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Nonribosomal peptide synthetases (NRPSs) are complex multi-modular enzymes containing catalytic
domains responsible for the loading and incorporation of amino acids into natural products. These
unique molecular factories can produce peptides with nonproteinogenic p-amino acids in which the
epimerization (E) domain catalyzes the conversion of L-amino acids to p-amino acids, but its mechanism
remains not fully understood. Here, we describe the development of pantetheine crosslinking probes
that mimic the natural substrate L-Phe of the initiation module of tyrocidine synthetase, TycA, to
elucidate and study the catalytic residues of the E domain. Mechanism-based crosslinking assays and
MALDI-TOF MS were used to identify both H743 and E882 as the crosslinking site residues,
demonstrating their roles as catalytic bases. Mutagenesis studies further validated these results and
allowed the comparison of reactivity between the catalytic residues, concluding that glutamate acts as
the dominant nucleophile in the crosslinking reaction, resembling the deprotonation of the C,-H of

Received 7th January 2022, amino acids in the epimerization reaction. The crosslinking probes employed in these studies provide

Accepted 18th January 2022 new tools for studying the molecular details of E domains, as well as the potential to study C domains.
In particular, they would elucidate key information for how these domains function and interact with

their substrates in nature, further enhancing the knowledge needed to assist combinatorial biosynthetic
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Introduction

In nature, microorganisms and plants produce secondary metabo-
lites as a function of survival and protection against other
organisms."” Included among these natural products are peptide
secondary metabolites known as nonribosomal peptides, which are
synthesized by large, multi-modular enzyme machineries called
nonribosomal peptide synthetases (NRPSs). These compounds
exhibit a wide variety of potent clinical bioactivities for human
health, functioning as antibiotics, immunosuppressants, and anti-
cancer reagents, among others." NRPSs are commonly very large
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efforts of NRPS systems to produce novel compounds.

proteins composed of several modules, each of which contains
multiple catalytic domains responsible for recognizing, activating,
and incorporating one amino acid at a time, constructing a final
peptide in assembly line fashion. Recent evidence indicates that
protein-protein interactions between a peptidyl carrier protein
domain (PCP), which loads substrates and covalently chaperones
intermediates within the pathway, and the enzymatic domains
within each module are crucial for monomer fidelity and biosyn-
thetic organization.>* In the last decade, there has been a lot of
interest in engineering these NRPS pathways to yield redesigned
peptides but it has proved challenging for many groups.>® Continu-
ing to gain a full understanding for how the individual domains
function and interact within these systems will therefore be instru-
mental in their manipulation.

Among the unique abilities of NRPSs, these pathways can
incorporate nonproteinogenic p-amino acids into final natural
products, creating unique conformations that enable bioactivity
and avoid protease degradation of peptide natural products.” While
p-amino acids are also present in ribosomally synthesized and post-
translationally modified peptides (RiPPs) through an epimerization
reaction catalyzed by radical-S-adenosylmethionine (SAM) enzymes,
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their incorporation in NRPSs can follow various routes.® p-amino
acid monomers can be directly recognized and activated by an
adenylation (A) domain to serve as a building block, as in the case of
cyclosporine A biosynthesis.” More recently, crystal structures of two
thioesterases, NocTE and Skyxy-TE, revealed the key residues
involved in their unusual ability to also catalyze an epimerization
reaction to include p-amino acids into their linear and cyclic
peptides, specifically in norcardicin and skyllamycin biosynthesis,
respectively.'”'" However, the majority of NRPS-incorporated
p-amino acids are converted from r-amino acids subsequent to
covalent loading on PCPs through the use of auxiliary epimerization
(E) domains. Unlike amino acid racemases, which utilize the PLP
cofactor, E domains catalyze epimerization without the use of
cofactors.'? Despite multiple biochemical, structural, and computa-
tional studies, the fundamental mechanism of the E domains
remains hypothetical and has yet to be fully characterized.
Mutational studies of the E domain within the initiation
module of the gramicidin S synthetase (GrsA) reported that
His753 and Glu892 act as a base/acid to deprotonate and re-
protonate C,-H."* While the H753A mutant completely abro-
gates activity, the mutant E892A only diminishes its activity by
~6-fold relative to wild-type GrsA, suggesting that His753
functions as a base catalyst."® This study also identified that
epimerization occurs in both the forward and reverse directions
until an equilibrium of 1.9:1 D- to r-amino acid is reached.™
Crystal structures of the excised E domain of the initiation
module of the tyrocidine synthetase, TycA (A-PCPpy,-E), and the
PCP-E didomain of GrsA have been reported."*"'> Both support
the homology prediction that E domains are similar in struc-
ture to condensation (C) domains.'®'” The PCP-E didomain
structure of GrsA was solved in apo- and holo- form, identifying
the protein interface and how PCP can be oriented to deliver
the substrate-loaded 4’-phosphopantetheine arm towards the
active site of the E domain."® Based on the active-site geometry
of the TycA E domain, Samel et al. proposed that Glu882 is
acting as an acid/base catalyst, whereas His743 stabilizes a
transient enolate intermediate during the L- to D- and D- to
r-amino acid isomerization."® From structure-based calcula-
tions of protonation states of the E domain of GrsA, catalytic
residue H753 was calculated to have a local pK, of 7.8-9.0. This
PK, prediction shows that histidine remains in its protonated
state, suggesting that Glu882 may act as a base catalyst
(Fig. 1)."® Despite these previous biochemical, structural, and
computational studies, several questions related to E domain
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substrate recognition, binding, and detailed chemical mecha-
nism remain to be addressed.

