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ABSTRACT: Friedel—Crafts acylation (FCA) is a highly beneficial
approach in organic chemistry for creating the important C—C bonds
that are necessary for building intricate frameworks between aromatic
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imidazole alkaloids (AAIAs), streptimidazoles A—C (1—3), and the . 0 Ho,p o,
enantiopure (+)-nocarimidazole C (4) as well as their ribosides, ! R\/\)ks@ d . /
streptimidazolesides A—D (5—8), were identified from the | o iy

fermentation broth of Streptomyces sp. OUCMDZ-944 or heterolo- !

gous S. coelicolor M1154 mutant. The biosynthetic gene cluster (smz) |

was identified, and the biosynthetic pathway of AAIAs was elucidated . —,
for the first time. In vivo and in vitro studies proved the catalytic
activity of the four essential genes smzB, -C, -E, and -F for AAIAs
biosynthesis and clarified the biosynthetic process of the alkaloids. The ligase SmzE activates fatty acyl groups and connects them to
the acyl carrier protein (ACP) holo-SmzF. Then, the acyl group is transferred onto the key residue Cys49 of SmzB, a new Friedel—
Crafts acyltransferase (FCase). Subsequently, the FCA reaction between the acyl groups and S-aminoimidazole ribonucleotide
(AIR) occurs to generate the key intermediate AAIA-nucleotides catalyzed by SmzB. Finally, the hydrolase SmzC catalyzes the N-
glycosidic bond cleavage of the intermediates to form AAIAs. Structural simulation, molecular modeling, and mutational analysis of
SmzB showed that Tyr26, Cys49, and Tyr93 are the key catalytic residues in the C—C bond formation of the acyl chain of AAIAs,
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providing mechanistic insights into the enzymatic FCA reaction.

B INTRODUCTION

Friedel—Crafts acylation (FCA) is an important reaction in
organic chemistry used to form C—C bonds between aromatic
substrates and an acyl group, and the formation of C—C bonds
is the critical step in the construction of compound
skeletons.”” In organic synthesis, such reactions are carried
out using an acyl halide or anhydride in the presence of a Lewis
acid.' ™ Although the chemical FCA reaction avoids side
reactions such as rearrangement and polyalkylation in Friedel—
Crafts alkylation, the FCA reaction still does not occur in
aromatic substrates with strong deactivating rings such as
nitrobenzene, and aromatic amines are considered as poor
substrates because the acylation will preferentially take place
on these unprotected amine groups instead of the aromatic
ring.”** Moreover, there are few reports about enzyme-
mediated FCA reactions.”” Therefore, it is a valuable to
discover new biocatalysts that can catalyze the FCA reaction.

In recent years, the development of enzyme catalysis has
been in full swing, but there are still a few studies on the
Friedel—Crafts acyltransferase (FCase) due to its rarity. The
2,4-diacetylphloroglucinol (DAPG) acetyltransferase (ATase),
which is encoded by genes phlABC in the biosynthetic gene
cluster (BGC) of the polyketide antibiotic DAPG, is currently
the only kind of FCase discovered.*” Based on the study of
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crystal structure and catalytic mechanism, the DAPG ATase
(PpATaseCH) from the strain Pseudomonas protegens DSM
19095 was rationally engineered to expand its acyl donor
substrate scope.'’”'* However, the PpATaseCH is only able to
catalyze aromatic substrates of benzene-1,3-diol and its
derivatives, which exposes its great limitations on aromatic
substrates.'” The discovery of new FCases that can catalyze
different types of aromatic substrates is crucial for the further
development of FCase-like biocatalysts.
4-Acyl-S-aminoimidazole alkaloids (AAIAs), bearing a S-
aminoimidazole ring and a conjugated carbonyl side chain,
represent a kind of rare natural products of microbial origin.'®
To date, only four AAIAs, nocarimidazoles A—D, have been
reported from marine actinomycetes.lé’17 To discover
interesting alkaloids from microorganisms, we examined strain
Streptomyces sp. OUCMDZ-944 that was isolated from a
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Figure 1. Structures of compounds 1—8 and AIR. (a) Use of '*C-labeled precursors for tracking the source of carbons in 1—4. (b) Structures of
compounds 5—8. (c) Structural correlation between AIR, AAIAs, and streptimidazolesides.
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Figure 2. In vivo functional analysis of AAIAs biosynthetic genes. (a) AAIAs biosynthetic gene cluster (smz). (b) HPLC analysis of Streptomyces sp.
OUCMDZ-944 (SOU) and S. coelicolor M1154 (SCO) with smzA—G expressed. (c) HPLC analysis of strain SCO::smzA—G and its single gene

deletion mutants.

