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ABSTRACT: Dehydroamino acids are important structural motifs
and biosynthetic intermediates for natural products. Many
bioactive natural products of nonribosomal origin contain
dehydroamino acids; however, the biosynthesis of dehydroamino
acids in most nonribosomal peptides is not well understood. Here,
we provide biochemical and bioinformatic evidence in support of

> 7 _Me
the role of a unique class of condensation domains in dehydration @ ©
(Cinodan)- We also obtain the crystal structure of a C,, 444 domain, /i/
; ~nan OH

Dehydrating
@ condensation

domain

which is part of the nonribosomal peptide synthetase AmbE in the v
biosynthesis of the antibiotic methoxyvinylglycine. Biochemical H[l] f
O

analysis reveals that AmbE-C_, 444 modifies a peptide substrate that ]/go AMB

is attached to the donor carrier protein. Mutational studies of R~ R Antibiotic
AmbE-C_ 4as identify several key residues for activity, including

four residues that are mostly conserved in the C_ 4as subfamily. Alanine mutation of these conserved residues either significantly
increases or decreases AmbE activity. AmbE exhibits a dimeric conformation, which is uncommon and could enable transfer of an
intermediate between different protomers. Our discovery highlights a central dehydrating function for C 444 domains that unifies
dehydroamino acid biosynthesis in diverse nonribosomal peptide pathways. Our work also begins to shed light on the mechanism of
Cirodaa domains. Understanding C,,qasa domain function may facilitate identification of new natural products that contain
dehydroamino acids and enable engineering of dehydroamino acids into nonribosomal peptides.

Bl INTRODUCTION Many nonribosomal peptides contain dehydroamino acids,
such as the aforementioned romidepsin and microcystin-LR
(Figure S1A),”* or are hypothesized to be derived from
dehydroamino acid intermediates, such as the antitumor drug
bleomycin and azabicyclene (Figure S1B).”'° Nonribosomal
peptides are a major class of natural products that exhibit wide-
ranging biological activities and therapeutic applications. The
biosynthesis of nonribosomal peptides requires nonribosomal
peptide synthetases (NRPSs), assembly lines made up of
repeating sets of domains that organize into modules.'”'* A
typical module contains an adenylation (A) domain that
activates an amino acid, a thiolation (T) domain where the
amino acid is tethered via a thioester, and a condensation (C)
domain that forms an amide bond between the amino acids on
the donor and acceptor T domains. Once peptide elongation
completes, a terminal thioesterase (TE) domain cleaves the

Dehydroamino acids occur in many bioactive natural products,
such as the antibiotic nisin, the anticancer drug romidepsin
(Istodax), and the cyanobacterial toxin microcystin-LR (Figure
S1A)."™ These noncanonical amino acids provide natural
products with conformational rigidity, proteolytic stability, and
reactive functionalities that facilitate interactions with their
biological targets.4 For example, the a,f-dehydroalanine (Dha)
in microcystin-LR forms a covalent linkage with a nucleophic
cysteine in the target” In addition, the unique electronic
properties and chemical reactivities of a,f-dehydroamino acids
enable them to participate in diverse chemical transformations,
including nucleophilic-, radical-, and cyclo-additions in
biomolecules under mild conditions.’ Biosynthesis of dehy-
droamino acids has been extensively studied in ribosomally
synthesized and posttranslationally modified peptide (RiPP)
natural products, such as nisin, whereby Dha and dehydrobu-
tyrine (Dhb) are installed by lanthipeptide dehydratases via Received:  December 20, 2021
dehydration of serine and threonine, respectively.” Dha/Dhb Published: July 27, 2022

can subsequently be converted to lanthionines, lysinoalanines,

pyridines, and p-amino acids in RiPP biosynthesis, which

highlights the versatility of dehydroamino acid intermediates in

biosynthetic transformations.®
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thioester, which releases the free peptide from the T domain.
Using this assembly line strategy with assistance from tailoring
enzymes, NRPSs bypass the ribosome and incorporate
nonproteinogenic amino acids into nonribosomal peptides at
different stages of biosynthesis, including directly activating the
nonproteinogenic amino acid using the A domain, modifying
the amino acid after its loading onto a T domain, or modifying
the amino acid on a peptide product. The enamine of
dehydroamino acids is unstable and prone to hydrolysis;
therefore, the biosynthesis of Dha or Dhb in bleomycin,
mycrocystin-LR, and syringomycin was proposed in the 2000s
to involve dehydration of serine or threonine tethered to a T
domain on the NRPS assembly line.””'>'* However, the
timing of dehydration was unclear (i.e, whether dehydration
occurs on a T domain-tethered amino acid or a tethered
peptide). It was also unknown whether an NRPS domain or an
auxiliary tailoring enzyme is responsible for dehydration.

A phylogenetic study of C domains in 2012 showed that two
C domains of the bleomycin NRPSs and a C domain of the
microcystin-LR NRPS form a distinct clade from the other C
domains."® These C domains were proposed to participate in
modifying the amino acid incorporated on the NRPS assembly
line and were assigned the name “modified AA” (modAA). We
will refer to these C domains as C,gqaa- Our expanded
bioinformatic analysis found that C 4,4 domains also exist in
NRPSs involved in the biosynthesis of other nonribosomal
peptides that contain dehydroamino acids or are likely derived
from dehydroamino acid intermediates.'® Despite the compel-
ling bioinformatic evidence for a role of the C 442 domain in
dehydration, no experimental evidence existed to support this
function until very recently in the nonribosomal peptide
albopeptide, which contains two consecutive Dha and Dhb."”
In vitro reconstitution of the NRPS, AIbB, in albopeptide
biosynthesis confirmed the function of two AIbB-C_  4aa
domains in the dehydration of Ser and Thr to generate Dha
and Dhb, respectively. Although this study provided important
biochemical evidence for the function of C, 4as domains, no
structural information on C_ 44 domains was available and
mechanistic understanding of C_, 444 domains was also lacking.

Notably, a C domain in nocardicin biosynthesis, NocB-Cj,
also generates a dehydroamino acid intermediate and uses this
intermediate to synthesize the f-lactam ring in nocardicin.'>"”
NocB-C; appears to be a unique member of the °C; subfamily
of C domains that typically catalyze condensation between a -
and an r-amino acid. The PC; subfamily is distinct from
Cmodaa domains, which is a different way to introduce
dehydroamino acids by NRPSs. While detailed mutational
analysis of NocB-Cj; has identified key residues for activity, the
divergence in the sequence of NocB-C; from C,, 444 domains
(Figure S2A) suggests that different residues may be required
for the activity of C,, qas domains.

