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We describe competitive activity-based protein profiling (ABPP) to
accelerate the functional prediction and assessment of adenylation (A)
domains in nonribosomal peptide synthetases (NRPSs) in proteomic
environments. Using a library of sulfamoyloxy-linked aminoacyl-AMP
analogs, the competitive ABPP technique offers a simple and rapid
assay system for adenylating enzymes and provides insight into enzyme
substrate candidates and enzyme active-site architecture.

Peptide-based natural products are structurally diverse and display
biologically important activities, including a large number of clinical
antimicrobial, anticancer and immunosuppressive drugs, virulence
factors, and signaling molecules." Many of these small molecules are
biosynthesized by large, highly versatile multifunctional enzymes
known as nonribosomal peptide synthetases (NRPSs).> Currently,
a large number of biosynthetic gene clusters encoding NRPSs
have been found in various organisms through recent genome
sequencing projects.® Functional analysis and engineering of these
synthetases have focused on the heterologous expression of bio-
synthetic clusters in host organisms such as Streptomyces strains,
yeast and Escherichia coli.* Because of the multifunctionality of the
NRPS family and method complications associated with predicting
NRPS activities in proteomic samples, there has been significant
interest in developing methods that assess NRPS activities directly in
complex proteomes. Such approaches should accelerate both the
functional characterization and manipulation of NRPSs. In addition,
some of these megasynthetase enzymes pose particular difficulties
in laboratory assessments. This is partly because these enzymes are
large molecular proteins ranging in size between 300 and 800 kDa,
and because of the general intractability of producer organisms to
conventional genetic manipulation and heterologous expression.’
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Chemical proteomic techniques of NRPS family members could
provide highly complementary genetic approaches that facilitate the
direct functional analysis of NRPSs in biological samples.
Adenylation (A) domains housed within all NRPS modules are
essential catalytic motifs and function as gatekeepers to select
amino acid building blocks used in the construction of peptide-
based natural products. The A-domain selectively incorporates
cognate amino acids into NRPs from a much larger monomer
pool, including all 20 proteinogenic amino acids and a number of
non-proteinogenic amino acids and aryl acids.® The A-domain
recognizes a cognate amino acid and converts it to the corres-
ponding aminoacyl adenylate intermediate at the expense of ATP
with the release of PP; (Fig. 1). The adenylated substrate subse-
quently undergoes nucleophilic attack by the terminal thiol group
of the 4’-phosphopantetheine arm of a downstream thiolation (T)
domain, leading to the formation of a thioester bound aminoacyl-S-
T. The simple biochemical logic of the A-domains has made them
attractive targets for metabolic engineering,” mutasynthesis,® com-
binatorial biosynthesis® and directed evolution'® for the production
of new metabolites. Therefore, A-domains should provide an ideal
entry to assess NRPS-related biosynthetic pathways and engineered
systems. The conventional methods to assay enzymatic activities of
the A-domains in NRPSs rely on radioactive methods such as ATP-
PP; exchange'' and the uptake of radiolabeled amino acids."”” In
these methods, the assay poses several laborious, complicated and
time-consuming handling steps involving radioactive materials and
the labile thioester bond that holds radiolabeled amino acids to the
synthetase. Other techniques using a continuous hydroxylamine
release assay are limited to the analysis of purified proteins.'?
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Fig. 1 The adenylation reaction catalyzed by the A-domains of NRPSs.

Modules are composed of thiolation (T), adenylation (A) and condensation

(C) domains.
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Fig. 2 (a) Methods for proteomic analysis of the A-domains in NRPS enzymes
through competitive ABPP. In a typical competitive ABPP experiment, pro-
teomes treated with an inhibitor (or vehicle control) are incubated with an active
site-directed probe for an A-domain. Samples are then photoactivated with UV
light (365 nm), treated with a rhodamine (Rh)-azide reporter tag under click
chemistry (CC) conditions, and monitored by SDS-PAGE coupled with in-gel
fluorescence imaging. Modules are composed of thiolation (T), adenylation (A),
condensation (C) and thioesterase (TE) domains. The rectangles represent
nonspecific proteins. (b) The structures of the active site-directed proteomic
probes® (c) The structures of cognate competitors of the probes in (b).

Advanced techniques to not only rapidly verify expression, folding
and activity parameters, but also accelerate the functional prediction
and assessment of the A-domains of NRPSs in proteomes from
native and heterologous systems are therefore desirable. Here, we
describe the utility of competitive activity-based protein profiling
(ABPP) to predict the substrate promiscuity of the A-domains in
NRPS enzymes by coupling with a library of 5'-O-(N-aminoacyl)}
sulfamoyladenosine (aminoacyl-AMS) inhibitors (Fig. 2a).