Mechanism-based crosslinking probes have been used to
probe protein-protein interactions in NRPSs.'®?° Recently,
Aldrich and co-workers utilized crosslinking probes to study
the interactions between the PCP and C domains'® and Eguchi
and co-workers applied crosslinking probes to obtain structural
information of PCP-A domain complexes.?’ Here we introduce
the development of new crosslinking probes and their applica-
tion with mutagenesis studies to investigate the NRPS E
domain mechanism. We had previously identified chlorovinyl-
glycine, a mechanism-based inhibitor of alanine racemase, as a
PCP and E domain crosslinker."® However, it revealed only
modest crosslinking activity and proved difficult to evaluate
due to rapid hydrolysis. In this study, we describe the design,
synthesis, and evaluation of sulfonate crosslinking probes that,
when tethered to the PCP in an initiation module, allow capture
of the PCP-E bound complex and allow us to further elucidate
the biochemical mechanism of the E domain.

Probe development and activity

Weerapana et al. recently reported proteome reactivity profiles for a
phenylsulfonate-based probe using a mass spectrometry platform
referred to as tandem orthogonal proteolysis-activity-based protein
profiling (ABPP) for simultaneous identification of protein targets
and sites of probe modification.*! This study demonstrated that the
probe displays unique reactivity with several amino acids, including
Asp, Cys, Glu, His, and Tyr.>* Tsukiji et al developed this ABPP
probe further and published ligand-directed tosyl chemistry as a
way to introduce synthetic probes nongenetically onto a protein
in vivo.”* This method utilizes a protein ligand and synthetic probe
that are connected by a phenylsulfonate group. The ligand binds
tightly to the protein, where it situates the electrophilic phenylsul-
fonate moiety in close proximity to a nucleophilic amino acid (e.g
His) for an Sy2-type chemical reaction to occur. Inspired by these
findings, we sought to utilize a sulfonate warhead to target the active
site residues, specifically Glu and/or His, in the E domain. We
reasoned that preparing a crosslinker with a pantetheinamide
sulfonate warhead would allow it to be loaded onto a PCP, which
will situate the sulfonate warhead towards the active site residues
(Glu and/or His) of an E domain (Fig. 2A).

pcp [ G882 E domain

™o

pcp [ Glugs2
[

- \ : ﬁ/iou \
o N e o ‘
: A o NH3

E domain) PCP / Glug82 g domain)
|

%l\
o
T

o o G V. o by ) - TN
o‘g’OMN/\)LNNSj%/@{ — ( o‘g,o\><_)LN/\)LN/\/sw/\©§ = o~g,o\><>)LN/\)LN/\/s ; ;
&6 on H H o) \ ) on H H o\ \ &6 on M H (oM \
Selen HN ) Selieean — "IN ] Soile—e S _ N |
R =Xy ) o