We identified a C sy domain in the biosynthesis of
methoxyvinylglycine or L-2-amino-4-methoxy-trans-3-butenoic
acid (AMB, Figure 1A), an antimicrobial nonproteinogenic
amino acid produced by Pseudomonas aeruginosa that arrests
plant seed germination.'®”® AMB is produced as an alanyl-
AMB dipeptide (Ala-AMB) by an NRPS pathway, which
requires two NRPSs, AmbB and AmbE, and two nonheme
iron, a-ketoglutarate-dependent oxygenases, AmbC and
AmbD.'® AmbB contains a typical domain order of A-T-C,
which activates and loads alanine prior to using alanine as the
donor in condensation. In contrast, AmbE’s composition of Q-
A-MT-T-C,,0qaa-T>-TE is unusual in several aspects: it

pubs.acs.org/JACS
A C),Me B
=
"HaN o
AMB
Antibiotic
Dehydroamino acid
C _ Pre-Ala-AMB intermediate
0O AmbC 0O  AmbE (e RG]
AmbD
AmbE-MT HO C‘,Me ? O,Me
o 22 A o ma Mo
"HaN N N N

H,0 H

2

AmbE O’Me AmbE O’Me
? oz @ ~
T’Ala\N 0 ™ Aa
co, H

D AmbE-C
Y

Ala-AMB

ModAA cy

Tree scale: 1
_

Starter

Figure 1. Identification of a condensation (C) domain that may
catalyze dehydration in the synthesis of nonribosomal peptides. (A)
Structure of L-2-amino-4-methoxy-trans-3-butenoic acid (AMB). (B)
Domain organization of AmbE in colored spheres (A: adenylation,
Crodaa: condensation with a role in modifying amino acids, MT:
methyltransferase, T: thiolation, TE: thioesterase, Q: unknown
function). The wavey line and SH indicate the phosphopantetheine
(ppant) arm of T domains. (C) Biosynthesis of Ala-AMB. A C,o4aa
domain (C,,.4 for short) is proposed to catalyze dehydration of pre-
Ala-AMB to Ala-AMB that is tethered to the NRPS AmbE. (D)
Unrooted maximum likelihood phylogenetic tree of 199 C domains
including three modAA domains from the NaPDoS database and nine
other C_ gan domains from known natural product pathways
including AmbE-C,,04pa- These C 444 domains (red) form a unique
subfamily of C domains. The tree scale represents the average
expected percentage (1 = 100%) of amino acid substitutions per site.
Bootstrap values greater than 80 are labeled next to the branches.
Abbreviations: LCL, condensation between two L-amino acids
(purple); DCL, condensation between a D- and an L-amino acid
(green); dual, condensation and epimerization (orange); starter,
acylation to various molecules (pink); hybrid, condensation of amino
acids to polyketides (dark green); Cy, condensation and hetero-
cyclization (blue); and E, epimerization (yellow). The sequences in
black do not belong to any of these groups. The modAA clade
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Figure 1. continued

contains C_ gas domains from the following sequences: AmbE
(AAGO05690.1), AzeB (AAGO06715.1, azabicyclene biosynthesis),
DepE (ABPS7749.1, romedepsin biosynthesis), BlmX
(AAG02359.1, bleomycin biosynthesis), BlmVI (AAG0235S.1,
bleomycin biosynthesis), LgnD (AIZ66879.1, legonmycin biosyn-
thesis), HasO (CZT62784.1, hassallidin biosynthesis), Zmnl7
(CCM44337.1, zeamine biosynthesis), NdaA (ATP76243.1, nodular-
in biosynthesis), McyA (BAA83992.1, microcystin biosynthesis),
PuwF (AIW82283.1, puwainaphycin biosynthesis), and PuwG
(ATW82284.1, puwainaphycin biosynthesis).

contains a domain of the unknown function (Q domain) at the
N terminus, and there is no A domain between the C_ 444 and
T, in the final module, so two T domains directly flank C_, 44
(Figure 1B). The Q domain shares low sequence identities
with X domains in vancomycin biosynthesis and interface (I)
domains in siderophore biosynthesis (Figure S2B). AmbE
activates and loads glutamate on T, followed by sequential
hydroxylation by AmbC and AmbD, which produces a f,y-
dihydroxyglutamate intermediate linked to AmbE (Figure
1C).'° Subsequently, a methyltransferase (MT) domain in
AmbE catalyzes methylation of the y-hydroxyl group and the C
domain in AmbB condenses the modified glutamate with an
alanine, which yields Ala-f-hydroxy-y-methoxy-Glu (hereafter
referred to as pre-Ala-AMB) (Figure 1C).'® Characterization
using deuterium-labeled glutamate as the substrate revealed
that the a-proton/deuterium is removed during the conversion
from pre-Ala-AMB to Ala-AMB, which suggests that pre-Ala-
AMB undergoes a,f-dehydration to a cryptic dehydroamino
acid intermediate that enables decarboxylation to generate Ala-
AMB (Figure 1C).'® AmbE-C,4ss belongs to the modAA
subfamily of C domains (Figure 1D), and we proposed that
AmbE-C_4a4 catalyzes the cryptic a,f-dehydration in the last
steps of Ala-AMB biosynthesis.'®

Here, we characterize the structure and function of the
Ciodaa domain in AMB biosynthesis and provide experimental

support for its role as a dehydrating condensation domain. We
identified important residues of AmbE-C_ 4s4 for dehydrative
decarboxylation by mutagenesis and studied the mutants under
both multiple- and single-turnover conditions. We bioinfor-
matically analyzed 27 C_,qan domains in biosynthetic
pathways for known natural products and suggest that these
Cmodan domains are responsible for incorporating a,f-
dehydroamino acids in these natural products that enable
diverse biosynthetic transformations.

B RESULTS

AmbE-C, ,4aa Transforms pre-Ala-AMB to Ala-AMB
on the Donor T, Domain. To characterize the function of
the Coqas domain in AMB biosynthesis and determine if
Cinodaa acts on its donor T (T;) or acceptor T domain (T,),
we generated AmbE constructs containing different domain
combinations. The TE domain was omitted to prevent the
release of the product from the T domains of the NRPSs. A
one-pot reaction was performed including AmbB, AmbC,
AmbD (AmbBCD hereafter), and different AmbE constructs
in the presence of all necessary substrates and cofactors.
Cysteamine was used in these one-pot reactions to capture the
intermediates that accumulate on the NRPS and to probe
thiotemplated biosynthesis (Figure S$3).'®*' The captured
cysteamine adducts were characterized using liquid chroma-
tography-coupled high-resolution mass spectrometry (LC-
HRMS) (Figure 2). We expressed truncates of AmbE that
ended before C,, 4an (Q-A-MT-T)) or after C, gan (Q-A-MT-
T;-Cproaas)- The one-pot reaction containing AmbE-Q-A-MT-
T, and AmbBCD yielded captured pre-Ala-AMB (Figure S4B).
Formation of pre-Ala-AMB without C_ 444 indicates that pre-
Ala-AMB accumulates on T prior to the action of Cqan
(Figure 2). When Q-A-MT-T;-C,,qaa was used in the
reaction, captured Ala-AMB was detected (Figures 2B, S4,
and SS). Results from these reactions suggest that C,oqaa
transforms pre-Ala-AMB to Ala-AMB on the donor T domain.
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Figure 2. Transformation of pre-Ala-AMB to Ala-AMB requires C,,4a in cis and C,,ogas-T5 in trans. (A) One-pot reaction scheme. When different
combinations of AmbE constructs are used instead of full-length AmbE, late-stage biosynthetic intermediates accumulate on the T domains and are
released and captured by cysteamine and detected by LC-HRMS. (B) LC-HRMS analysis of captured pre-Ala-AMB or Ala-AMB (structures shown
in A). A wider mass window that includes both [M + H]* and [M + Na]* ions for each compound is shown in Figure S4A. Appm, parts per million
error between the calculated and observed mass-to-charge ratios (m/z). Additional controls are shown in Figure SS. Ala-AMB formation requires
attachment of C_,,4as to T or holo T, in the split system. S1819A indicates an alanine mutation of the conserved serine in T, where the ppant arm

is attached.
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Figure 3. Crystal structure of AmbE-C 444 and oligomeric states of full-length AmbE. (A) Overall structure of AmbE-C 444 (PDB: 7R9X) with
the active site tunnel between the N- and C-terminal lobes. The conserved HHXXXDG motif is located in the active site tunnel (Figure S9B). (B)
Modeling of pre-Ala-AMB-bound T at the canonical donor binding site of C,,,4x4 positions pre-Ala-AMB in proximity to the HHXXXDG motif in
the active site tunnel. (C) SEC-MALS analysis shows that apo AmbE is a monomer, while holo AmbE is a dimer. MW, molecular weight. LS, light
scattering. (D) Model for the function of dimeric holo AmbE. The C 444 of one AmbE protomer (green) interacts with the T, of the other

protomer (orange) as the acceptor T domain.