An aminoacyl-AMS scaffold, a bioisosteric and chemically
stable non-hydrolysable analog of the aminoacyl adenylate
monophosphate intermediate has been used in the design of
inhibitors that display tightly bound inhibitory characteristics for the
A-domains in NRPS enzymes."*""” We have recently developed active
site-directed proteomic probes for the A-domains in NRPSs coupled
to the aminoacyl-AMS scaffold with a photoreactive benzophenone
and a clickable alkyne functionality at the 2’-OH group of the
adenosine skeleton (Fig. 2b)."®" The synthetic probes selectively
target the cognate A-domains in NRPS enzymes in native proteomic
environments. We envisaged that chemical proteomic strategies
using a combination of a library of aminoacyl-AMP analogs
should offer a direct readout of enzyme substrate specificity
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and the active-site architecture of A-domains in NRPSs. To this
end, aminoacyl-AMP analogs 9, 10 and 13-25 were synthesized
by the assembly of the AMS scaffold and protected NHS activated
amino acids (Fig. 2c and Scheme S1, ESIt).

We first asked whether a competitive ABPP technique for the
A-domains in NRPSs could provide details about enzyme substrate
selectivity and enzyme active-site microenvironments in biological
samples. This is because libraries of peptide-based ABPP probes
have been applied to map active-site specificity in several classes of
proteases.”>*" For the proof-of-principle experiments, we chose five
A-domains in the gramicidin S synthetases, GrsA and GrsB in
proteomic extracts from the gramicidin S producers, Aneurinibacillus
migulanus ATCC 9999 and DSM 5759. Gramicidin S is a cyclic
decapeptide biosynthesized by GrsA and GrsB peptide synthetases
(Fig. S1, ESIf).*> The GrsA initiation module contains the domain
structure A; (1-Phe)T-E and incorporates p-Phe into gramicidin
S. GrsB consists of four NRPS modules, C-A,-T-C-A;-T-C-A,-T-C-As5-
T-TE. The four A-domains (A,-A;) are housed within this protein and
selectively incorporate their cognate amino acids, 1-Pro, 1-Val, .-Orn
and r-Leu, respectively, in the NRPS assembly line. A library of
aminoacyl-AMP analogs was tested towards endogenous GrsA in
the context of a complex proteome using competitive proteomic
profiling assays with probe 1. In the competitive ABPP assays, probe
1 was incubated with the A. migulanus ATCC 9999 proteomes in the
absence or presence of aminoacyl-AMP analogs 6-25 for 10 min at
room temperature and pH 8.0. These samples were then photo-
activated with UV light (365 nm) for 30 min at 0 °C, treated with the
rhodamine (Rh}-azide reporter tag under standard click chemistry
(CC) conditions™ and monitored by SDS-PAGE coupled with in-gel
fluorescence scanning. As expected, several compounds showed
inhibitory activities towards the A-domain of GrsA (Fig. 3a and
Fig. S2, ESIT). Five (6, 12, 18, 20 and 25) of the 20 compounds
showed high inhibition characteristics of the A-domain of GrsA. The
labeling of the A-domain of GrsA by probe 1 completely disappeared
in the presence of compounds 6, 12, 18 and 20. In contrast,
incubation of the A. migulanus ATCC 9999 proteome with 100 pM
25 exhibited moderate inhibition of the labeling of the A-domain of
GrsA, with an estimated reduction of fluorescence band intensity by
56% when compared with the DMSO control. Compound 19
provided 100% inhibition of the A-domain of GrsA when tested at
a concentration of 1 mM. Treatment of the A. migulanus ATCC 9999
proteome with the other aminoacyllAMP analogs prior to the
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Fig. 3 Competitive ABPP of 6—25 towards the A-domain of endogenous
GrsA. (a) Assessment of the inhibition potency (100 pM compound) in the
A. migulanus ATCC 9999 proteome with probe 1 (1 puM). (b) Dose—
response competitive ABPP experiments to assess the selectivity of 6,
12, 18, 20 and 25 towards the A-domain of GrsA in the A. migulanus ATCC
9999 proteome with probe 1 (1 uM).
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administration of 1 did not block labeling of the A-domain of GrsA.
To estimate the strength of their interactions with the A-domain of
GrsA in the proteome, dose-response competitive ABPP experiments
with probe 1 were conducted for compounds 6, 12, 18, 20 and 25 at
concentrations ranging from 1 nM to 1 mM (6: 1 nM-10 pM; 12, 18,
20 and 25: 10 nM-1 mM). In addition, we chose 17 and 23 that
exhibited no binding characteristics towards the A-domain of GrsA
for comparative activity studies. These data revealed clear differences
in the inhibitor selectivity profiles of the A-domain of GrsA by
6, 12, 18, 20, and 25, providing ICs, values of 0.38 £ 0.14 uM,
23.0 + 0.12 1M, 27.2 + 0.22 1M, 9.9 + 0.13 pM and 126 + 0.18 M,
respectively (Fig. 3b and Fig. S3, ESIt). In contrast, 17 and 23 did not
exhibit inhibitory activities with the A-domain of GrsA up to 1 mM
(Fig. S4, ESIT). These results were comparable to a competitive ABPP
study towards the A-domain of recombinant GrsA (Fig. S5 and S6,
and Table S3, ESIT).