Q L ——fisra3) \ —His743) —— His743/

L-Phe-S-Ppant

enolate intermediate

D-Phe-S-Ppant

Fig. 1 The proposed mechanism of the E domain in TycA. Glu882 is hypothesized to deprotonate C,-H of L-Phe, which can then be reprotonated by
His743 to form p-Phe. In the reverse process, it is plausible that H743 acts as the base in the reaction.
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Fig. 2 Crosslinkers designed to target the catalytic residues of the E domain to study its mechanism. (A) The panel of pantetheine analog crosslinkers
with different linker lengths and warheads. Red: pantetheine portion, blue: linker, yellow: warhead. (B) Proposed mechanism of the crosslinker targeting

the catalytic residue Glu882 of the TycA E domain.

Our biochemical studies began by examining the ability of
probes 1 and 2 to form a covalent linkage between the PCP and
the E domain of TycA (Fig. 2B). Probes 1 and 2 (500 uM) were
chemoenzymatically loaded onto the PCP of TycA using CoA
biosynthetic enzymes CoaA, CoaD, and CoaE and the promiscuous
4'-phosphopantetheinyl transferase (PPTase), Sfp,”® followed by
intramolecular crosslinking. Sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) analysis demonstrated the clear
crosslinking of TycA after 12 h at 25 °C. These crosslinked products
resulted in observed gel shifts of apo-TycA band from ~116 kDa to
an apparent ~ 160 kDa for the intramolecular crosslinked complex.
We have previously demonstrated this gel shift phenomenon with
crosslinking of other large synthases.” We speculate that this
phenomenon is due to the large size of the protein (124 kDa), such
that when it is intramolecularly crosslinked, it does not completely
denature and therefore runs differently on an SDS-PAGE gel. The
observation of a TycA gel shift under these conditions, and only
when incubated with Sfp, indicated that probes 1 and 2 facilitated
intramolecular crosslinking between the PCP and the E domain
(Fig. 3A).

The crosslinking experiment resulted in three different
bands, two that we presumed to be different crosslinked, gel-
shifted TycA complexes (bands A and B) and a third band
running similar to that of apo-TycA in a 1:0.27:1.20 ratio for
probe 1 and 4.14:0.41:1 ratio for probe 2. To explain these
findings, we found that the mesylate moiety has been shown to

314 | RSC Chem. Biol., 2022, 3, 312-319

be degraded by deprotonation to form the sulfene in the
presence of a non-nucleophilic base.?® Given that Sfp loading
conditions in an excess of probe do not run to completion, we
reasoned that the mesylate warhead degraded while tethered to
the PCP, accounting for the presence of non-crosslinked TycA
along with the crosslinked products.

Second generation probes

Due to the instability of the mesylate warhead, we chose to
design additional probes containing a phenylsulfonate moiety
that would better mimic the natural substrate L-Phe and also
avoid sulfone degradation (Fig. 2A). Interestingly, the cross-
linking results showed the two crosslinked band populations
(A and B) present above apo-TycA similar to the mesylate probes
but in different ratios depending on the linker lengths. This
further confirms our hypothesis that we are observing two
crosslinked complexes that run differently on a gel (Fig. 3B).
Probes 2 and 4, which mimic the length of the natural sub-
strate, displayed similar crosslinking profiles, depicting the
majority of the crosslinking bands at the A position. Conver-
sely, probe 3 showed its majority of crosslinking bands at the B
position, while probe 5 displayed similar crosslinking popula-
tions at both A and B positions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Crosslinking reactions confirmed by running SDS-PAGE gel.
(A) Different crosslinked bands (A and B) were shown as gel shifts on
SDS-PAGE above apo-TycA with mesylate warhead probes 1 and 2.
Crosslinking reactions occurred only when Sfp was present. (B) Cross-
linking reaction showed different populations of crosslinking bands
depending on probe identity.