We also tested the activity of C, qa4 in trans by separating
AmbE into Q-A-MT-T; and C_gxa-T,. Incubation of C, 4aa-
T, with AmbBCD and Q-A-MT-T, in the one-pot reaction
with cysteamine yields captured Ala-AMB, albeit at a lower
level than Q-A-MT-T-C,,,4as (Figures 2B, S4, and SS). This
result further supports the requirement of C_,qan for the
biosynthesis of Ala-AMB and demonstrates that the split
system is functional for investigating C_ qaa activity.
Truncation of C,,q4a-T; to only include the C44a domain
in the reaction still resulted in similar levels of captured pre-
Ala-AMB but no captured Ala-AMB (Figure 2B). This
surprising result suggests that T, is required for Ala-AMB
production in the split system when C,, qs is separated from
Q-A-MT-T,. Additionally, mutation of the catalytic S1819
residue on T, to Ala in C_4aa-T, abolishes Ala-AMB
formation. This mutation prevents the installment of the
phosphopantetheine (ppant) arm on T,. The lack of Ala-AMB

14060

formation by this mutant indicates that holo T, is needed for
the split system to function (Figures 2B and SS). Together,
these experiments reveal that pre-Ala-AMB is converted to Ala-
AMB by C,,,qaa while attached to T, and that C, 444 must be
part of a construct including the upstream module (Q-A-MT-
T,) or downstream domain (holo T,) to be functional.
Because holo T, is required for the split system to function,
we further examined the possibility that C_, 444 might convert
pre-Ala-AMB to Ala-AMB on T, instead of T,. We previously
found that the full-length AmbE T, mutant (S1819A) did not
release free Ala-AMB in the one-pot reaction.'® Adding
cysteamine to this reaction only resulted in captured pre-Ala-
AMB.'® Although these results seemed to suggest that
formation of Ala-AMB might take place on T,, reanalysis of
the cysteamine capture data revealed that the SI819A mutant
produces free Ala-AMB that is not linked to cysteamine
(Figure S6). This unexpected result shows that the T, mutant
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is able to convert pre-Ala-AMB to Ala-AMB and supports the
conclusion that C_, 445 modifies pre-Ala-AMB on T,.

Production of free Ala-AMB by the T, mutant may result
from the action of the AmbE TE domain, which could cleave
cysteamine from the Ala-AMB-cysteamine adduct. Consistent
with this proposal, adding cysteamine to the one-pot reaction
of the AmbE TE mutant (S1956A) generated abundant
cysteamine-captured Ala-AMB but little free Ala-AMB (Figure
S6). Furthermore, adding cysteamine to the wild-type AmbE
reaction also boosted the production of free Ala-AMB (Figure
S6). Together, these data support a model in which holo T, is
required for the transfer of Ala-AMB and subsequent cleavage
by TE in full-length AmbE. In the split system, holo T, may
help stabilize C,qaa or facilitate interactions between C_ 44
and T,.

AmbE-C, ,4aa Transfers Ala-AMB to the Acceptor T,
Domain. The split AmbE system was analyzed using size-
exclusion chromatography to determine if Ala-AMB is
transferred to the acceptor T, domain. Upon completion of
a scaled-up one-pot reaction for Ala-AMB biosynthesis, Q-A-
MT-T, and Cgaa-T, were separated by size-exclusion
chromatography, and the intermediates linked to Q-A-MT-
T, and C,4as-T, were captured by cysteamine (Figures S7,
S8). Pre-Ala-AMB was only detected on Q-A-MT-T,, while
Ala-AMB was detected on both Q-A-MT-T, and C_gaa-T>
(Figure S7). This result supports that Ala-AMB is formed on
T, and subsequently transferred to T,. Detection of Ala-AMB
on T suggests that the transfer of Ala-AMB from T, to T, is
less efficient in the split system than in full-length AmbE.

Crystallography of AmbE-C,,,qan. We conducted struc-
tural studies of AmbE-C, 44 to further understand the activity
of this domain. Purified C 424 Was subject to crystallization
screening and initial conditions were optimized to yield
crystals suitable for diffraction. We obtained a 2.1 A resolution
structure of AmbE-C,, 4 With a Rg,, of 23% (Table S2). Two
copies of C,, 4aa exist in the asymmetric unit in near-identical
conformation. AmbE-C_ 444 possesses an overall structure
similar to other proteins in the C domain family:** a V-shaped
pseudodimer consisting of N- and C-terminal lobes with a
chloramphenicol acetyltransferase (CAT) fold (Figure 3A).
These lobes are known to exist in different relative orientations
or “openness” in previously determined, catalytically active C
domains, and AmbE-C_ 444 falls in the middle of this observed
range (Figure S9A).”»** The junction of the lobes forms the
classic active site tunnel that connects the canonical donor and
acceptor T domain-binding sites with the active site (Figure
S9B), where the typical C domain HHXXXDG motif
(H1496—G1502) is located (Figures 3A and S9B). Notably,
the latch element (H1705—P1711) above the active site is
disordered in both copies of C,,4aa, Which suggests flexibility
in this region (Figure 3A).

We combined the structure of C,,4aa With coevolutionary
analysis and modeling to investigate potential interactions with
its donor and acceptor T domains. For coevolutionary analysis
of T} and C, qas, we extracted 1534 T/C,, 4aa pairs in which
T and C,qaa are present within the same protein and
separated by 100 or fewer residues. These T/C ,qaa pairs were
aligned and subject to filtered direct coupling analysis
(filterDCA).” Evolutionarily conserved contacts identified
from DCA were mapped on a homology model of T, that is
positioned at the canonical donor T domain-binding site of
Conodan- The distances observed between the DCA-predicted
T/Coaaa Pairs support this canonical binding mode between

14061

T, and C,4aa (Figure S9C and Table S3). Thus, we used
existing T-C structures with holo T domains as a guide to build
a model of pre-Ala-AMB-T, bound to C,,,444 (Figure 3B). The
model shows that pre-Ala-AMB can be positioned at the active
site within the hydrogen bonding distance of residue H1497
(HHXXXDG motif, Figures 3B and S9D). Since donor T
domains coevolve with C domains,"® our coevolutionary
analyses indicate that T, likely binds C4s4 at the position
observed for regular and terminal C domains.*®

In contrast, DCA between C_ 414 and the acceptor T, failed
to give a strong signal. Furthermore, when a homology model
of T, is positioned at the acceptor binding site analogous to
that previously observed in C domain crystal structures,”®™>’
the N terminus of T, is too far away from the C terminus of
Cuodaa: the ~67 A distance cannot be bridged by the 15-
residue linker that exists between C_ 4sa and T, in AmbE
(Figure S10A, left). We attempted to model alternative binding
modes of T, to C,,4as where the N terminus of T, is closer to
the C terminus of C,gss for the short C, 4ss-T, linker to
bridge the distance (Figure S10A, middle and right), but there
is no position that allows the pantetheine arm to be placed into
the canonical acceptor site tunnel. AmbE-C, 454 contains an
auxiliary opening to the active site (Figure S10B). T, could
bind here between the two central sheets of the CAT folds of
each lobe around residues 1582 of the N lobe and 1722 of the
C lobe (Figure S10B). This binding mode would be permitted
by the 15-residue linker between C,, 4as and T,; however, it
has not been observed in NRPS biology, and an analogous
opening is present in some C domains that are thought to have
canonical acceptors (Figure $10C),”°™** and in the X domain,
a noncatalytic C domain family member.>

