,

found 449.1230 (error 1.6 ppm).
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Supporting Information: The Supporting Information is available free of charge via the

Internet at http://pubs.acs.org. A complete list of LC-MS/MS parameters and fragmentation

data, X-ray crystallographic data for NpsA and ThdA and 'H and 3C NMR of all compounds.
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ABBREVIATIONS

3HA-AMP, 3-hydroxyanthraniloyl adenosine monophosphate; Ay, adenylation domain C-
terminal subdomain; AAHC, antibiotic associated hemorrhagic colitis; ACP, acyl-carrier protein;
acyl-AMS, acyl adenosine monosulfamide; ATP, adenosine triphosphate; AVS, adenosine
vinylsulfonamide; CASO, tryptic soy broth; ctDNA, calf thymus DNA; dG, 2’-deoxyguanosine;
dA, 2;-deoxyadenosine; AG, gibbs free energy; GI, gastrointestinal; AH, enthalpy; HPLC, high
performance liquid chromatography; IMAC, immobilized metal affinity chromatography; ITC,
isothermal titration calorimetry; Kp dissociation constant; LC-MS, liquid chromatography-mass
spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry; L-Pro-S~Txpss
prolyl-loaded thiolation domain; NHS, N-hydroxysuccinimidyl; NL, neutral loss; NRPS,
nonribosomal peptide synthetase; MDFF, molecular dynamics flexible fitting; MEM, Dulbecco’s
minimum essential medium; MesG, 7-methylthioguanine; PBD, pyrrolobenzodiazepine; PPi,
pyrophosphate; AS, entropy; SEC, size exclusion chromatography; SER, surface entropy

reduction; sfp, 4'-phosphopantetheinyl transferase; TEV, tobacco etch virus.
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