sediment sample collected off the coast of Qingdao, China.
Fractionations of its metabolites led to the discovery of seven
new AAlAs, including streptimidazoles A—C (1-3) and
streptimidazolesides A and B (AAIA-1-ribosides, 5 and 6), as
well as the enantiopure (+)-nocarimidazole C (4) (Figure
1a,b)."” Besides, two new AAIA-1-ribosides, streptimidazole-
sides C (7) and D (8), were identified from the metabolites of
the heterologous S. coelicolor M1154::smzA—GAsmzC (Figure
1b). The conjecture of the origin of the AAIAs and further
verification from the *C labeling experiment led us to propose
the hypothesis that the S-aminoimidazole ring and alkanoyl
moiety of these alkaloids are derived from the S-amino-
imidazole-1-ribotide (AIR) in purine biosynthesis and fatty
acids synthesized by acetic acid—malonic acid (AA-MA)
pathway, respectively. The identification of streptimidazole-
sides 5—8 has strengthened our confidence in this conjecture.

To date, there are no reports on the biosynthesis of AAIAs.
Research on the biosynthetic pathway seems to be challenging,
interesting, and valuable, as it does not belong to any typical
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secondary metabolic routes based on the analysis of the
chemical structure. On the contrary, it is closely related to the
primary metabolism, which may lead to a deeper under-
standing of the cross-talk between primary metabolism and
secondary metabolism. At the same time, it raises the question
of how the C—C bonds between the C-4 in 5-aminoimidazole
ring of AIR and acyl carbon in the alkanoyl moiety are formed,
which is the key step in the biosynthesis process of AAIAs. The
exploration of the corresponding enzyme responsible for this
biocatalytic reaction may lead us to discover a new FCase.
Under the guidance of bioinformatics analysis, we
successfully identified the biosynthesis gene cluster (smz)
(Figure 2a) of AAIAs from 42 gene clusters predicted by
antiSMASH (version 5.0.0)'® through gene knockout and
heterologous expression experiments. In vivo and in vitro assays
proved that four essential genes smzB, -C, -E, and -F catalyzed
the biosynthetic assembly of AAIAs from the precursors AIR
and fatty acids. It is the first case that AIR is found to be a
building block in natural product biosynthesis. SmzB is
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revealed as a new FCase to catalyze the FCA reaction between
the acyl groups and AIR, generating the key intermediate
streptimidazoletides A—D (AAIA-1-ribotides, 9—12). The
further mechanism elucidation and phylogenetic analysis of
SmzB expand the understanding of the new FCase family. The
successful elucidation of the phylogenetic pathway of the
AATAs provides effective ideas and guidance for the study of
the biosynthesis of such alkanoylimidazole alkaloids.

B RESULTS AND DISCUSSION

Discovery of Streptimidazoles and Riboside Deriva-
tives. Analysis of the ethyl acetate (EtOAc) extract of
Streptomyces sp. OUCMDZ-944 showed that there are a series
of metabolites with characteristic UV absorptions around A,,,,
= 300 nm. Further analysis by liquid chromatography—mass
spectrometry (LC—MS) revealed four predominant com-
pounds and four trace additional compounds with the
molecular weights of 209, 209, 223, 223, 341, 341, 355, and
355 Da, respectively (Figure S15). The consistent mass
difference of 14 Da suggests a structural relationship between
them, which is homologous compounds. Through large-scale
fermentation, five new compounds, including streptimidazoles
A—C (1-3) and two of their trace ribosides streptimidazole-
sides A and B (5 and 6), as well as the enantiopure congener,
(+)-nocarimidazole C (4), were identified (Figure 1a,b). In the
process of structural analysis of these alkaloids, we found that
the 3C signals at positions C-2, C-4, C-S, and C-6 of 1—4 were
low, broadened, and barely visible (Figure S2). Chemically,
this could be attributed to the tautomerism of the 5-
aminoimidazole ring between N and NH.'® To verify these
structures, 1 was taken as an example to perform methylation
experiments. A pair of monomethyl derivatives 13 (at N-1
position) and 14 (at N-3 position) were obtained by fine
control of the reaction conditions involving the incubation
time, the base type (NaH or Na,CO;), and the amount of
CH,I (Figure Sla). As expected, the ">C signals of the two
methylated products returned to normal (Figure S1b), and the
NMR (Figure Sla and Table S9) matched well with the
predicted structures, confirming the structural accuracy of 1—4.
Meanwhile, the "*C signals at these positions of 5 and 6 are
comparable to those of 13 (Figure S7), indicating there are
substitutions at the N-1 position of the S-aminoimidazole ring.
The substitution group in § and 6 was further identified to be
the p-ribose by comprehensive analysis of 1D and 2D NMR
(Figures S4 and SS), hydrolysis of § followed by 1-phenyl-3-
methyl-S-pyrazolone (PMP) derivation (Figure S4), and
electronic circular dichroism (ECD) data (Figure SS).
Therefore, compounds 5§ and 6 were D-ribosides of 1 and 2,
respectively.