Alternatively, the C_qaa:T, linker does not need to bridge
the distance between the C terminus of C_4as and the N
terminus of T,. If AmbE exists as a homooligomer, T, from
one protomer of AmbE could interact with C_4as from the
other. Size-exclusion chromatography reveals that purified
AmbE contains two species that correspond to a monomer and
dimer, with the monomer being the major species. Size-
exclusion chromatography-coupled multiangle light scattering
(SEC-MALS) analysis of the isolated monomer peak in
reducing buffer supports the assignment of the monomer
(Figure 3C). Incubating the monomer with the phosphopan-
tetheinyl transferase Sfp in the presence of coenzyme A and
MgCl, converts the monomer to the dimer (Figures 3C and
S11), suggesting that phosphopantetheinylation by Sfp
switches the oligomeric state of AmbE. Indeed, the use of
the monomeric or dimeric AmbE in a one-pot assay shows Ala-
AMB production by the dimer but not the monomer (Figure
S12). The activity of the dimeric species and inactivity of the
monomeric species is consistent with the dimer being holo and
the monomer being apo. C,,,4aa is monomeric in solution and
in the crystallized structure, thus, the architecture of the AmbE
dimer is unknown. Nonetheless, dimerization of AmbE could
permit C_ 414 to access the canonical acceptor tunnel in trans
in spite of the short linker between C,, 4aa and T,. To further
probe which domains of AmbE are required for dimerization,
we also examined the oligomeric states of C,qas-T; and Q-A-
MT-T}-Coqaa- Both constructs exist as monomers regardless
of being apo or holo (Figures S13 and S14A). Furthermore, the
S1819A mutant of full-length AmbE, which contains a
mutation in T, that prevents phosphopantetheinylation, only
exists as a monomer regardless of the apo or holo state of T
(Figure S14B). Collectively, these results suggest that AmbE
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dimerization requires holo T, as well as the domains before
CmodAA'TZ'

Based on the conversion of pre-Ala-AMB to Ala-AMB on T},
the transfer of Ala-AMB to T,, and the dimeric state of holo
AmbE, we propose the following steps in late-stage biosyn-
thesis of Ala-AMB (Figure 3D): AmbE-C,4as catalyzes
conversion of pre-Ala-AMB to Ala-AMB on T, followed by
the transfer of Ala-AMB from T, of one AmbE protomer to T,
of the other protomer; then AmbE TE catalyzes the hydrolytic
release of Ala-AMB from T, into solution.

Mutagenesis of the C;,qaa Domain. We sought to
identify important residues for C4aa function by structural
modeling, sequence alignment, and mutagenesis. Modeling of
Ciodaa bound to pre-Ala-AMB-T| and the ppant arm of holo
T, positions pre-Ala-AMB in the vicinity of residues H1496,
H1497, and D1501 of the HHXXXDG motif*****° (Figures
3B and S9D). Sequence alignment of 405 nonidentical C,4as
domains highlights residues that are mostly conserved within
Crmodas domains (Figures S15, S16), including R160S, H1632,
T1650, and N1700, which are located near the active site
(Figures 4A, and S17). Several charged residues of AmbE-
Cooodan that are not conserved in other C,4x, domains are
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Figure 4. Mutagenesis of AmbE-C4aa- (A) Active site of AmbE-
Crnodas With modeled donor pre-Ala-AMB-ppant and acceptor ppant.
(B) Relative % conversion of Ala to Ala-AMB by full-length AmbE
WT and mutants. The bar graph depicts the average and standard
error of at least two independent replicates for each protein. Statistical
tests were performed for each mutant against WT (see the Methods
section): *p < 0.05, **p < 0.01.

also positioned in the active site tunnel, such as D1726, D1728,
D1734, and E1736 (Figures 4A and S17). We made a total of
20 single mutations to identify residues that are important for
AmbE-C_ 4as activity. These mutations were introduced in
full-length AmbE to assess how they affected the ability of
AmbE to synthesize and release Ala-AMB (Figure 4B). The
D1696A and N1700A mutants of AmbE produce Ala-AMB at
a higher level than that of wild-type (WT). In contrast, the
H1632A and D1726A mutants exhibit lower Ala-AMB
production than the WT (Figure 4B). Notably, single
mutations in the HHXXXDG motif to Ala (HI1496A,
H1497A, and D1S01A) do not alter Ala-AMB production
significantly. However, the H1497A/D1501A double mutation
abolishes Ala-AMB production (Figure 4B). LC-MS analysis
shows that the AmbE mutants produce a single species of Ala-
AMB with the same retention time as the product of the AmbE
WT. This observation suggests that all products are in the
expected L-Ala-L-AMB configuration and that these mutations
do not alter stereochemistry.

AMB biosynthesis involves at least 10 transformations;'® we
reasoned that the reaction catalyzed by AmbE-C 444 may not
be the rate-limiting step and therefore reduction in AmbE-
Chodaa activity caused by single mutations might not be
detected in the one-pot reconstitution assay. Thus, we used the
Q-A-MT-T;| and C_qas-T, split system to first accumulate
pre-Ala-AMB on Q-A-MT-T; and then add C_4as-T, to
measure the kinetics of C,gas-T, with the goal of directly
comparing the rates between WT C_4a4-T, and the mutants
(Figure SA). We selected 11 residues of C,,4a4 that are either
projected into or located near the active site tunnel for
mutation in C,4aa-T5. Three C qaa-T, mutants, H1496A,
D1501A, and D1728A, were insoluble. We purified the other
eight C_ 4aa-T, mutants and confirmed that they contain
similar secondary structures as the WT by circular dichroism
(Figure S18). The relative rates of conversion from pre-Ala-
AMB to Ala-AMB catalyzed by WT and mutants of C_4as-T>
were obtained (Figures S19 and $S20). The T1650A and
N1700A mutants of C,,qaa-T, exhibit increased rates of Ala-
AMB formation compared to WT, whereas E1736A shows a
similar rate as that of WT (Figures SB and $20). The Q1747A,
D1726A, and R1605A mutations significantly lower the rate of
Ala-AMB formation to 20, 17, and 4% of WT, respectively.
The HI1497A and D1734A mutations abolish Ala-AMB
production (Figures SB and $20).

Bioinformatic Analysis of C.,,qaa Domains. To expand
the understanding of C_ .44 functions in different natural
product pathways, we compiled 13 natural products whose
biosynthetic gene clusters encode C,44a domains from the
MIBiG database (latest version, October 2019).>° We also
curated additional seven natural products whose gene clusters
contain C,,g44 domains (Table S4). We proposed the function
of each Cqas domain by correlating the amino acid that we
predict based on the specificity of the A domain preceding
Cinodaas With the natural product structure, and then cross-
referenced the proposal with the literature.”'”'”*” Of the 27
Cuodaa domains from 20 biosynthetic pathways, 14 C, qaa
domains from 10 pathways replace a regular C domain and
correlate with the incorporation of an upstream Ser or Thr in
the precursor and Dha or Dhb in the natural product,
respectively, such as microcystin and romidepsin (Figures S1
and 6A,B).”* This correlation supports a dual role of C,4aa
domains in dehydrating Ser/Thr to Dha/Dhb and forming the
amide bond during peptide elongation. The remaining 10
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Figure 5. Rate analysis of AmbE-C, 4ss-T, mutants. (A) Determi-
nation of the relative rates of Ala-AMB formation catalyzed by
Ciodaa-T, mutants. Representative graphs comparing the activity of
WT C,oaas-T, and the Q1747A mutant by measuring Ala-AMB
formation over time. R* values for the linear fit are shown for each
graph. (B) Normalized reaction rates of C,,,4x5-T, mutants relative to
that of WT. Three independent experiments were performed for each
mutant except for R1605A, which was tested twice, and error bars
depict standard errors of the mean from two or three experiments.
Because in every experiment the rate of the WT control is set to 100%
for calculation of the relative rate of each mutant, the standard error
of the mean for the WT rates is zero. Raw data from each
independent experiment are shown in Figure S20 and Table S5. The
reaction rates of all mutants except for E1736A are significantly
different from that of WT. For each mutant, statistical significance (p)
was calculated using analysis of covariance to compare the slopes of
WT and the mutant in the same experiment (Figure $20).

natural products including AMB do not contain dehydroamino
acids (Figure S21). Analysis of their biosynthetic pathways
suggests that dehydroamino acid intermediates are further
modified via various transformations, including conjugate
addition with an amine in prezeamine, pyrrolizidine formation
in azabicyclene, and conjugate addition and gyrimidine
formation in bleomycin (Figures 6B and $21).”'%*" The
Crodan-catalyzed dehydration is a central step and unifying
theme for these pathways (Figure 6A).

