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Structure-function analysis of carrier
protein-dependent 2-sulfamoylacetyl
transferase in the biosynthesis of altemicidin

Yuhao Zhu1, Takahiro Mori 1,2,3 , Masayuki Karasawa4, Kohei Shirai1,
Wenjiao Cheng1, Tohru Terada 4, Takayoshi Awakawa 1,5 & Ikuro Abe 1,2

The general control non-repressible 5 (GCN5)-related N-acetyltransferase
(GNAT) SbzI, in the biosynthesis of the sulfonamide antibiotic altemicidin,
catalyzes the transfer of the 2-sulfamoylacetyl (2-SA) moiety onto
6-azatetrahydroindane dinucleotide. While most GNAT superfamily utilize
acyl-coenzyme A (acyl-CoA) as substrates, SbzI recognizes a carrier-protein
(CP)-tethered 2-SA substrate. Moreover, SbzI is the only naturally occurring
enzyme that catalyzes the direct incorporation of sulfonamide, a valuable
pharmacophore in medicinal chemistry. Here, we present the structure-
function analysis and structure-based engineering of SbzI. The crystal
structure of SbzI in complex with the CP SbzG, along with cross-linking and
isothermal titration calorimetry analyses of their variants, revealed the
structural basis for CP recognition by the GNAT SbzI. Furthermore, docking
simulation, molecular dynamics simulation, and mutagenesis studies indi-
cated the intimate structural details of the unique reaction mechanism of
SbzI, which does not utilize a general base residue in contrast to other
typical GNATs. These findings facilitated rational engineering of the enzyme
to expand the substrate range and to generate azaindane dinucleotide
derivatives.

The General Control Non-repressible 5 (Gcn5)-related N-acetyl-
transferases (GNAT) superfamily enzymes catalyze the transfer of
acyl groups of varying lengths, ranging from C1 to C32, from an acyl-
coenzyme A (acyl-CoA) onto the amino group of acyl acceptors,
including small molecules and proteins1. These enzymes are widely
distributed across archaea, bacteria, and eukaryotes2, and play cru-
cial roles in various biological processes such as gene expression
regulation3–6, metabolic pathway control7–10, antibiotic resistance
development11–17, stress response18–20, infection resistance21,
detoxification22–26 and anti-oxidation27,28. The GNAT superfamily
enzymes also participate in the biosynthesis of secondary metabo-
lites, such as polyketides (PK)29–31, PK/nonribosomally-synthesized

peptides (PK/NRP) hybrid lipopeptides32–37, and ribosomally-
synthesized and post-translationally modified peptides (RiPPs)
lipopeptides38.

While themajority of GNAT superfamilymembers utilize acyl-CoA
as a substrate, notable exceptions are the acyl-carrier protein (acyl-
CP)-dependent GNAT enzymes, such as GdvG/AprG in goadviolin
biosynthesis39, GNAT-like decarboxylases30,40–42, and the N-acyl amino
acid synthase FeeM43. To date, over 500 crystal structures of CoA-
accepting GNATs have been characterized. However, only a few
structures of CP-dependent GNATs, including GphF40 and CurA41, and
the N-acyl amino acid synthase FeeM43 have been solved, but not in
complexwith CP.Moreover, due to the low sequence similarity among
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acyl-CP-dependent GNATs, the interactions between GNATs and CP,
and particularly how GNAT enzymes recognize CP over CoA sub-
strates, remain unclear.

Altemicidin is a sulfonamide antibiotic originally isolated from
Streptomyces sioyaensis SA-1758, with promising antitumor activity
(Fig. 1A)44. We previously identified the biosynthetic gene cluster (sbz
cluster) for altemicidin and its analogs from Streptomyces sp. NCIMB
4051345,46. In the biosynthetic pathway, the sulfonamide moiety is
incorporated by a key GNAT, SbzI. While GNAT superfamily enzymes
usually accept fatty acyl-CoAs as substrates, the CP-dependent SbzI
uniquely recognizes sulfonamide as a donor substrate.
2-Sulfamoylacetic acid (2-SA), derived from L-Cys, isfirst enzymatically
activated by the adenylation enzyme SbzL to form 2-SA-AMP. SbzL
then transfers 2-SA-AMP onto the 4’-phosphopantetheine (Ppant) arm
of the acyl-CP SbzG. Subsequently, the 2-SA group is installed onto the
amino group of 6-azatetrahydroindane dinucleotide 1 by the GNAT
enzyme SbzI (Fig. 1A). The lower basicity and greater structural rigidity
of the sulfonamide contribute to diverse biological activities,making it
a valuable pharmacophore in medicinal chemistry. However, its
incorporation into natural products is rare, and the mechanism of
sulfonamide introduction remains largely unknown. SbzI is the only
naturally occurring enzyme that catalyzes the direct incorporation of
sulfonamide in natural product biosynthesis. Therefore, themolecular
mechanism by which the enzyme recognizes sulfonamides has
attracted keen interest.

Previous in vitro assays revealed that SbzI exhibits high substrate
specificity for 1. While SbzI efficiently converts 1 to 2, its reactivities
with 3 and 4 are less than 10% compared to that with 1. In addition,
compounds 5 and6, lacking the C2 hydroxyl group, were not accepted
as substrates (Fig. 1B)46. These observations indicated that SbzI strictly
recognizes the dinucleotide moiety derived from β-NAD and the C2-
hydroxy group of the azaindane scaffold. The structural basis for the
recognition of the 2-SA, 6-azatetrahydroindane dinucleotide 1, and CP
SbzG, as well as the mechanism of the 2-SA transfer reaction catalyzed
by SbzI, remains to be elucidated.

In this work, we investigate the reaction mechanism of SbzI and
the protein-protein interactions between SbzI and SbzG, using X-ray
crystallography, cross-linking reactions, isothermal titration calori-
metry (ITC) analysis, and structure-based mutagenesis experiments.
The complex structure of SbzI with SbzG reveals that SbzI recognizes
SbzG primarily through hydrophobic interactions, supported by salt
bridges and hydrogen bonds. Comparisons of the structure of SbzI
with those of other CP-dependent GNATs suggest that similar recog-
nition mechanisms are shared by these enzymes for donor substrate
installation. Moreover, the model structure of SbzI with compound 1
and subsequentmutagenesis studies suggest that SbzI does not utilize
a general base residue for the reaction, in contrast to other typical
GNAT enzymes employing acid/base catalysis. Finally, we also suc-
cessfully expand the substrate scope through structure-based rational
protein engineering.