Crosslinking site validation — protein
digestion followed by mass
spectrometry

In order to locate the actual crosslinking site(s), protease digestion
followed by matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) was performed. When com-
pared with apo-TycA, we were able to identify two fragments that
contained covalent crosslinking sites. One of the fragments was
located on PCP (DSIQAIQVVAR) and the other on the E domain
(DLLLAALGLAFAEWSKLAQIVIHLEGHGRE), both of which were
only found in the apo-TycA digestion results and not visible in the
crosslinked protein digestion (Fig. S2, ESIt). The fragment from the
PCP contained the phosphopantetheinylation site S563 of TycA
where the crosslinking probe is covalently loaded onto by Sfp. The
other fragment from the E domain contained several nucleophilic
residues along with the catalytic residue Glu882, all of which were
potential candidates for crosslinking sites that could represent
either of the crosslinking bands. We generated six alanine mutants
out of the eight nucleophilic residues within the E domain fragment
as well as the catalytic residue alanine mutants of the E domain,
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H743A and E882A. In addition, the double alanine mutant of the
catalytic residues, H743A/E882A (HE), was generated to examine if
the crosslinking was occurring on both residues.

Crosslinking site validation — alanine
mutant library crosslinking reaction

We saw an opportunity to use differential site reactivity to probe
the active site mechanism and uncover the identity of bands A
and B. Crosslinking experiments on the alanine mutant library
were performed with 4 and run on an 8% SDS-PAGE gel
(Fig. 4A). Interestingly, only the catalytic residue mutants
showed differences from wild-type TycA crosslinking. In the
case of the wild-type TycA crosslinking reaction with 4, band A
showed a larger population than band B (2.6:1). To our
surprise, crosslinking reactions performed on the catalytic
residue mutants revealed that each led to only one crosslinking
band (A or B) seen with the wild-type crosslinking reaction. The
crosslinking band for H743A exhibited only band A, while the
crosslinking band for E882A displayed only band B but in much
higher yield than the wild-type crosslinking. When both cata-
Iytic residues were mutated to alanine residues (HE), no cross-
linking occurred. This indicated that crosslinking solely
occurred with the catalytic residues H743 and E882. It can be
speculated that for the crosslinking reaction on the H743A
mutant, E882 acts as a nucleophile (indicated by the blue box in
Fig. 4B) and for the crosslinking reaction on the E882A mutant,
H743 acts as a nucleophile (indicated by the green box in
Fig. 4B). We deduced that the differential gel shifts correlate
with different internal crosslinking loop sizes between the
S563-H743 and S563-E882 crosslinking complexes, which is
further corroborated by Dehling et al where they observed
different migration behaviors between L- and T-branched NRPS
crosslink isomers on SDS-PAGE gels.>®

E domain activity assay — DKP assay

To further understand the roles of these active site residues, we
decided to perform a diketopiperazine (DKP) assay, an in vitro
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Fig. 4 Pinpointing the actual crosslinking site on the catalytic residues of the E domain of TycA. (A) Crosslinking reaction on alanine mutant library with

probe 4. HE refers to H743A/E882A mutant. (B) Schematic depiction of the
and E882A mutant (green box).
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condensation assay that allows us to indirectly study the activity of
the E domain.'®* This assay allows us to quantify the dipeptide
formed between the initiation module (TycA) and the subsequent
downstream module TycB; (C-A-PCPp,,), which is responsible for
the selective uptake of epimerized p-Phe substrate in its condensa-
tion reaction. First, the A domains of TycA and TycB, catalyze the
adenylation of 1-Phe and L-Pro using ATP, and the activated amino
acids are loaded onto their respective PCPs producing 1-Phe-TycA
and L-Pro-TycB;. If the TycA E domain is functional and able to
catalyze the epimerization reaction, it will then convert the r-Phe-
TycA to the desired p-Phe-TycA that the TycB; module can then
recognize, mediated by the communication (COM) domain between
the two modules.”**® The acceptor module’s C domain will catalyze
the peptide bond formation generating p-Phe-L-Pro-TycB,, which
undergoes an intramolecular cyclization to yield p-Phe-1-Pro DKP in
a stereopreference of 50:1 over its L,I-diastereomer counterpart."®