Phylogenetic analysis of the 27 C,44a domains reveals that
some C,,qaa domains cluster by function (Figures 6B and
$22). AmbE-C,, 4as does not group well with other C,o4as

domains, which is consistent with its unique dehydrating and
decarboxylating function in addition to catalyzing trans-
thioesterification rather than amide bond formation. Nine
Cuodaa domains with additional functions post dehydration
form three distinct clades: one clade correlates with pyrimidine
formation in the biosynthesis of bleomycin,” tallysomycin,*
and zorbamycin;** another clade correlates with conjugate
addition instead of amide bond formation in the same
biosynthetic pathways; the third clade correlates with
pyrrolizidine formation in the biosynthesis of azabicyclene,'’
legonmycin,"" and brabantamide®* (Figure $22). The remain-
ing 17 C_,qaa domains do not form a distinctive group, most
of which likely incorporate dehydroamino acids in the natural
products via both dehydration of Ser/Thr and amide bond
formation. Some of these C, qas-installed dehydroamino acids
likely undergo further modifications catalyzed by other
biosynthetic enzymes.”>**** Overall, the grouping of C,oqaa
domains does not appear to follow the phylogeny of the
producing bacteria, because C_, 444 domains in the same gene
cluster are located in separate clades (e.g,, BlmVI and BImX,
Figure S22).

We prospected for novel nonribosomal peptides that may
contain dehydroamino acids. We generated a sequence
similarity network (SSN)* of 4391 putative C,,,4as domains,
which reveals large groups of C_ jas domains that are not
associated with any known natural products (Figure $23). One
notable group harbors several tandem C_4s4-containing
modules in a single NRPS (Figures 6C and S$23). The repeat
of Coqaa-containing modules suggests that the products of
these NRPSs contain adjacent dehydroamino acids, which are
less common in nonribosomal peptides in comparison with
RiPPs (Figure S$24). Interestingly, although albopeptide
contains two adjacent Dha and Dhb, the C 44 domains in
its NRPS, AlbB, are located in a different group from the main
group that contains tandem C_ 444 modules in the SSN.
Similarly, the C_,gan domains in BlmVI and BlmX in
bleomycin biosynthesis are located in separate groups in the
SSN. These observations corroborate with our phylogenetic
analysis that the clustering of C_,qus domains does not
necessarily follow the phylogeny of the producing bacterial
strains. The large number of uncharacterized Cgaa-
containing gene clusters suggests that dehydroamino acids
may be much more prevalent in nonribosomal peptides than
currently known, which presents a wide and unexplored natural
product space that may be accessed using C,qaa as a guide.

B DISCUSSION

We report the biochemical and structural characterization of
AmbE-C_ 4as, @ member of a major subfamily of C domains
with a proposed function in modifying amino acids. We
demonstrate that AmbE-C_ 4aa catalyzes dehydrative decar-
boxylation of pre-Ala-AMB to Ala-AMB. We also provide
bioinformatics analysis of 27 different C,, 44s domains from 20
natural product pathways, which supports a unifying function
for Coqaa domains in dehydration. Our analysis suggests that
Codaa domains either directly incorporate dehydroamino
acids into natural products or generate dehydroamino acid
intermediates that enable different downstream biosynthetic
transformations.

Using AmbE-C_ 4as as a model to probe C_ 414 function,
we determine that AmbE-C_, 444 modifies pre-Ala-AMB on the
donor T, domain and transfers the product Ala-AMB to the
acceptor T, domain. Although this conclusion appears
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contradictory to our previous reéport that holo T, is required for
the production of Ala-AMB,'® reanalyses of the prior data
revealed that the T, mutant of AmbE generates free Ala-AMB
in the presence of cysteamine (Figure S6). This unexpected
finding supports the conclusion that C4as converts pre-Ala-
AMB to Ala-AMB on T,. Minimal production of Ala-AMB by
the T, mutant without cysteamine also indicates that transfer
of Ala-AMB from T, to T, is required for release of Ala-AMB
by the TE domain, unless cysteamine is added to offload Ala-
AMB from AmbE into solution.

Compared to other subfamilies of C domains that also
modify amino acids, including the dual condensation/
epimerization domains (dual C/E) and heterocyclization
domains (Cy), the timing of C,4as action is reminiscent of
dual C/E that catalyzes epimerization on the donor T domain
prior to amide bond formation®® but distinct from the Cy
domain that catalyzes cyclization on the acceptor T domain
after amide bond formation.””** The recent report of two
Cuodas domains from albopeptide biosynthesis also corrobo-
rates our finding that C_4as catalyzes dehydration on the
donor T domain.'” Additionally, this work used cysteamine to
capture both a Val-Ser dipeptide and a conjugate addition
product between cysteamine and a Val-Dha dipeptide as
biosynthetic intermediates of albopeptide (Val-Dha-Dhb). No
conjugate addition products between cysteamine and Dhb
were observed in this work,'” however. Similarly, we could not
capture the dehydrated pre-Ala-AMB intermediate before
decarboxylation to Ala-AMB despite extensive efforts using

14064

AmbE wild-type and mutants possibly because of the steric
hindrance of the bulky y-methoxy glutamate side chain. It is
also possible that AmbE-C_ 41, catalyzes a dehydrative
decarboxylation without releasing the dehydroamino acid
intermediate, which remains consistent with the dehydrating
function of C,,qaa domains. Nonetheless, our work and the
work on albopeptide use two different systems to provide
experimental evidence to support the role of C, 444 domains
in dehydration and answer the longstanding question of the
timing of dehydration.

We obtained the crystal structure of a C,,4as domain, which
reveals a similar overall architecture typical of the C domain
family that contains an active site tunnel (Figure S9B).” DCA
predicts a canonical binding mode of the donor T, with
Crodan, but the short 15-residue linker between C,, qaa and T,
prevents the binding of T, in the canonical acceptor T-binding
position.”® A linker of this length is not unusually short for
interdomain linkers in NRPSs, but the lack of an A domain in
module 2 of AmbE greatly increases the distance between the
acceptor site of C gas and T, that this linker would be
expected to span. Although it is possible that T, binds at the
end of an auxiliary tunnel in AmbE-C 444 (Figure S10B), it is
more likely that T, accesses the canonical tunnel via
dimerization (Figure 3D). We show that AmbE dimerizes
upon conversion to the holo form. Dimerization would allow
the ppant arm of T, in one protomer to enter the canonical
acceptor tunnel of the C 424 in the other protomer, which
would enable transthioesterification of Ala-AMB from T, to T,
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(Figure 3D). Transferring Ala-AMB to T, would facilitate
hydrolysis catalyzed by the adjacent TE domain, leading to
Ala-AMB release (Figure 3D).