Results
Crystal structure of SbzI
To understand the structural basis of the enzyme reaction, we crys-
tallized SbzI and solved the structure at 2.5 Å resolution (Supplemen-
tary Fig. S1A andSupplementary TableS1). Theoverall structure of SbzI
consists of six β-strands and four α-helices and is similar to those of
classic GNATs, including TvAlba N-acetyltransferase Ard147 from
Thermoplasma volcanium (PDBID: 4PV6, 13% amino acid (AA)
sequence identity) and ribosomal protein S18 N-acetyltransferase
RimI48 from Salmonella typhimurium LT2 (PDBID: 2CNT, 16% AA
sequence identity), with RMSD values of 1.9 and 2.0Å for Cα-atoms,
respectively (Supplementary Fig. S1B, C). The structure is also similar
to that of the CP-dependent N-acyl amino acid synthase FeeM43, with
an RMSD value of 2.5 Å for Cα-atoms and 12% AA sequence identity
(Supplementary Fig. S1D). Structural comparisons of SbzI with these
enzymes revealed that the second alpha-helix (α2) is extendedby three
residues, and the loop betweenα2 andα3, involved in the formation of
part of the active site, is longer than those of Ard1 and RimI. At the acyl
donor binding site, the loop between α5 and the sixth beta-sheet (β6)
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Fig. 1 | Enzyme reaction of SbzI. A Reaction catalyzed by SbzI. B Substrate analogs of substrate 1 tested previously. The reactivities of SbzI with 3 and 4 are less than 10%
compared to that with 1. Compounds 5 and 6, lacking the C2 hydroxyl group, were not accepted by SbzI.
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in SbzI exhibited considerable differences in length and conformation
compared to that of FeeM (β6 and β7). As a result, SbzI has a deep cleft
that is large enough to accommodate compound 1 (Supplementary
Fig. S2). Furthermore, due to the substitutions of the P-loop residues
(Gln/Arg-x-x-Gly-x-Gly/Ala), which are crucial for interactions with the
diphosphate and adenine moieties of CoA in acyl-CoA-accepting
GNATs49, with 111GGSLVGL117 in SbzI, a substantial conformational
difference of the loop was observed. In the SbzI structure, three dif-
ferent conformations of P-loop-like region were observed among six
monomers in the asymmetric unit (conformation A in monomers A/C,
conformation B in monomers B/D, and disordered in monomers E/F),
suggesting the flexibility of P-loop like region (Supplementary
Fig. S3A–D). None of these conformations is similar to those of Ard1 or
RimI (Supplementary Fig. S3E–G). In conformation A, the P-loop-like
region is positioned near the Ppant arm-binding tunnel, whereas in
conformation B, it shifts 4.5 Å to the opposite side of the tunnel. These
distinctive sequential and conformational changes in the P-loop were
also observed in FeeM, suggesting that they are characteristic features
of CP-dependent GNAT enzymes43. The substitution of the P-loop-like
region of SbzI with those of Ard1 (RRMGVG) or RimI (RGLGRM)
resulted in a significant decrease in activity, to 2% and 5%, respectively,
compared to the wild-type SbzI (Supplementary Fig. S4). This result
indicated that the special P-loop region of SbzI is crucial for the
recognition of the CP-attached Ppant arm.

Elucidation of the interaction between SbzI and SbzG
To elucidate how SbzI selectively recognizes CP during the reaction,
we solved the structure of the SbzI/SbzG complex. Due to the weak
interactions between SbzI and SbzG (Supplementary Fig. S5 and Sup-
plementary Table S3), we used ColabFold to design an SbzI and SbzG
fusion protein and facilitate the formation of the SbzI/SbzG complex
crystals. The complex model of SbzGI suggested the proximity
between the C-terminus of SbzG and the N-terminus of SbzI (Supple-
mentary Fig. S6A). Therefore, a short, flexible Gly-Gly-Gly-Gly-Ser
(GGGGS) linker was introduced between the C-terminus of SbzG and
the N-terminus of SbzI to construct the SbzG-SbzI fusion protein
(SbzGI)50 (Supplementary Fig. S6B). In vitro assays of the SbzGI fusion
enzyme revealed that its activity was increased by around 3-fold,
compared to the individual reactions of SbzI andSbzG (Supplementary
Fig. S6C).

The crystal structure of holo-SbzGI (modified with the Ppant arm
at Ser38 of SbzG (Ser38G)) was successfully solved at 2.6 Å resolution
(Fig. 2A and Supplementary Fig. S6D). A comparison of the SbzI and
SbzGI structures revealed no significant overall conformational chan-
ges of SbzI upon CP binding and Ppant arm insertion into the active
site of SbzI (RMSD value of 0.6 Å for Cα-atoms) (Supplemen-
tary Fig. S7).

However, the conformation of the P-loop-like region of SbzGI is
slightly different from that of the SbzI structure. Two conformations
(conformation C and D) of the P-loop-like region, which are different
from those in SbzI structures, were observed in monomer A. In con-
formation C, the P-loop-like region covers the entrance of the Ppant
binding tunnel, and the main chain carbonyl of Gly111I forms a
hydrogen bond with the main chain amide of Ser38G on α2 of SbzG
(Fig. 2). On the other hand, in conformation D, the P-loop-like region
moves to the opposite side of α2 of SbzG that opens the entrance of
the Ppant binding tunnel more widely.

The phosphate of the Ppant arm interacts with the main chain
amide of Leu114I in both conformations, suggesting that the P-loop-
like region plays an important role in binding to CP and the Ppant arm
(Fig. 2 and Supplementary Fig. S7). In monomer B, only one con-
formation was observed, which resembles conformation C but is
shifted ~ 1.5 Å to the opposite side of SbzG (Supplementary Fig. S7).
Furthermore, α2 of SbzG and α7 of SbzI are shifted by ~ 2 Å to the
opposite side of the Ppant binding tunnel compared to those in

monomer A. Due to the widened entrance of the Ppant binding tunnel,
the binding mode of the Ppant arm differs significantly from that in
monomer A. The Ppant arm ismore deeply embedded in the tunnel in
monomer A, suggesting that the binding mode in monomer A repre-
sents the active state.

SbzG adopts the typical CP structure composed of four α-helices.
The structure is similar to those of other CPs, including the CP-
domains of glycine:[carrier protein] ligase from Bradyrhizobium japo-
nicum (PDBID: 4H2U)51 and VinL in the biosynthesis of vicenistatin
from Streptomyces halstedii (PDBID: 7F2R)52, with RMSD values of 1.5
and 1.7 Å for Cα-atoms, respectively (Supplementary Fig. S8). The
interaction surface between SbzG and SbzI comprises four α-helices:
α4 and α5 of SbzI and α2 and α3 of SbzG, which mainly consist of
hydrophobic residues, suggesting that SbzI and SbzG interact through
hydrophobic interactions (Fig. 2C). In addition, Glu49G forms a salt
bridge with Arg121I and a hydrogen bond with the main chain of
Phe56G, and Glu125I interacts with the main chain amide of
Ala58G (Fig. 2D).