Inference of Biosynthesis Pathway by Isotope Label-
ing Experiments. Considering that the S-aminoimidazole
ring of AAIAs and the glycosidic S-aminoimidazole sub-
structure of streptimidazolesides share high structural similarity
with AIR, a key intermediate of purine biosynthesis, we
reasoned that AIR might be the precursor of such alkaloids
(Figure 1c)."” To verify this, we performed isotope feeding
assays with '3C-labeled glycine, as glycine is one of the
precursors for the synthesis of AIR (Figure S6c).”"”
Meanwhile, the feeding experiments of 'C-labeled acetate
were also carried out based on the conjecture that the carbonyl
side chain was formed by the AA-MA pathway (Figure S10).

To clearly observe the 3¢ signal gain at C-2, C-4, C-§, and
C-6, 1-°C acetate-feeding product (1a) and 1- and 2-"C

glycine-feeding products (1d and 1e) of streptimidazole A (1)
were methylated to obtained 1-methylated derivatives (13a,
13b, and 13c). As expected, in the S-aminoimidazole ring, the
carbon signal of C-5 in 13b (feeding 1-'*C-labeled glycine)
and the C-2 and C-4 carbon signals in 13c (feeding 2-"*C-
labeled glycine) were significantly enhanced (Figures la and
S6b). The carbon signals of C-6, C-8, C-10, and C-12 in 13a
(feeding 1-'*C-labeled acetate) also showed a significant
enhancement compared to the unlabeled methylated product
13 (Figures la and S6a). For the carbonyl side chain of 1b
(feeding 2-"*C-labeled acetate), *C signal enhancements occur
at odd-number carbons (C-7, C-9, C-11, and C-13) (Figures
la and S8). And the feeding 1,2-'*C-labeled acetate led to a
significant enhancement of carbon signals for C-6—C-13 in 1c
(Figures la and S8).

For the carbonyl side chains of 2—4, *C signal enhance-
ments occur at C-6 and C-8 when fed with 1-'*C-acetate and at
C-7 and C-9 when fed with 2-"*C-acetate (Figures la, S8, and
S9). These results are quite consistent with the rule of carbon
chain extension in fatty acid synthesis (Figure $10).”*** In
addition, C-10—C-13 in 2, C-10—C-14 in 3, and C-11-C-14
in 4 did not show the *C signals enhancement (Figures 1a, S8,
and S9), indicating that the fatty acids used to synthesize
AATAs have different start units before carbon chain extension.
These starting carbon atoms are considered to come from the
metabolic pathways of valine, leucine, and isoleucine (Figure
§10).*7° This inference also explains why the *C signal of
C-10 in 4 was also enhanced when feeding 2-">C-labeled
acetate, as acetyl-coenzyme A (acetyl-CoA) is one of the raw
materials for the synthesis of isoleucine (Figures S9 and
$10).”” These results strongly suggest that AAIAs are
biosynthesized using precursors AIR and fatty acids from
primary metabolism.

Identification and Characterization of AAlAs Bio-
synthetic Genes. The biogenesis analysis of AATAs provided
important information for us to speculate on the biosynthetic
pathway and identify the BGC. It also suggested that the most
critical step in the biosynthesis is the C—C bond formation
between C-4 of AIR and C-1 of fatty acids via the proposed
FCA reaction. To identify the AAIAs BGC and characterize
the putative key FCase, the genome of the strain OUCMDZ-
944 was sequenced and analyzed by antiSMASH.'® A gene
cluster (smz) rich in genes related to the purine biosynthesis
seemed to be the most likely BGC for AAIAs (Figure 2a and
Table S4). Bioinformatics analysis showed that genes orfl
(purN), orf2—4 (purL, purQ, and purS) and orfll (purM) in
this BGC are associated with converting glycinamide
ribonucleotide (GAR) into AIR (Figure S6c and Table S4),
and all of them have homologous genes (77—100% in identity)
in other locations of the genome (Table §5).1%2%73% Rnockout
of the genes orf2 and orf 3 resulted in a certain reduction in the
yield of compounds 1—4 (Figure S16), which shows that the
existence of these gene copies in the BGC plays a significant
role in providing sufficient AIR for biosynthesis of AAIAs.