We next sought to demonstrate whether the inhibitor sensitivity
profiles of the A-domain of GrsA could provide insights into enzyme
substrate selectivity of adenylating enzymes. To assess the specific
activities of the A-domain of recombinant holo-GrsA, the apparent
steady-state kinetic parameters of the most active amino acid
substrates (i-Phe, 1-Leu, 1-Met, 1-Trp, and 1-His) were examined
using a coupled hydroxamate-MesG continuous spectrophotometric
assay (Fig. S7, S8, $10-S12 and Table S1, ESIT).”* To investigate a
correlation between the ICs, values and substrate tolerance, the
measured Michaelis constants (K;,,) towards the selected substrates
were compared. This is because aminoacyl-AMS molecules were
originally designed not as transition-state analogs relating to adenyl-
ation reactions, but as analogs of the reaction intermediates. The
K, value for 1-Phe with the A-domain of recombinant GrsA was
calculated to be 24.8 uM. The K, values for 1-Leu, .-Met, .-Trp and
1-His with the A-domain of GrsA were 2.85, 18.5, 1.49 and 17.5 mM,
respectively. While a pronounced increase in K, values is observed
among 1-Leu, 1-Met, 1-Trp and r-His, the A-domain of GrsA was
found to discriminate stringently between the selected amino acids.
The K, values of 1-Leu and -Trp are approximately 6- and 12-fold
lower than those of 1-Met and 1-His, respectively. In addition, .-Thr
and 1-Lys were tested because the corresponding compounds 17 and
23 did not provide inhibitor-sensitive profiles towards the A-domains
of both recombinant and endogenous GrsA (Fig. S4 and S6, ESIY).
Indeed, the K, value of the A-domain of recombinant GrsA with
-Thr was 246 mM, which is 15- to 160-fold higher than the K,
values of the other substrates tested (Fig. S9 and Table S1, ESIY).
Incubation of GrsA (2.8 puM) with r-Lys (100-500 mM) resulted in
virtually no detectable enzymatic activity. Taken together, these data
validate that the competitive ABPP technique using a combination of
a library of aminoacyl-AMP analogs can be used to image enzyme
substrate candidates and active-site architectures of the A-domains
of NRPSs in proteomic samples.

As an ultimate application of the competitive ABPP, we
evaluated the A-domains housed within the modular synthetase
GrsB using probes 2, 3, 4 and 5. DSM 5759 expressed higher
levels of active GrsB than ATCC 9999.'° Thus, the proteome
from DSM 5759 was used to demonstrate our strategy. In the
competitive ABPP experiments for the Pro-activating domain of
GrsB, probe 2 was incubated with the A. migulanus DSM 5759
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Fig. 4 Competitive ABPP of 6—25 toward the A-domains of endogenous
GrsB in the A migulanus DSM 5759 proteome. (a) Assessment of the
inhibition potency (100 uM compound) towards the Pro-activating domain
of GrsB with probe 2 (1 uM). (b) Assessment of the inhibition potency
(100 pM compound) towards the Orn-activating domain of GrsB with
probe 3 (1 uM). (c) Assessment of the inhibition potency (100 pM com-
pound) towards the Val-activating domain of GrsB with probe 4 (1 uM).
(d) Assessment of the inhibition potency (100 uM compound) towards the
Leu-activating domain of GrsB with probe 5 (1 pM).

proteome in the absence or presence of aminoacyl-AMP analogs
6-25 (100 uM) (Fig. 4a and Fig. S14, ESIT). The labeling of the
Pro-activating domain of GrsB was lost completely only by the
addition of 7. A dose-response curve for proteomic inhibition
of the Pro-activating domain of GrsB by 7 gave an ICs, value of
0.29 £+ 0.09 pM (Fig. S15, ESIt). These inhibitor sensitivity
profiles correspond identically to those of the recombinantly
expressed homologous A-domain within the first module of
tyrocidine synthetase TycB (TycB,) and correlate well with its
substrate preferences (Fig. S13, S16 and S17, and Tables S2
and S4, ESIT).>* Indeed, a comparison of the predicted structure
of the active site of A-domains from the Pro-activating domains
of GrsB and TycB reveals that they are highly conserved,>>®
further demonstrating the utility of this ABPP technique.