To verify the importance of these interactions, we performed a
mutagenesis analysis (Fig. 2E and S9). First, Glu49G, Arg121I, and
Glu125I were individually substituted with leucine to investigate the
importance of salt bridges and hydrogen bonds in the SbzI-SbzG
interaction. The SbzGI E49GL, R121IL, and R121IL/E125IL variants
decreased the activity to 30, 63, and 74% of the wild type, respectively,
while E125IL stillmaintained comparable activity to thewild type (92%).
These results indicated that the electrostatic interaction between
Glu49G and Arg121I is important for the SbzI-SbzG interaction, while
the hydrogen bond at Glu125I is less critical. Second, to examine the
importance of hydrophobic interactions at the SbzGI interface for CP
recognition, hydrophobic residues of SbzG, including Val41G, Ala42G,
Ile45G, Val46G, Val61G, and Phe66G, were substituted with hydrophilic
residues of similar sizes. The SbzGI V41GT, A42GS, I45GT, V46GT, V61GT,
and F66GY variants showed decreased activities (41, 72, 38, 72, 34, and
33% compared to that of wild type, respectively). Val41G, Ile45G, Val61G,
and Phe66G form a hydrophobic pocket at the interface between SbzI
and SbzG, and the side chain of Leu114I is inserted into this pocket,
facilitating SbzI-SbzG recognition (Fig. 2C). This is one of the reasons
why substitutions of these four residues showed higher impacts
compared to the A42GS and V46GT variants (Fig. 2E). Further multiple
mutations of these hydrophobic residues, including the VA:
V41GT +A42GS, VAI: VA + I45GT, VAIV: VAI + V46GT, VAIVV:
VAIV + V61GT, and VAIVVF: VAIVV + F66GY variants, confirmed their
involvement in the recognition of SbzI and SbzG. As the hydrophobic
pocket was gradually destroyed by the accumulation ofmutations, the
variants showed a progressive decrease in activity, ranging from 24%
for the VA variant to 3.5% for the VAIVVF variant (Fig. 2E and Supple-
mentary Fig. S9). These results clearly indicated that hydrophobic
residues are crucial for the interactions between SbzI and SbzG.

We performed a cross-linking assay to further investigate the
interactions betweenSbzI and SbzG.Abifunctionalmaleimide reagent,
1,2-bis(maleimido)ethane (BMOE), was used to covalently crosslink
SbzI and SbzG between the sulfhydryl group at the terminus of the
Ppant armof SbzGand the cysteine residue in the SbzI active site. Since
SbzI and SbzG have three (Cys31I, Cys33I, and Cys119I) and one
(Cys80G) cysteine residue, respectively, and the active site of SbzI does
not contain a cysteine residue, we constructed the SbzI SSSC (C31IS/
C33IS/C119IS/E138IC) and SbzG C80GS variants to prevent non-specific
cross-linking reactions.The incubationof the SbzI SSSCvariant and the
holo-SbzG C80GS variant in the presence of BMOE efficiently afforded
the covalent complex (Supplementary Fig. S10). Therefore, we intro-
duced further mutations in the interface residues of SbzI SSSC and
SbzG C80GS. All variants were expressed except for E125IL and L114ID
of SbzI SSSC. The cross-linking reactions revealed that some of the
variants, including SbzI SSSC L117ID, L149ID, I152IT, and L153ID, and
SbzG C80GS E49GL, A42GS, V61GT, and F66GY, showed reduced cross-
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linking efficiency compared to that between SbzI SSSC and SbzG
C80GS (Supplementary Fig. S11).

The interaction between SbzI and SbzG was further evaluated by
isothermal titration calorimetry (ITC) (Supplementary Fig. S12 and
Supplementary Table S3). The wild type of SbzG bound to SbzI with a
Ka value of 2.3 × 104M−1, which is similar to the affinities of other CP-
dependent enzymes, such as acyltransferase VinL52 and malonyl-CoA:
acyl carrier protein transacylase HpMCAT53. ITC analysis of SbzG var-
iants, including E49GL, V41GT, A42GS, I45GT, V61GT, F66GY, and mul-
tiple hydrophobic residue variants (VAIVV and VAIVVF), revealed a
significantly reduced affinity for SbzI. The V41GL and V61GT variants
exhibited 28-fold and 2-fold lower Ka values, respectively, and the

interactions of the other SbzG variants with SbzI were too weak to
accurately determine Ka values. These results are consistent with the
results from in vitro assays and cross-linking analysis. These interac-
tion studies highlighted the importance of interface residues in med-
iating protein-protein interactions between SbzI and SbzG.

Active site architecture of SbzGI complex
The Ppant arm attached to Ser38G inserts into a 12 Å-long tunnel in
SbzI, consisting of helices α2, α4, and α5, a loop between β4 and α4,
and a P-loop-like region (Fig. 2B). The position of the Ppant arm isfixed
by hydrogen bonds with the residues in the Ppant binding tunnel. The
main chain parts of Ser113I, Leu114I, and Gly116I and the hydroxy group
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of Ser113I form hydrogen bonds with the oxygen atoms in the Ppant
arm’s phosphate group. Gln37I, Thr146I, and the main chain of Leu102I
interact with the amide carbonyl of the cysteamine moiety and the
hydroxy group of the pantothenic acid moiety.

This Ppant binding tunnel guides the sulfhydryl group at the ter-
minus of the Ppant arm into a deep cleft on the opposite surface of
SbzI, which is assumed to be the binding site of 1 (Supplementary
Fig. S13A). Since attempts to obtain the complex crystal structure of
SbzI with compound 1 were unsuccessful, we constructed a docking
model with compound 1 and 2-SA-Ppant. In this docking model,
compound 1 and the 2-SA moiety bind in the deep cleft of SbzI
(Fig. 3A). The residues in the deep cleft interactwith compound 1 in the
following manners. The C1 carboxyl group of 1 forms a salt bridge
network with Arg48I and Asp34I. The main chain amide carbonyl of
Glu138I formshydrogen bondswith theC1 amino group. The C4 amide
carbonyl group forms a hydrogen bond with Asn140I and the main
chain amide carbonyl of Ser44I. The C2' hydroxy group of the sugar
moiety interacts with the side chain carboxyl group of Glu138I, while
Asp164I, Arg168I, and Arg170I interact with the diphosphate moiety of
1. Furthermore, the main chain of Ser163I and Asp86I form a hydrogen
bond and a salt bridge with the C2''' hydroxy group of adenosine and
the C6” amine of the adenine moiety, respectively (Fig. 3B).