Very few NRPS-exclusive systems have been reported to be
dimers, including the six-domain vibrobactin synthetase, VibF,
and the four-domain saframycin biosynthesis protein,
SfmC.**° Two recent dimeric structures of NRPSs reveal
dimerization architectures, including the head-to-tail homo-
dimer of the tri-domain, FmoA3, and the depsipeptide
synthetase module with an embedded ketoreductase, StsA-A-
KR-T, which dimerizes through a pseudo-Ay, domain.’"*
Our observation of a switch in the oligomeric state upon
posttranslational phosphopantetheinylation is the first of such
a report. Phosphopantetheinylation has been shown to
promote other interactions, such as between the P450 enzyme
NikQ and the NRPS NikP1 in nikkomycin biosynthesis;>*
therefore, self-interaction dependent on the pantetheine arm is
not completely without precedence. The requirement of
phosphopantetheinylation of T, for dimerization provides an
initial clue for the overall architecture of full-length AmbE.

AmbDE is not the only NRPS to have a C-T linker of ~15
residues in length. A plot of linker length between C domains
immediately followed by T domains (i.e., where the module
does not contain an A domain between C and T domains)
shows that while the most common linker length is ~50
residues, almost 100 C-T didomains contain fewer than 20
residues in the linker (Figure S25). The longer linkers would
be sufficient for T domain binding to the canonical acceptor
site (Figure 3B), whereas as our work suggests, the proteins
with shorter linkers may form dimers to allow condensation or
transfer to occur. The C-T partial modules can serve unique
functions in different biosynthetic pathways, although it is
much less common than the canonical C-A-T. For example,
the C-T in SyrE is loaded in trans by a distal A and T domain
and enables peptide extension in syringomycin biosynthesis,
whereas both domains of C-T in GliP are required for the
cyclization of the diketopiperazine core in gliotoxin biosyn-
thesis.”*™® Since AmbE-C,, 444 does not catalyze condensa-
tion with an acceptor amino acid, T, may not be involved in
substrate loading or chain extension. Instead, the transfer of
Ala-AMB to T, by C_,qaa may bring Ala-AMB to the
proximity of the TE domain for hydrolysis.

Based on sequence conservation and residue positioning in
the AmbE-C_ gaa crystal structure, we conducted mutational
studies of C_oqas in the full-length AmbE under multiple
turnover conditions and in the Q-A-MT-T,/C,  4aa-T, split
system. Individual point mutations of full-length AmbE do not
abolish Ala-AMB production, though the double mutation of
H1497A and D1501A abolishes Ala-AMB synthesis, likely due
to the collapse of the local fold. Overall, results from the split
system show a similar trend to those from full-length AmbE,
but mutations in the split system exhibit much more profound
impacts on activity (Table S6). This phenomenon was also
reported for EntF, where mutations introduced in the excised
C domain of EntF more significantly impact reaction rates than
the same mutations introduced in the full-length EntF.”” The
difference between the full-length AmbE and the Q-A-MT-T/
Crodan-T, split system may be due to the isolation of the
Ciodaa reaction from the overall AMB biosynthesis that
involves at least 10 transformations. Alternatively, separation of
Q-A-MT-T; from C_4aa-T, could weaken protein—protein
interactions or destabilize the C_ 4as domain, enhancing the
impact of C,qaa-T, mutations on the reaction rate. Although

the activity of the split system is less robust than that of full-
length AmbE, the split system remains functional and has
allowed us to measure the rate of catalysis by C,,,qas-T, under
kinetic conditions, which is not possible using full-length
AmbE. Although T, is dispensable for the conversion of pre-
Ala-AMB to Ala-AMB by Q-A-MT-T-C_ 4aa, the split system
requires C4aa to be linked to holo T, for activity. It is
possible that holo T, helps stabilize C, gas in the right
conformation when C qa5 is separated from the rest of AmbE.

We identified four residues that are mostly conserved in
Cuodaa domains and important for activity. These residues,
N1700, T1650, R1605, and H1632, are positioned in or near
the active site of AmbE-C_ qxa (Figure 4A). The N1700A
mutation both increases the production of Ala-AMB in the full-
length AmbE assay and increases the rate of Ala-AMB
formation in the split system, and T1650A increases the rate
of Ala-AMB formation in the split system (Table S6). The
increased activity of these mutants could be due to the
widening of the C_ 414 active site through alanine mutation,
which suggests a gatekeeping function of N1700 and T1650
(Table S7). The single mutations of conserved C,, 414 residues
that significantly augment activity could inform engineering
efforts of other C, 4as domains. RI605A mutation decreases
the rate of Ala-AMB formation in the split assay (Table S6).
The model of T|-C, o4aa positions R1605 in contact with the
phosphoester of the T, ppant (Figure 4A), hinting at a role in
positioning the T, ppant for a proper substrate orientation in
the active site (Table S7). H1632 is also located in the
modeled donor site of the active site tunnel. Reduced activity
of the H1632A mutant of full-length AmbE suggests that
H1632 may also play a role in substrate positioning (Table
S7). D1726 is located on the modeled acceptor T, domain-side
loop of Coaaa (Figure 4A) and may help maintain the local
fold for interaction with T, (Table S7). The preponderance of
important residues on the side of C_4aa where it likely
interacts with the donor T domain is consistent with the
location of C,4aa-catalyzed reaction on the donor T domain.

In the HHXXXDG motif, mutation of the first His (H1496)
or Asp (D1501) results in insoluble proteins in the C,,42a-T>
construct, which is consistent with the structural roles that
these residues are thought to play in C domain folding.”>**
Mutation of the second His (H1497) did not significantly
affect the activity of full-length AmbE but lowered the reaction
rate catalyzed by C,,,qaa-T, to below the detection limit in the
split assay (Table S6). This residue is widely accepted as
important for positioning the substrate or catalyzing
condensation in C domains.'®***° Even so, mutation of the
second His in C domains in different NRPS pathways exerts
different impacts on activity, ranging from completely
abolishing activity to causing modest reduction,>*>7
which suggests that its role may be compensated by other C
domain residues. Similarly, minimal reduction of activity of
H1497A in full-length AmbE suggests that the role of H1497 is
compensated by other residues in AmbE-C_44a. D1734 is
positioned in the active site and opposite H1497 (Figure 4A).
Like the C, qaa-T>-H1497A mutant, the C qaa-T>-D1734A
mutant exhibits no activity in the split system (Table S6). The
abolishment of activity suggests that both H1497 and D1734
are essential for activity in the split system. The role of D1734
in substrate positioning remains to be determined. The
residues E1736 and Q1747 are not conserved in C_oqaa
domains. The comparable rate of the E1736A mutant to that
of WT suggests that E1736 is dispensable for C_,qaa-T;
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activity. Q1747 is positioned near the opening of the auxiliary
tunnel to the active site. While Q1747A mutation lowers the
rate of Ala-AMB formation, the role of Q1747 in substrate
positioning or local structure is unclear.

Because AmbE-C,,q5a does not catalyze peptide bond
formation, the role of H1497 may involve positioning the pre-
Ala-AMB substrate in the AmbE-C 454 active site tunnel or
acting as a base that removes the a-proton (Table S7). A
similar role has been proposed for the second His in the
HHXXXDG motif of the NocB-C; domain in nocardicin
biosynthesis, a °C; domain distinct from C, 45, domains.'®"’
This residue in NocB-C; is not required for peptide formation
but is essential for the dehydration of Ser to Dha and
subsequent formation of the f-lactam ring.'®"” Since very few
other residues are broadly important for C domain function
besides the second His, it is possible that not all dehydrating C
domains (NocB-C; or C,,4asa domains) use the same
mechanism or the same residue as the catalytic base for an
Elcb elimination mechanism. Any functional redundancy
would also prevent the assignment of a precise residue as the
catalytic base. Apart from dehydration, AmbE-C 444 may
catalyze subsequent decarboxylation and isomerization, the
latter of which likely requires an active site residue to
reprotonate the a-carbon and restore the L-stereochemistry
of AMB. The identity of this residue and those involved in
transthioesterification of pre-AMB from T to T, remains to be
uncovered.