Using the three key constructs employed in our studies,
H743A, E882A, and the double mutant HE, their ability to
perform the DKP reaction was tested and compared to that of
the wild-type (Fig. 5). NMR analysis of the detected DKP
product confirmed the formation of the p-Phe-L-Pro-DKP dia-
stereomer in accordance with published literature.”” As quan-
tified by HPLC, a significant decrease in DKP formation was
observed for all the TycA mutants. The H743A mutant exhibited
a 99% decrease in DKP product, the E882A mutant had a 99.5%
decrease in product, and the double HE mutant showed no
DKP formation. This can be explained by the considerable
decrease in p-Phe-L-Pro dipeptide formation as a result of
mutating the key catalytic residues involved in the epimeriza-
tion reaction. When each residue is mutated, they individually
inhibit the E domain’s activity to produce the preferred Phe
stereoisomer through this assay. This demonstrates how both
active site residues are critical for the epimerization reaction to
occur in which both residues are needed to shuttle the proton
involved in the reaction as an acceptor or donor, dependent on

100
80

60

40

% DKP Formation

20

Fig. 5 HPLC analysis of DKP formation comparing the effects of the E
domain active site mutants on its activity. The error bars represent standard
deviation of % DKP formation observed from the assay, performed in
triplicate.
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the direction of equilibrium. However, the DKP assay only
indirectly represents E domain activity where the catalytic
residue mutants, H743A and E882A, exclusively show the
deprotonation half-reaction, which does not fully mirror the
wild-type E domain activity. While further structural informa-
tion is needed to further elucidate the exact roles that each of
these residues play, these results support our hypothesis that
both residues must function together in a base/acid catalysis in
order to perform the L-to-D isomerization. Studies are currently
underway to obtain structural data of these crosslinked com-
plexes to better understand their roles.

To gain insight into the crosslinking domains/sites and the
probe’s selectivity toward the E domain, we examined the
selective labeling of crosslinked TycA (Fig. 6). We have devel-
oped ABPP probes toward NRPSs, which enable the selective
labeling of the A domains of NRPSs in purified proteins and
proteomes (Fig. 6A).>>*° 1-Phe-AMS-Bpyne, an A domain label-
ling reagent, (1 M) was treated with the crosslinking reaction
mixtures of TycA and probe 2 for 10 min at room temperature.
The sample was then photoactivated with UV light (365 nm) for
30 min at 0 °C, reacted with rhodamine-azide using copper(1)-
catalyzed Huisgen’s azide-alkyne cycloaddition, and visualized
by SDS-PAGE coupled with in-gel fluorescence imaging (Fig. 6B
and C, left lanes). To further confirm which domain was being
labeled, a secondary study was performed in which the cross-
linking reaction mixtures were pre-incubated with L-Phe-AMS, a
known A domain inhibitor, (100 uM) for 10 min at room
temperature to block the A domain pocket.? Then, following
addition of 1-Phe-AMS-BPyne, SDS-PAGE analysis showed how
the labeling process of crosslinked TycA was completely inhib-
ited by pre-treatment with .-Phe-AMS (Fig. 6C, right lanes). This
demonstrates the presence of an active A domain in the cross-
linked TycA. Since the crosslinking band(s) of TycA were
unaffected in this process, we can confirm the crosslinking
probes to be selective for the substrate binding pocket of the
TycA’s E domain.

We next performed additional crosslinking reactions with
another initiation module, GrsA, to fully understand the sulfo-
nyl probes’ selectivity (Fig. S8, ESIT). Here, we observed similar
crosslinking patterns, which further support the use of these
probes to specifically crosslink E domains in these types of
modules. Additionally, we tested crosslinking within TycB1,
which lacks an E domain, yet still observed a gel-shifted,
crosslinking band (Fig. S8, ESI{). Due to the high similarity
between E and C domains, we hypothesize that the PCP-loaded
probe intramolecularly crosslinked with the C domain. While
additional studies are still underway, these results broaden the
applicability of the sulfonyl probes in each type of domain,
though also limit their use in modules that include both C and
E domains.

Conclusions

We have developed pantetheine analog crosslinking probes
containing sulfonyl warheads that target catalytic residues

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Crosslinking domain site validation using A domain labeling reagent. (A) The structure of the A domain inhibitor, L-Phe-AMS, and A domain
labeling reagent, L-Phe-AMS-BPyne. (B) Schematic depiction showing how A domain labeling reagent functions on a crosslinked TycA construct. (C)
SDS-PAGE gel showing the effect of A domain labeling reagent on crosslinked TycA construct with or without A domain inhibitor present. The gel was
visualized with fluorescent imager (FL) and Coomassie Brilliant Blue stain (CBB). TycA crosslinking was performed with probe 2.