To validate the docking model, we conducted three independent
1-μs MD simulations (Supplementary Fig. S14). As a result, the binding
mode of Ppant-tethered 2-SA remained stable across the three MD
runs, with ligand RMSD values averaging 2.8–3.6Å during the last

400ns of each run (Supplementary Fig. S14E). The Ppant arm forms
hydrogen bonds with residues of SbzI, including the main chain of
Leu114I and the side chain of Thr146I. In the case of compound 1,
distinct fluctuations were observed between the ADP moiety and the
azaindane nucleotide moiety. The ADP moiety moved flexibly within
the binding site, which led to the high ligand RMSD values, averaging
11.4–14.0 Å across the three MD runs (Supplementary Fig. S14G). The
ADP moiety shifted among the loops between β3 and β4, α6 and β6,
and α2 and α3 regions, which contain positively charged residues that
could form electrostatic interactions with the diphosphate group of
the ADPmoiety (Supplementary Fig. S15). In contrast, the ligand RMSD
values of the azaindane nucleotide moiety were significantly lower
than those of the ADP moiety (3.2–6.9 Å, Supplementary Fig. S14H).
These observations suggested that the enzyme recognizes both the
6-azatetrahydroindane scaffold and the diphosphate of ADP moiety,
and these interactions likely contribute to the dramatic decrease in
SbzI reactivitywith compounds 3 and4 compared to 146. The distances
between the nitrogen atom of the C1 amino group of compound 1 and
the thioester carbonyl carbon atom of Ppant-tethered 2-SA were
maintained during two MD runs, yielding averages of 5.2 Å and 5.9 Å
over the last 400 ns, respectively. Thesedistanceswereconsistentwith
those in the initial docking model (5.2 Å) and were feasible for a
nucleophilic attack by the amino group (Fig. 3A). The Cα-RMSD values
for the SbzG subunit, SbzI subunit, and the overall structure remained
below 3.5Å, indicating that the docking model was stable (Supple-
mentary Fig. S14B–D).
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To evaluate the importance of these residues for substrate
recognition, we constructed variants of the binding site of 1, including
SbzGI R48IA, D34IA, D86IA, N140IL, E138IA, D164IA, R168IA, andR170IA,
andperformed enzymereactions (Fig. 3C and Supplementary Fig. S16).
As a result, SbzGI R48IA and D34IA showed almost no activity (2% and
10% compared with wild type, respectively), indicating that these
residues play a key role in fixing the binding position of the amino acid
moiety of 1 through the salt bridge network. The SbzGI D86IA and
N140IL variants significantly reduced the activity to 21 and 22% of the
wild type, respectively, while E138IA, D164IA, R168IA, and R170IA
showed moderate impacts on the activity (64, 71, 76, 59, and 52%
activities compared with wild type).

The docking model with Ppant-tethered 2-SA also suggested that
the sulfonamide moiety is located within a space mainly consisting of
Leu99I, Leu102I, Leu120I, Ser137I, Ala139I, and Leu150I. The amino
group of sulfonamide interacts with Ser137I and the main chain car-
bonyl of Glu138. Themain chain amide groups of R101I and L102I could
form an oxyanion hole near the thioester, which would stabilize the
tetrahedral intermediate produced in the general GNAT mechanism2

(Fig. 3D). Thepartially hydrophilic environment of this acyl bond space
allows SbzI to accommodate the 2-SA moiety, which is likely to be the
reason for its unique ability to transfer the sulfonamide.

Expansion of substrate scope by protein engineering
The 2-SA-binding space is large enough to accommodate molecules
with carbon chain lengths of four or more atoms, suggesting the cat-
alytic potential for SbzI to accept compounds with fatty acyl chains as
substrates. Consequently, we performed a substrate specificity analy-
sis of SbzI towards acyl-donor compounds. The Ser38G residue of
SbzGI was modified with various acyl-CoAs, including C2-, C4-, C6-, C8-,
C10-,C12- and C18-fatty acyl CoAs, malonyl-CoA, methylmalonyl-CoA,
succinyl-CoA, prolyl-CoA, and alanyl-CoA, by the promiscuous 4’-
phosphopantetheinyl transferase Sfp54 and the resulting acylated
SbzGIs were used for the enzyme reaction (Fig. 4 and Supplementary
Fig. S17A). LC-MS/MS analysis of the enzyme reaction products
revealed that SbzGI accepts fatty acyl-CPs C2-,C4- and C6-fatty acyl-
SbzGs as acyl donors to yield the unnatural 1-analog compounds 7, 8,
and 9 (Supplementary Fig. S18A–F). In contrast, long acyl substrates
C8-, C10-, C12-, and C18-fatty acyl-SbzG, as well as hydrophilic substrates,
including malonyl-SbzG, methylmalonyl-SbzG, and succinyl-SbzG,
were not accepted (Fig. 4B, D). Furthermore, aminoacyl-CPs, alanyl-
SbzG, and prolyl-SbzG were also accepted by SbzI to yield compounds
17 and 18, albeit with low efficiency (Supplementary Fig. S17B).

Since the side chain of Ser137I interacts with the amino group of
the sulfonamidemoiety, the function of Ser137I was further verified by
comparing its activity with 2-SA-SbzG and C6-fatty acyl-SbzG. The
SbzGI S137IA variant exhibited 44% activity with 2-SA-SbzG compared
to thewild type,while the activitywithC6-fatty acyl-SbzGas a substrate
was maintained, suggesting that Ser137I is involved in the recognition
of the sulfonamide moiety (Supplementary Fig. S19).

A comparison of the acyl-binding sites between SbzI and FeeM,
which accepts a C12 acyl-CP, suggested that Leu99I, Leu120I, and
Leu150I form the bottom surface of the space and restrict the length
of the acyl donor accepted by SbzI (Supplementary Fig. S20A, B). To
broaden the substrate scope of SbzI, these residues were substituted
with alanine. Interestingly, the L150IA variant newly accepted C8- and
C10-fatty acyl-SbzG as substrates, in addition to C2-, C4- and C6-fatty
acyl-SbzG, to produce compounds 10 and 11 (Fig. 4C, D and Sup-
plementary Fig. S18G, H). The ColabFold model of SbzGI L150IA
confirmed an expanded pocket compared to that of the wild type
(Supplementary Fig. S20C). To further expand the substrate scope,
the double variants SbzGI L99IA/L150IA, L120IA/L150IA, and S137IA/
L150IA were constructed. As expected, these double variants newly
accepted C12-fatty acyl-SbzG to generate compound 12 (Fig. 4E, S18I
and S21A). The L120IA/L150IA variants still maintained activities

toward 2SA-SbzG comparable to that of the wild type, while the
L99IA/L150IA and S137IA/L150IA variants showed reduced activities
(Supplementary Fig. S21B, C).