Besides C,,qaa domains and NocB-C, dual C/E domains
preceded by A domains that activate f-hydroxy amino acids
are also correlated with incorporation of dehydroamino
acids,* although such activity has not been shown biochemi-
cally. Most of these natural products are cyclic lipopeptides
isolated from pseudomonads, such as syrin§0mycin,
syringopeptin,61 nunapeptin,62 and jessenipeptin. ® Interest-
ingly, the dual C/E domains that correlate with incorporation
of Dha/Dhb in these pathways cannot be phylogenetically
distinguished from regular dual C/E domains from the same
gene clusters (Figure S26A,B). Furthermore, some dual C/E
domains preceded by Ser/Thr-activating A domains do not
result in the incorporation of Dha/Dhb (Figure S26B). The
mechanism of dehydration by dual C/E domains remains to be
explored. Compared with dual C/E and °C; domains that do
not typically catalyze dehydration, C 444 domains appear to
serve a central dehydrating function that is supported by our
biochemical and bioinformatic observations.

In summary, we report the structural and functional
interrogation of a dehydrating C domain (C,,4xs) in AMB
biosynthesis and begin to shed light on the molecular basis of
dehydration in nonribosomal peptides by the C, . qaa
subfamily. Our work provides further bioinformatic evidence
to support that C_ qan domains perform dehydration as a
unifying step in the biosynthesis of therapeutically and
ecologically important natural products. Given the diverse
chemical and biosynthetic transformations that dehydroamino
acids participate in, our discoveries also pave the way for using
Ciodaa domains in natural product diversification, NRPS
engineering, and identification of new nonribosomal peptides.

B MATERIALS AND METHODS

Purification and Crystallography of AmbE-C,,4aa. Bacterial
cultures harboring pLIC-His-AmbE-C 4 Were started from a single
colony and grown in an LB medium that was supplemented with 100
pug/mL ampicillin. A sample of 2 mL starter culture was transferred to

a 1 L LB medium that was supplemented with 100 pg/mL ampicillin.
The 1 L culture was grown at 37 °C for approximately 4 h until the
cell density reached an ODy, of 0.5—0.6 when protein expression was
induced with 1 mM IPTG. The induced cultures were grown at 16 °C
for 16 h, and the bacterial cells were harvested by centrifugation at
6,000 RCF. The cell pellet was resuspended for lysis in Buffer cA (50
mM Tris-Cl, 200 mM NaCl, 10 mM imidazole, pH 8.0, 2 mM p-
mercaptoethanol (f-ME), pH 7.5) and lysed by sonication. The lysed
cells were centrifuged using a JA25.50 rotor at 20,000 RPM for 20
min at 4 °C to remove cell debris. AmbE-C 444 was purified from
the supernatant via a 5 mL HiTrap IMAC FF column charged with
Ni**. Buffer cA was used as the wash buffer, and Buffer cB (50 mM
Tris-Cl, 200 mM NaCl, 500 mM imidazole, 2 mM f-ME, pH 7.5) was
used as the elution buffer over a linear gradient. The eluted sample
was then combined, concentrated, and dialyzed overnight with Buffer
cC (50 mM Tris-Cl, 50 mM NaCl, 2 mM f-ME, pH 7.5) and digested
with His-tagged TEV protease (1 mg per 20 mg of AmbE-C,,454) at
4 °C. The digested sample was passed through the HiTrap IMAC FF
column again and AmbE-C_ 4ss with the His tag removed was
collected in the flowthrough, which was concentrated and separated
on a MonoQ HR 16/10 column using Buffer ¢cD (50 mM Tris-Cl, 2
mM S-ME, pH 7.5), buffer cE (50 mM Tris-Cl, 2 mM S-ME, 50 mM
NaCl, pH 7.5), and buffer cF (50 mM Tris-Cl, 2 mM S-ME, 1 M
NaCl, pH 7.5). Buffer cD was used to equilibrate the column, Buffer
cE was used to wash the column after applying the sample, and a
linear gradient from Buffer cE to Buffer cF over 100 mL was used to
separate AmbE-C 444 from impurities. AmbE-C,, 444 Was eluted at
~150 mM NaCl, concentrated, and further purified via a Superdex
200 16/60 column equilibrated with Buffer ¢cG (50 mM Tris-Cl, 200
mM NaCl, 1 mM DTT, pH 7.5). The final purified sample was
concentrated, flash-frozen at —80 °C, and used for crystallography
experiments.

AmbE-C_gas crystallized at a concentration of 10 mg/mL in
sitting-well drops after ~5 days at 4 °C using a precipitant solution
containing 100 mM bis-Tris propane, pH 6.0, 20% poly(ethylene
glycol) (PEG) 3350, and 0.2 M sodium iodide. Cryoprotection was
performed by dipping the crystal in a solution containing 20% 2-
methyl-2,4-pentanediol (MPD), 0.2 M NaCl, SO mM Tris-Cl, pH 7.5,
0.2 M sodium iodide, 20% PEG 3350, and 100 mM bis-Tris propane,
pH 6.0 before vitrification in liquid nitrogen. The diffraction dataset
was collected at the 24-ID-E beamline of the NE-CAT facility at the
Advanced Photon Source (APS) in Argonne, Illinois. The data was
indexed to I 121 with iMosflm®* and scaled with AIMLESS on
CCP4.% The data was phased by PHASER in PHENIX®® using a
homology model of the C,,4so domain generated by SWISS-MODEL
(separating the N- and C-lobes).”” The model was refined with
COOT®® and PHENIX refine.®® There are two copies of AmbE-
Ciodaa in the asymmetric unit.

One-Pot Assay of Ala-AMB Production. Samples of 7.5 yM
AmbB and 7.5 yuM AmbE (and AmbE mutants) were incubated with
0.5 uM Sfp (the promiscuous phosphopantetheinyl transferase), 100
UM coenzyme A, 8 mM MgCl,, and 50 mM KH,PO, (pH 8.0) at 25
°C for 15 min to reconstitute the holo forms of AmbB and AmbE. In a
separate reaction vessel, 3.5 uM AmbC and 6.5 yM AmbD were
incubated with 100 M (NH,),Fe(SO,), on ice for 10 min to
reconstitute the Fe(II) centers. The AmbB and AmbE reconstitution
reaction was mixed with 1 mM L-alanine, 1 mM L-glutamic acid, 1
mM @-KG, 1 mM sodium ascorbate, ] mM SAM, and 4 mM ATP, as
well as AmbC and AmbD reconstituted with Fe(II), which brought
the final reaction volume to 50 L and final concentrations to 7.5 uM
AmbB, 3.5 yM AmbC, 6.5 uM AmbD, 7.5 uM AmbE WT or mutants,
0.5 uM Sfp, 100 uM coenzyme A, 8 mM MgCl, 100 uM
(NH,),Fe(SO,),, and 50 mM KH,PO, (pH 8.0). The assay was
incubated at 25 °C for 2 h, quenched with 50 yL of acetonitrile,
moved to —20 °C, and incubated for 20 min to precipitate the protein
components. The assays were then centrifuged at 14,000 RCF for 5
min to remove the protein precipitates. A 50 uL sample of the
quenched reaction supernatant was mixed with 25 uL of 4.5 mg/mL
fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) in acetonitrile and 25
uL of 200 mM sodium borate buffer (pH 10.4) for Fmoc-
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derivatization of the amino acid substrates and the Ala-AMB product.
The derivatization reaction was mixed thoroughly for 5 min before it
was centrifuged for 5 min at 13,000 RCF.