In competitive ABPP assays for the Orn-activating domain of
GrsB, probe 3 was used to visualize protein-ligand interactions.
The competitive ABPP of aminoacyl-AMP analogs 6-25 revealed
that 15, 23, 24 and the cognate competitor 8 conferred potent
inhibition activities at a concentration of 100 uM with estimated
reduction in fluorescence band intensities when compared to
the DMSO control of 63, 84, 82 and 85%, respectively (Fig. 4b and
Fig. S18, ESIt). Dose-response curves for proteomic inhibition of
the Orn-activating domain of GrsB by 8, 15, 23 and 24 were
constructed by competitive ABPP with probe 3, providing ICs,
values of 18.5 &+ 2.6 nM, 139 £ 0.33 uM, 8.2 £ 0.14 uM and 4.6 £+
0.15 uM, respectively (Fig. S19 and Table S5, ESIT). These results
indicate that the Orn-activating domain of GrsB displays high
substrate specificity towards the cognate amino acid substrate.
Alignment analysis of the sequence from GrsB with the putative
A-domains for 1-Orn from tyrocidine synthetase TycC, fengycin
synthetases Pps1 and FenC, and bacitracin synthetase BacB reveals
a highly conserved active site structure.>*>® The conserved residues,
Glu278 and Ser322, play a key role in substrate recognition through
salt-bridge formation and hydrogen bonding with the side chain
amino group of 1-Orn. The binding characteristics of 8, 23 and

This journal is © The Royal Society of Chemistry 2015
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24 towards the Orn-activating domain of GrsB are attributed to
the common electrostatic interactions between the carboxylate
of Glu278 and the side chain functionalities of the compounds.
Since the Orn-activating domain of HSAF synthetase can activate
both 1-Orn and 1-Lys among the 16 amino acids tested,”” it is
postulated that the Orn-activating domain of GrsB could accept
1-Gln, 1-Lys and 1-Arg as alternative substrates.

To evaluate the Val- and Leu-activating domains of GrsB in
competitive experiments, the DSM 5759 proteome was individually
treated with 100 pM of each aminoacyl-AMP analog 6-25 before the
addition of probes 4 and 5. Assessment of the inhibition potency
revealed that five (12, 13, 18, 20 and 25) and three (10, 12 and 18)
of the 20 compounds displayed high (>90%) inhibition of the
Val- and Leu-activating domains of GrsB, respectively (Fig. 4c and d,
Fig. S20 and S22, ESIT). Inhibitors 12, 13, 18, 20 and 25 gave ICs,
values of 2.8 + 0.23 uM, 6.0 £ 0.10 puM, 0.42 + 0.08 uM, 0.65 +
0.04 uM and 2.2 + 0.28 pM for the inhibition of the Val-activating
domain of GrsB (Fig. S21 and Table S6, ESIt). A dose-response
curve by the probe’s cognate competitor 11 afforded an ICs, value
of 0.11 &+ 0.04 uM (Fig. S21 and Table S6, ESI}). Dose-response
curves for the inhibition of the Leu-activating domain of GrsB by 12
and 18 gave ICs, values of 1.7 + 0.09 nM and 2.7 £+ 0.22 pM,
respectively (Fig. S23 and Table S7, ESIf). In contrast, 10 did not
provide an inhibitor sensitive profile towards the Leu-activating
domain of GrsB (Fig. S23, ESIT). These results emphasize not only
the cognate amino acid specificity, but also the different inhibitor
recognition patterns in the Val- and Leu-activating domains. The
A-domains that activate amino acids with hydrophobic side chains
show lower substrate selectivity than those that activate polar
amino acids. Indeed, the Leu-activating domains of the surfactin
synthetases SrfAA, SrfAB and SrfAC are known to activate 1-Val and
1-Ile with lower catalytic efficiency.*® The Val-activating domain of
SIfAB activates 1-Ile to a lesser extent.”® Using a combination of a
large base of NRPS gene sequences,””° the competitive ABPP
technique could provide functional characteristics and a molecular
basis underpinning substrate recognition of the A-domains of
NRPS enzymes.

In summary, we have demonstrated a simple, rapid and
nonradioactive assay system to accelerate greatly the direct func-
tional prediction and characterization of A-domains in NRPSs in
proteomic environments. Using a library of aminoacyl-AMP analogs,
the competitive ABPP technique offered insights into enzyme sub-
strate candidates and enzyme active-site microenvironments. These
techniques should serve as powerful diagnostic tools in metabolic
engineering, mutasynthesis, combinatorial biosynthesis and directed
evolution programs by quantifying expression, solubility, folding
and the functional prediction of A-domains of NRPSs in native/
heterologous systems. Using a range of non-proteinogenic amino
acid sulfamoyl adenosines, these approaches can be further used to
construct inhibitor sensitivity profiles for non-proteinogenic building
blocks, which could allow the successful introduction of functiona-
lized amino acid components into peptide-based natural products.

This journal is © The Royal Society of Chemistry 2015
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