Discussion
CP-dependent enzymes, such as fatty acid synthases, PKSs, NRPSs, and
amide bond synthases, play crucial roles in the biosynthesis of natural
products. Each enzyme precisely recognizes its respective partner CP
through distinct interactions55. For instance, in the condensation
domain of NRPS enzymes, the CP domains of both the peptide donor
and acceptor are recognized through hydrophilic and hydrophobic
interactions at the front and back of the V-shaped active site tunnel,
while the amide bond synthase CcbD, in the biosynthesis of lincosa-
mides, mainly interacts with its CP CcbZ via salt bridges and hydrogen
bonds56. SbzI and SbzG primarily interact through hydrophobic inter-
actions, specifically between α4 and α5 of SbzI and α2 of SbzG. Their
mutual recognition is further supported by a salt bridge and hydrogen
bonds between α4 of SbzI and α2 of SbzG. Structural andmutagenesis
studies of FeeM suggested the importance of Phe148 and His145 in the
interaction with CP FeeL (Supplementary Fig. S22)43. Phe148 of FeeM,
positioned on an α-helix corresponding to α5 of SbzI, is thought to be
involved in hydrophobic interactionswith its CP, in a similarmanner to
SbzI. In contrast, His145 in FeeM, corresponding to Thr146I, forms part
of the Ppant tunnel, suggesting that His145 participates in the Ppant
interaction rather than FeeL recognition. A comparison of SbzI with
other CP-dependent GNATs indicated that hydrophobic residues are
located on theα4 andα5 regions of FeeM43 andCurA41, suggesting that
the recognition mechanism is similar to that of SbzI (Supplementary
Fig. S22). In contrast, the residues at these positions in CoA-utilizing
GNATs, such as Ard1 and RimI are mainly hydrophilic and important
for interactions with the adenine moiety of CoA. These differences in
the conservation of amino acid residues in α4 and α5 would be critical
for the recognition of CoA or CP by GNAT enzymes.

Our previous in vitro analysis of SbzI revealed that another CP,
SbzK, in the sbz gene cluster, can serve as a partner protein of SbzI for
the sulfonamide transfer reaction45. SbzK shares moderate sequence
identity (31%) with SbzG. The ColabFold2 model structure suggested
that SbzK adopts a similar overall structure to SbzG, and the residues
on α3 of SbzK are also conserved as hydrophobic residues. The
hydrophobic residues on α3 (Val41G, Ala42G, Ile45G, Val46G, Val61G,
Phe66G) in SbzG correspond to Phe41K, Met42K, Phe45K, Val46K,
Leu61K and Phe66K in SbzK (Supplementary Fig. S23). Furthermore,
Glu39, which forms a salt bridge with Arg121 of SbzI, is also conserved
in SbzK. These conservations of surface residues should be the reason
why SbzI accepts SbzK as a partner protein. Our substrate specificity
analysis of SbzI for acyl-donors indicated that the enzymeaccepts fatty
acyl-CPs and aminoacyl-CPs as substrates, in addition to 2-SA-CP. Acyl-
CoA analogs with high polarity, such as malonyl-CP and succinyl-CP,
were not accepted by SbzI, probably due to the highly hydrophobic
environment of the 2-SA binding site.

GNAT enzymes usually employ an acid/base mechanism for the
direct acyl-transfer reactions2. A catalytic residue, such as glutamate,
aspartate, or histidine, abstracts a proton from the substrate amine,
followed by a nucleophilic attack from the activated amino group on
the thioester carbonyl carbon to form a tetrahedral intermediate. A
general acid, such as a tyrosine or cysteine residue, then protonates
the thiolate anion of CoA (Fig. 5A). In contrast, some specific GNAT
enzymes adopt an acid/base independent mechanism. For example,
FemXWv fromWeissella viridescens, which catalyzes L-Ala transfer from
Ala-tRNAAla to the side-chain amine of an L-Lys residue in the pepti-
doglycan precursor UDP-MurNAc-pentapeptide, does not utilize the
residue for proton abstraction or protonation. Instead, stabilization of
the tetrahedral intermediate and proton shuttling with the C3'-
hydroxyl group of the adenosine moiety facilitate the aminoacyl
transfer reaction57 (Fig. 5B).
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Interestingly, although Glu138I is located where the catalytic glu-
tamate residue is found in other GNAT proteins2, the E138IA variant
exhibited activity comparable to that of wild-type SbzI. The local pKa
predictionbyMolGpKa58 suggested that the pKaof theC1 aminogroup
of compound 1 is 7.0. This observation suggests that the C1 amino
group is deprotonated under the reaction conditions (pH 8.0), and
therefore, no general base is required in the catalytic pocket. Fur-
thermore, residues that could potentially act as a general acidwere not
identified around the sulfhydryl group of the Ppant arm. Instead, the

dockingmodel with compound 1 suggested that the C2 hydroxy group
is located close to the sulfhydryl groupof the Ppant arm. Thepredicted
pKa of the C2 hydroxyl group is 11.1, similar to that of a Tyr residue
(pKa = ~ 10). Hence, the hydroxyl group in compound 1 may be
important for both the stabilization of the tetrahedral intermediate
and the proton shuttling to facilitate the acyl transfer reaction. It is also
possible that the C2 hydroxy group facilitates the optimal positioning
of the thioester group for nucleophilic attack and oxyanion stabiliza-
tion. These hypotheses are consistent with previous in vitro assays, as
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compounds 5 and 6, lacking the C2 hydroxyl group compared to 1, are
not accepted by SbzI.

Based on these observations, we propose the reactionmechanism
of SbzI, which is different from classical GNAT enzymes, as follows
(Fig. 5C): The acyl acceptor 6-azatetrahydroindane dinucleotide 1
binds in the active site, and the position of the amino acid moiety is
determined by a salt bridge network involving Arg48I and Asp34I.
Subsequently, the amino group of 1 undergoes a direct nucleophilic
attack on the thioester of the CP-tethered 2-SA, resulting in the for-
mation of a tetrahedral intermediate. Finally, proton shuttling with the
C2-hydroxyl group of compound 1 facilitates the acyl transfer reaction
and the release of the Ppant arm-SH from the tetrahedral intermediate,
to yield the product 2.

In conclusion, our structural and functional analyses ofGNATSbzI
and CP SbzG have provided the structural basis for the recognition of
the sulfonamide group of 2-SA in the biosynthesis of altemicidin and
insight into how some CP-dependent GNAT enzymes recognize an
acyl-CP insteadof anacyl-CoAsubstrate. Furthermore, structure-based
enzyme engineering rationally expanded the substrate scope for the
acyl donor of SbzI. The acyl substrate for incorporation in altemicidin
biosynthesis is determined by the adenylation enzyme SbzL, which
strictly recognizes 2-SA45. Further development of engineered SbzL
and SbzI proteins with altered substrate scopes will generate unna-
tural, novel azaindane dinucleotide derivatives for future drug
discovery.