A 10 puL sample was analyzed using the “general mass spectrometry
parameters (Supporting information).” Samples were injected onto a
Kinetex C18 column (Phenomenex, S0 mm length, 2.6 ym particle
size, and 100 A pore size) and separated using the following method
at a flow rate of 0.6 mL/min. Solvent A consisted of 0.1% formic acid
in water (Fisher Scientific), and solvent B consisted of 0.1% formic
acid in acetonitrile (Fisher Scientific). The mobile phase was held at
2% B for 2 min, increased from 2 to 98% B over 10 min in a linear
gradient, and held at 98% B for 2 min before returning to 2% B over 1
min. The relative yield was calculated as follows: peak areas in the
extracted jon chromatogram that correspond to Fmoc-Ala-AMB
(425.1707 [M + H]* and 447.1527 [M + Na]*) or Fmoc-Ala
(312.1230 [M + H]" and 334.1050 [M + Na]") were quantified using
MassHunter (Agilent). Percent conversion was calculated by dividing
the Fmoc-Ala-AMB peak areas by the sum of the Fmoc-Ala and
Fmoc-Ala-AMB peak areas. Each reaction for an AmbE mutant was
performed 2—5 times along with a reaction for the AmbE WT as a
positive control. The mean of percent conversion by the AmbE WT
from a total of 23 reactions was set to 100%. Percent conversion by
each AmbE mutant was normalized to the mean of the WT, and the
relative percent conversion was obtained.

Because the WT and mutant groups are of unequal size (23 vs 2—S5,
respectively), statistical significance between the WT and mutant
activities was analyzed as follows: a Shapiro test shows that WT
samples do not follow a normal distribution, but all of the mutant
samples are normally distributed. All samples have equal variance as
determined by the Levene test. A log transformation of WT and
mutant samples yielded normally distributed data. The statistical
significance was determined using Student’s ¢ test on the log-
transformed data. We also analyzed the data by directly comparing the
WT and each mutant in the same experiments and performing
Student’s t test. This alternative analysis showed that the D1726A
mutant and the H1497A/D1501A double mutant are significantly
different from the WT (p < 0.05), although H1632A, N17004A, and
D1696A are not significantly different from the WT controls in the
same experiments. The difference between the two statistical analyses
suggests that systematic errors may exist in the experiments for the
one-pot assay of full-length AmbE H1632A, N1700A, and D1696A
mutants. Nonetheless, systematic errors have been taken into account
in our kinetic assays of the split system because the C,,qxs-T> mutant
was compared to WT in the same experiments. Overall, single
mutations in full-length AmbE had a modest effect on activity,
whereas single mutations in C,4as-T> had a profound impact on
activity.

Kinetic Assay of Ala-AMB Formation under Single Turnover
Conditions. The one-pot reaction for Ala-AMB formation was
modified to measure kinetics using the split AmbE-Q-A-MT-T, and
Ciodaa-T; system. Two separate initial reactions were prepared, and
concentrations of each component varied based on the concentration
of stock proteins and are presented as ranges. In one reaction, samples
of AmbB (10.5—11.3 uM) and AmbE-Q-A-MT-T, (35.1—37.7 uM)
were incubated with Sfp (0.35—0.38 M), coenzyme A (70—80 uM),
MgCl, (5.6—6 mM), and KH,PO, (pH 8.0) (35.1-37.7 mM) at 25
°C for 10 min. To this reaction containing Q-A-MT-T; were added L-
alanine (1.4—1.5 mM), r-glutamic acid (1.4—1.5 mM), a-KG (1.4—
1.5 mM), sodium ascorbate (1.4—1.5 mM), SAM (1.4—1.5 mM),
ATP (5.6—6.0 mM), (NH,),Fe(SO,), (140—150 uM), AmbC (4.9—
5.3 uM), and AmbD (9.1-9.7 uM). This reaction mixture was
incubated for 45 min at 25 °C. In a separate reaction, AmbE-C_4a4-
T, WT or the mutant (74—87 uM) was incubated with Sfp (0.74—
0.87 uM), coenzyme A (150—170 uM), MgCl, (11.9—13.9 mM), and
KH,PO, (pH 8.0) (74.4—87 mM) at 25 °C for 45 min to generate
holo C,,oqaa-T5. The reaction mixture containing Q-A-MT-T,; was
combined with the C,,,44s-T,-containing reaction to a final volume of
100 L. The final concentration of each component in the combined
reaction was the following: 7.5 uM AmbB, 6.5 yM AmbC, 2.5 uM
AmbD, 25 uM QA-MT-T,, 25 uM C,oqaa-Ta) 100 uM (NH,),Fe-

(SO,), 0.5 uM Sfp, 100 uM coenzyme A, 1 mM L-alanine, 1 mM L-
glutamic acid, 1 mM a-KG, 1 mM sodium ascorbate, 1 mM SAM, 4
mM ATP, 8 mM MgCl,, and 50 mM KH,PO, potassium phosphate
(pH 8.0). Components present in both initial reactions were split
equally between both reactions (Sfp, coenzyme A, KH,PO,, pH 8.0,
MgCl,). An aliquot of 15 yL of the combined reaction was transferred
to a microcentrifuge tube every 2.5 min up to 15 min and immediately
flash-frozen using liquid nitrogen. All of the aliquots were immediately
quenched using 15 puL of acetonitrile upon removal from liquid
nitrogen, and cysteamine hydrochloride was added to a concentration
of 50 mM. The cysteamine cleavage reactions were mixed at 1000
RPM at 25 °C for 90 min. After 90 min, samples were moved to —20
°C and incubated for 20 min to precipitate the protein components.
The assays were then centrifuged at 14,000 RCF for S min to remove
the protein precipitates.

A 25 puL sample of the quenched reaction supernatant was mixed
with 180 yL of 2.25 mg/mL Fmoc-Cl in acetonitrile and 50 uL of 200
mM sodium borate buffer (pH 10.4) for Fmoc-derivatization of the
cysteamine-captured intermediates. The derivatization reaction was
mixed thoroughly for 5 min before it was centrifuged for 5 min at
13,000 RCF. A 10 uL sample was analyzed using “general mass
spectrometry methods (Supporting information).” Samples were
analyzed by LC-MS as described in the “one-pot assay of Ala-AMB
formation.”

Size-Exclusion Chromatography-Coupled Multiangle Light
Scattering (SEC-MALS) Analysis of apo and holo AmbE. A
sample of 25 yM AmbE was incubated with 0.5 yM Sfp, 100 uM
coenzyme A, 1 mM MgCl,, and 50 mM KH,PO, (pH 8.0) at 25 °C
for 1 h to reconstitute holo AmbE. Negative controls lacked coenzyme
A, Sfp, or MgCl,, or all three. Reactions were flash-frozen in liquid
nitrogen and stored at —80 °C until further use. For analysis by SEC-
MALS (Wyatt DAWN HELEOS II light scattering instrument
interfaced to an Agilent FPLC System equipped with a Superdex
200 Increase 10/300 GL, Wyatt T-rEX refractometer, and Wyatt
dynamic light scattering module), 100 uL of each reaction was
analyzed by running freshly prepared buffer (50 mM Tris-Cl pH 7.5,
0.5 mM TCEP, 150 mM NaCl, 0.1% w/v sodium azide) over the
Superdex column for 50 min at 0.5 mL/min.
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