(His and Glu) of the E domain in initiation modules of NRPSs.
The mechanism of the epimerization reaction in NRPSs is
proposed to occur with both catalytic histidine and glutamate
residues by deprotonating/reprotonating C,-H to racemize the
tethered amino acid. However, limited assays, such as radi-
olabeling amino acids, exist to directly measure TycA epimer-
ization, and despite structural evidence, the mechanism
remains unclear. Previously, pK, calculations indicated that
the catalytic histidine residue was in a protonated state, sug-
gesting that glutamate would act as a base in the epimerization
mechanism."*'® This correlates with our data that in the wild-
type TycA crosslinking, band A indicates 2.6 times more cross-
linking than band B. For the H743A mutant crosslinking, where
the catalytic residue E882 acts as a nucleophile, band A only
shows 73% crosslinking compared to that of the wild-type
crosslinking band A. However, the E882A mutant crosslinking,
where the catalytic residue H743 acts as a nucleophile, shows
2.5 times more crosslinking for band B in comparison to the
wild-type crosslinking band B. With the higher crosslinking
observed in band A over band B for the wild-type TycA paired
with the mutagenesis studies, this indicates that the catalytic
glutamate acts as the dominant nucleophile toward the sulfonyl
probe compared to histidine, in agreement with recent E
domain mechanisms where glutamate serves as the base. Given
the hydrophobic nature of the sulfonyl probes, similar to
phenylalanine, the pK, of the active site residues would likely
be affected through differential acidity and shift toward more
normative pK,’s.>* This would challenge previous hypotheses of
histidine remaining in its protonated state, thereby allowing
itself to serve as a base in the epimerization reaction, support-
ing our results that both residues participate in the cross-
linking reaction. The catalytic role of the active site histidine
residue can also be seen in the epimerization activity of NocTE
and Skyxy-TE.'”'' Since the E domain epimerization is a

© 2022 The Author(s). Published by the Royal Society of Chemistry

reversible process as shown in Fig. 1, both catalytic residues
must function as both acid and base with water in the active
site assisting in proton shuttling between the residues to re-
establish their roles in the epimerization for continuous activ-
ity. The DKP assay also corroborates that both histidine and
glutamate serve as acid and base in the epimerization reaction
indicated by the reduced DKP formation when tested with each
of the catalytic residue mutants. Our results validate the pre-
vious hypothesis on the E domain mechanism where two active
site residues, glutamate and histidine, serve as catalytic bases.
Additionally, we were able to qualitatively compare the reactiv-
ity between those catalytic residues through mechanism-based
crosslinking gel assays. For GrsA, the epimerization equili-
brium ratio lies at 1.9:1 of p-Phe to -Phe. This asymmetric
equilibrium cannot be easily explained without having actual
substrate-bound structural information. With the differing
rates of crosslinking we observed for the wild-type and probe
4 in Fig. 4A, we hypothesize that each residue is responsible for
acting as the base in one direction of epimerization and that
the ratio we see between band A and B (2.6 : 1) is proportional to
the equilibrium constant of p-Phe to 1-Phe, 1.9: 1. Furthermore,
by comparing the mutant crosslinking with the wild-type cross-
linking, we concluded that glutamate acts as a dominant
nucleophile/base over histidine. This may explain why there
is a kinetic preference for one amino acid over the other.
From this study, we were able to directly target the catalytic
residues of the E domain by the intramolecular crosslinking of
TycA. We revealed that both catalytic residues act as a base/
nucleophile towards the probe, where glutamate acts as a
dominant nucleophile over histidine, which is consistent with
previous work and validates the use of our probes to study the E
domain mechanism.'*'® When glutamate is mutated to ala-
nine, histidine by itself can function as a base/nucleophile
towards the probe. In addition to the crosslinking observed
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in two initiation modules of NRPSs as well as C domain cross-
linking in TycB1, the sulfonyl probes can be used to study
downstream modules containing E domains where the C
domain is lacking or deleted. Thus, the development of this
crosslinker sets the stage for the next step in studying the
molecular basis of the epimerization domain in its modular
settings, and this knowledge will ultimately help further com-
binatorial biosynthetic endeavors to incorporate p-amino acids
into novel compounds.
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