Methods
General remarks
Oligonucleotide primers were purchased from Eurofins Genomics.
Other chemicals were purchased from Wako Chemical, Ltd. (Tokyo,
Japan). Analytical grade solvents werepurchased fromKantoChemical
Co., Inc. (Tokyo, Japan). The LCMS data were obtained by using a
Liquid Chromatograph Mass Spectrometer LCMS-8045 attached to a
High Performance Liquid Chromatograph LC-2050C LT system
(Shimadzu).

Plasmid construction and mutagenesis
The DNA sequences encoding SbzG and SbzI were cloned from the
genomic DNA (gDNA) of Streptomyces sioyaensis SA-1758 and inserted
into thepET28a(+) vectorwith anN-terminal 6xHis tag. Aprotein linker
(GGGGS)was introducedusingprimers according to theprotocol from
the In-Fusion® HD Cloning Kit (Takara). For the in vivo modification of
SbzGI, the pACYCDuet-SbzGI-sfp plasmid was constructed to coex-
press SbzGI and sfp in E. coli. The DNA encoding sfp from Bacillus
subtilis was cloned into the pACYCDuet vector. Site-directed muta-
genesis was performed using a PCR-based method. Initially, PCR was
carried out with two primers containing the desired mutation(s) and a
15-base overlap, using a KOD FX DNA Polymerase kit (TOYOBO). After
PCR, the products were confirmedbyDNAgel electrophoresis, and the
correct bands were extracted with aWizard® SV Gel and PCR Clean-Up
System (Promega). The extracted products were then transformed
into competent E. coli DH5α cells. The mutations were confirmed by
DNA sequencing (Eurofins).

Protein expression and purification
The protein expression plasmids were transformed into competent E.
coli BL21(DE3) cells. After overnight incubation at 37 °C in a shaker, the
seed cultures were used to inoculate 1 L of Lysogeny broth (LB) med-
ium containing antibiotics (50μg/mL kanamycin for pET28a (+) plas-
mids, 50μg/mL chloramphenicol for pACYCDuet plasmids) and
cultured at 37 °C with shaking at 160 rpm. When the OD600 reached
0.5–0.7, the LB medium was cooled on ice for 15min, and then IPTG
was added to a final concentration of 500μM. The cultures were fur-
ther incubated for 18 h at 18 °C with shaking at 160 rpm. Cells were
harvested by centrifugation and stored at − 30 °C. The cells were

resuspended in buffer A (50mM Tris-HCl, pH 8, 300mMNaCl, 10mM
imidazole, and 10% glycerol) and then lysed by sonication. The
supernatant was obtained by centrifugation and loaded onto a Ni-NTA
gravity column pre-equilibrated with buffer B (50mM Tris-HCl, pH 8,
300mM NaCl, 20mM imidazole, and 10% glycerol). The supernatant
was incubated on the Ni-NTA gravity column for 15min and then flo-
wed through the column. After washing with 50 column volumes of
buffer B, His-tagged proteins were eluted with buffer C (50mM Tris-
HCl, pH 8, 300mMNaCl, 500mM imidazole, and 10% glycerol). Buffer
exchange of the eluted protein into the final stock buffer D (25mM
Tris-HCl, pH8, 50mMNaCl, 2mMdithiothreitol) wasperformedwith a
PD-10 Desalting Column (Cytiva). Fractions of interest were con-
centrated using Amicon® Ultra Centrifugal Filters, and the protein
concentration was measured by UV absorption at 280nm. For crys-
tallization screening, the protein was further purified by size-exclusion
chromatography. The protein was loaded onto an ÄKTA™ FPLC
(Cytiva) with a Superdex™ 200 Increase 10/300 GL gel filtration col-
umnpre-equilibratedwith bufferD. A single peakwas collected in a 96-
well deep well plate, and the purity was analyzed by sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After con-
centration, the protein was stored at − 80 °C.

Pull-down assay
His-tagged SbzI and SbzG (without tag) were introduced into the
pACYCDuet vector and co-expressed in E. coli BLR (DE3). After loading
to Ni-NTA gravity column, the column was washed with wash buffer
(50mM Tris-HCl, pH 8, 300mM NaCl, 20mM imidazole, and 10%
glycerol) for 50 column volume, then eluted by elution buffer (50mM
Tris-HCl, pH8, 300mMNaCl, 500mMimidazole, and 10%glycerol) for
5 column volume. Proteins in each fraction were analyzed by
SDS-PAGE.

Cross-linking assay
SbzI SSSC variants and the holo-SbzG C80GS variants were expressed
as a general protocol. After being purified by Ni-NTA gravity column,
the buffer was exchanged to the cross-linking buffer (50mM Tris-HCl,
pH7.3, 300mMNaCl, 5mMEDTA, 10%glycerol)with a PD-10Desalting
Column (Cytiva). Cross-linking assay was performed as follows: SbzI
variants 5μM, SbzGvariants 10μM, andBMOE 100μMweremixed and
incubated for 0, 5, and 30min at room temperature. Reactions were
quenched by SDS-PAGE loading buffer and then analyzed by
SDS-PAGE.

ITC analysis
His-tagged SbzI (WT) and His-tagged SbzG (WT and variants) were
purified as described above. After Ni-NTA purification, the buffer was
exchanged for the ITC buffer (50mM Tris-HCl, pH 8, 300mM NaCl,
10% glycerol) with a PD-10 Desalting Column (Cytiva). ITC assays were
performed by using MicroCal iTC200(Malvern). SbzI 0.15mM and
SbzG 1.5mM were used for analysis. ITC cell temperature was set to
27 °C, reference power was set to 8μcal/s. Data analysis was done by
Origin.

X-ray Crystallography
Initial crystallization screeningwas performedusing theWizardClassic I
and II kits (Molecular Dimensions), the PEG/Ion Screen kit (Hampton
Research), the Crystal Screen kit (Hampton Research), and theMCC kit.
Crystallization drops were prepared at 20 °C according to the sitting
drop vapor diffusion protocol, bymixing 0.5μL of protein solutionwith
0.5μL of reservoir solution in the crystal wells of an Intelli-Plate 96-2
Low Profile (Hampton Research). For the screening, 12.8mg/mL of
holo-SbzGI and 15mg/mL of SbzI were used. Crystals appeared within
3–7 days. After obtaining the initial crystals, the conditions were further
optimized using the Additive Screen kit (Hampton Research). Optimi-
zation involved adjusting the concentrations of protein, salt, and
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precipitating reagent. The best-resolution crystals were obtained under
the following conditions: For SbzI: 0.1M Tris-HCl, pH 8.0, 0.2M KSCN,
25% (w/v) PEG 3350. For SbzGI: 0.1MMES, pH 6.5, 0.2M KSCN, 15% (w/
v) PEG 8000, 3% (v/v) ethylene glycol. The crystals were transferred into
a cryoprotectant solution (reservoir solution with 25% (v/v) glycerol)
and thenflash-cooled at − 173 °C in liquid nitrogen. TheX-ray diffraction
data sets were collected at BL-1A (Photon Factory, Tsukuba, Japan),
using a beam wavelength of 1.1 Å, and BL45XU (SPring-8, Harima,
Hyogo, Japan), using a beam wavelength of 1.0Å. The diffraction data
sets were processed and scaled using the XDS program package59 and
Aimless60 in CCP4. The initial phases of the SbzI structures were
determined by molecular replacement, using the model structures of
SbzI constructed by ColabFold61 as the search models. Molecular
replacement was performed with Phaser in PHENIX62. The initial phases
were further improvedwith AutoBuild in PHENIX63. The structures were
modified manually with Coot64 and refined with PHENIX.refine65. The
final crystal data and intensity statistics are summarized in Supple-
mentary Table 1. A structural similarity search was performed, using the
Dali program66 server. All crystallographic figures were prepared with
PyMOL (DeLano Scientific, http://www.pymol.org). The high B-factor of
the SbzGI structure is possibly due to the flexibility of the loop between
SbzI and SbzG. Despite the fusion of SbzG and SbzI, the interactionmay
still be weak, and the conformation of SbzGI is not completely fixed in
the crystal. Indeed, SbzG of monomer B is not involved in the crystal
packing interactions. Furthermore, due to poor density in monomer B,
watermolecules could not be added to themonomer B region or to the
interface between monomers A and B.

Preparation of docking model
The three-dimensional model structures of compound 1 were gener-
ated by the CHEM3D ULTRA 10 program (Cambridge Soft), and their
geometries were optimizedwith the elbow tool in Phenix. The docking
model was constructed by using HADDOCK ver 2.367,68. First, Ppant-
tethered 2-SA was docked into the active site of the SbzGI complex,
and the conformation of the Ppant moiety was manually modified to
resemble that of the Ppant arm in the crystal structure. The con-
formation of Ppant-tethered 2-SA was further refined using COOT to

avoid close contact between the 2-SA moiety and the active site resi-
dues. Subsequently, compound 1was docked into the active site using
the 2-SA dockingmodel as the input protein. For docking compound 1,
the active site residues Arg48I, Glu138I, Asn140I, and Arg170I were set
as active residues, and the docking was performed with default set-
tings. Thedockingmodelwas then validated throughMDsimulation as
described below.

MD simulation
The docking model of the SbzG-SbzI fusion protein in complex with
compound 1 and Ppant-tethered 2-SA, described in the “Preparation of
dockingmodel” section, was used as the initial structure. SbzG and SbzI
were treated as individual subunits by removing the linker connecting
the twoproteins. Amino acid residues ranging from1 to 84of SbzG and
1 to 178 of SbzI were employed for the MD simulations. The unde-
termined loop structure of SbzG (residues from 21 to 23) wasmodeled
using Modeler 10.469. C-termini of SbzG and SbzI were capped with N-
methyl amide (NME) groups due to missing regions. The protonation
states of the titratable residues were estimated using the H + + server70

at pH 8.0 and salinity of 0.1M.
The geometry of compound 1 was optimized at B3LYP/6-

31 G + (d,p) level using Gaussian 16 rev. C.0271, followed by a single-
point calculation at HF/6-31 G(d) level to calculate the electrostatic
potential around the molecule. The atomic charges that fit the elec-
trostatic potential were calculated using the Antechamber72 module
with the Restrained Electrostatic Potential (RESP) method73. The pro-
tonation state of the C1 amino group was set as an unprotonated form
(R–NH2), based on the pKa estimation described in the main text. To
generate the parameter and topology files for the serine residue
modified by Ppant-tethered 2-SA, the modified residue was decom-
posed into two fragments, phosphoserine and the 2-SA-attached
pantetheine moiety excluding the terminal hydroxy group. The
boundaries between the two fragments were capped with hydrogen
atoms. The parameters and topology files for singly protonated
phosphoserine (S1P) were obtained from the Amber Parameter
Database74. The latter fragment was parameterized through geometry
optimization and subsequent RESP calculation, following the same
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procedure as compound 1. The parameter and topology files for the
whole structure of themodified residue were generated by combining
those of the two fragments.

The resulting complex was immersed in a box of OPC water
molecules75 with a buffer width of more than 10 Å, containing
approximately 0.1M Na+ and Cl− ions. Solvation was performed using
the AMBER LEaP module. The initial system was a cubic box of
83 Å × 83 Å × 83 Å, consisting of 15,913 water molecules, 33 Na+ ions, 25
Cl− ions, and a 265-residue SbzGI complex including a compound 1
molecule, a serine residue modified with Ppant-tethered 2-SA, two C-
terminal NME capping molecules. The number of Na+ and Cl− ions was
determined based on the SPLIT method76. The AMBER ff19SB77 and
GAFF2 force fields were applied to the protein and the substrates,
respectively. Subsequent MD simulations were performed using
AMBER2478,79 as follows.

Energyminimizationwas carried out for 5500 steps, during which
position restraints were imposed on the non-hydrogen atoms of the
protein, and the force constant was gradually decreased from
10 kcal mol−1 Å−2 to 5, 2, 1, 0.5, 0.2, and 0 kcal mol−1 Å−2. The systemwas
then heated from 10K to 298.15 K over a 500 ps NVT simulation using
the Langevin thermostat with a collision frequency of 2.0 ps−1 and with
position restraints of 10 kcal mol−1 Å−2 on the non-hydrogen atoms of
theprotein. TheNVT simulationwas continued for another 500 ps. The
equilibration and subsequent production run were conducted in an
NPT ensemble, employing the Bussi thermostat80 and the Monte Carlo
barostat81 to maintain the temperature and pressure at 298.15 K and
1.013 bar, respectively. The equilibration was performed for 25 ns with
harmonic position restraints on the non-hydrogen atoms of the pro-
tein, and the force constantwas gradually decreased from 10 kcalmol−1

Å−2 to 0 kcal/mol−1 Å−2 in a similar way to the energyminimization step.
The equilibration was continued for 100ns without restraints to fur-
ther relax the system. The production runwas then conducted for 1μs.
Long-range electrostatic interactions were treated using the particle
mesh Ewaldmethod82. A non-bonded cutoff distancewas set to 8 Å and
10Å during the equilibration and the production run, respectively, for
both van der Waals and direct space electrostatic interactions. A 2-fs
time step was used for the simulations, where the SHAKE algorithm83

was applied to constrain the bonds involving hydrogen atoms. MD
simulations, consisting of energy minimization, equilibration, and
production run, were independently performed three times. The
resulting trajectories were processed and analyzed every 200 ps using
CPPTRAJ84. Rootmean square deviation (RMSD)was calculated against
the initial energy-minimized structure.

Preparation of compound 146

Compound 1was prepared by a PsePQ reaction conducted as follows:
a 60 × 250 μL scale reaction mixture containing 1mM SAM, 1mM
NAD+, 0.2mM PLP, and 18.6 μM PsePQ in 50mM KP buffer (pH 7.8),
was incubated at 30 °C for 2 h. Subsequently, 2.5mM α-ketoglutaric
acid, 2.0mM L-ascorbic acid, 0.1mM FeSO4, and 20μM PseQ were
added, and the mixture was incubated at 30 °C for another 2 h. The
reaction mixture was freeze-dried and subjected to column chro-
matography (Sephadex LH-20, eluent: water) at 4 °C. Fractions con-
taining compound 1 were collected and further purified by semi-
preparative HPLC using a HILIC Cosmosil column (10.0mm I.D. ×
250mm), with a solvent gradient of 50mM ammonium formate (pH
9.0): acetonitrile from 100:0 to 0:100. Fractions containing com-
pound 1 were collected and lyophilized to yield pure compound 1 as
a white powder (2mg).

Preparation of compound 3
Compound 3 was enzymatically synthesized from compound 1. The
phosphate bond cleavage reaction was performed on a 100 × 60μl
scale, in a mixture containing 17mM EDTA, 83mM MgCl2, 0.5mM
compound 1, 0.006 units/μl phosphodiesterase I (Millipore Sigma), 70

units/μl Bacterial Alkaline Phosphatase (BAP, Thermo Fisher), and 6μl
of 10 × BAP buffer in 500mM Tris-HCl (pH 7.5) at 30 °C for 1 h. The
reaction was quenched by adding 60μl of 100% acetonitrile, followed
by the removal of precipitated proteins. Compound 3 was purified by
HPLC under the same conditions as those used for compound 1,
yielding 1.0mg of a white powder after solvent removal in vacuo.

Preparation of compound 4
A reaction mixture (500μl) containing 50mM altemicidin in assay
buffer (4MHCl) was incubated at 50 °Covernight. After lyophilization,
the mixture was redissolved in distilled water and purified using the
same HPLC method as described above, yielding 1.6mg of pure white
powder (17.7%).

Preparation of compounds 5 and 6
The reaction was carried out on a 60 × 250μl scale, in a mixture con-
taining 1mM SAM, 1mM NAD+, 0.2mM PLP, and 18.6μM PsePQ46 in
50mM KP buffer (pH 7.8) at 30 °C for 2 h. The reaction was quenched
with 250μl of 100% acetonitrile, freeze-dried, and subjected to column
chromatography (Sephadex LH-20, eluent: water) at 4 °C. Fractions
containing compound 5 were combined and further purified by semi-
preparative HPLC. After lyophilization, 2.3mg of compound 5 was
obtained. The phosphate bond cleavage reaction was then conducted
as described above, using compound 5 as the substrate, resulting in
1.0mg of compound 6.

In vitro assay of SbzGI and variants
Firstly, apo-SbzGI wasmodified in vitro with CoA to obtain holo-SbzGI,
using the Sfp protein in the following reaction mixture: 50mMHEPES
(pH 8), 40μM apo-SbzGI (WT or variants), 15μM Sfp, 1mM coenzyme
A, 1mMdithiothreitol, and 10mMMgCl2, whichwas incubated at 24 °C
for 1 h. Then, the activity of holo-SbzGI (WT or variants) was evaluated
in vitro in the following reactionmixture: 50mMHEPES (pH 8), 20μM
holo-SbzGI (WT or variants), 20μM SbzL, 1.5mM compound 1, 1mM
2-sulfamoylacetyl acid, 1mM ATP, and 1mM MgCl2, which was incu-
bated at 24 °C for 30min. The reaction was quenched by adding an
equivalent volume ofmethanol and then centrifuged at 20,000× g for
30min to remove all precipitates. The reaction was analyzed using a
Liquid ChromatographMass Spectrometer (LCMS-8045) attached to a
High-Performance Liquid Chromatograph (LC-2050C LT system, Shi-
madzu) with a HILICpak VG-50 2D column (Shodex). An isocratic
method of 30% CH3CN–50mM ammonium formate (pH 9) over 30 or
60minwas used, at a flow rate of 0.2mL/min. Substrates and products
were analyzed under EIC in the positive mode. The data were analyzed
by LabSolutions (Shimadzu). For acyl-CoA substrates, the reactionwas
performed in 50mMHEPES, pH 8, 200μMapo SbzGI (WT or variants),
15μM Sfp, 0.5mM acyl-CoA substrate, 1.5mM compound 1, 1mM
dithiothreitol, and 10mM MgCl2, and incubated at 24 °C for 1 h. For
acid substrates, the reaction was performed in 50mM HEPES, pH 8,
200μMholo-SbzGI (WTor variants), 20μMSbzL, 1.5mMcompound 1,
1mM acid substrates, 1mM ATP, and 1mM MgCl2, and incubated at
24 °C overnight. The reaction was quenched by the addition of an
equivalent volume ofmethanol and then centrifuged at 20,000× g for
30min to remove all precipitates. The reaction was analyzed by a
Liquid ChromatographMass Spectrometer (LCMS-8045) attached to a
High Performance Liquid Chromatograph (LC-2050C LT system, Shi-
madzu), with a HILICpak VG-50 2D column (Shodex), using isocratic
elution with 30% CH3CN–50mM ammonium formate pH =9 over
30min or 60min, at a flow rate of 0.2mL/min. Substrates and pro-
ducts were analyzed under EIC in the positivemode. All reactions were
repeated more than three times with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The data generated in this study are provided in the article, Supple-
mentary Information, and Source Data file. The crystallographic data
that support the findings of this study are available in the Protein Data
Bank (http://www.rcsb.org) under accession codes 8ZT3 (for SbzI)
[https://doi.org/10.2210/pdb8zt3/pdb] and 8ZT4 (for SbzGI) [https://
doi.org/10.2210/pdb8zt4/pdb]. The MD simulation data of complex
models of SbzGI and compound 1 are freely available at Zenodo
(https://zenodo.org/records/14233270). Source data are provided in
this paper.
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