On this basis, we further analyzed the function of the genes
in smz BGC (Table S4) and found that three genes smzB,
smzC, and smzG encode hypothetical proteins, one of which is
most likely to encode the new FCase we are looking for. In
view of the distribution and sequence correlation of adjacent
genes in the BGC, we reason that genes smzA—G and orf5—11
belong to two individual transcriptional units. To locate the
necessary genes required for AAIAs biosynthesis, large
fragment knockouts toward the two transcriptional units
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Figure 3. In vitro functional elucidation of AAIAs biosynthetic genes. (a) ESI-Q-TOF-MS analysis of SmzE and SmzF reaction. (b) HPLC analysis
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Biosynthetic pathway of AAIAs.

were performed (Figure S17). As a result, the strain with genes
smzA—G knocking out no longer produced AAIAs (Figure 2b,
trace ii, while that with orfS—11 mutated exhibited the similar
phenotype as the wild-type one (Figure 2b, trace iii). These
results strongly indicated that the genes necessary for the
biosynthesis of AAIAs are all among smzA—G. To ensure this,
these genes were heterologously coexpressed in S. coelicolor
M1154 under the strong promoter kasOp*.”" As expected, the
strain with genes smzA—G inserted into the genome
successfully produced AAIAs (Figure 2b, trace iv), and the
yield of compounds 1—4 is much lower than the WT strain
Streptomyces sp. OUCMDZ-944, suggesting the important role
of the additional purine biosynthesis genes in the smz cluster
(Figure S16b).

To characterize the function of each gene, we further
constructed seven individual single-gene knockout mutants
based on the strain S. coelicolor M1154::smzA—G (Figure S18).
Secondary metabolites analysis of these mutants showed that
the deletion of smzB, smzE, and smzF, completely blocked the
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production of AAIAs (Figure 2c traces iii, vi, and vii), and the
absence of gene smzC led to the accumulation of
streptimidazolesides A—D (5—8) as well as the trace amounts
of 1—4 (Figure 2c, trace iv), while knockout other genes
(smzA, smzD, or smzG) had no effect on the fermentation
profile (Figure 2, traces ii, v, and viii). Compounds § and 6
have been previously isolated and characterized. Based on
NMR and ECD data (Figures S4 and SS), we identified 7 and
8, which were isolated from the EtOAc extract of the smzC
mutant strain, as the ribosides of 3 and 4 (Figures 1b, S4, and
S5).

The above fermentation and the product analysis of the
single gene knockout strains revealed that genes smzB, smzC,
smzE, and smzF are necessary for the biosynthesis of the AAIAs
skeletons. The accumulation of ribosides 5—8 indicates that
they may be the catalytic products of SmzB, SmzE and SmzF
and may also be the substrates of SmzC (Figure 2c, trace iv).
Combined with the above results and the predicted protein
functions (Table S4), SmzB is most likely to be the key FCase,
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and the biosynthesis of AAIAs can therefore be deduced as
follows: Protein SmzB catalyzes the FCA reaction between AIR
and fatty acids, which are initially activated and linked to acyl
carrier protein (ACP) SmzF by the ligase SmzE, and then
SmzC causes the cleavage of N-glycosidic bonds to produce
AAIAs.

Functional Elucidation of SmzB, SmzC, SmzE, and
SmzF. To further clarify the catalytic function of the genes
smzB, smzC, smzE, and smzF, in vitro enzymatic assays were
further carried out. The four proteins were expressed in
Escherichia coli BL21 (DE3) and purified (Figure S19). The
smzE and smzF genes are predicted to encode fatty acid-AMP
ligase and ACP (Table S4), indicating they are responsible for
activating fatty acids. In order to directly obtain the active
holo-SmzF, the ACP SmzF was coexpressed with protein
surfactin phosphopantetheinyl transferase (Sfp from Bacillus
subtilis).”>** Electrospray ionization-quadrupole-time-of-flight-
mass spectrometry (ESI-Q-TOF-MS) analysis revealed that
the calculated protein molecular weight (MW) of Sfp-activated
holo-SmzF increased 340 Da compared with apo-SmzF
expressed alone (Figures S20a and S21ab), indicating that
the 4’-phosphopantetheine moiety of CoA was successfully
covalently linked to the putative conserved serine residue of
SmzF. Subsequently, n-octanoic acid (n-OA), which is
predicted to be the precursor of the fatty acyl side chain in
1, was used as a substrate to verify the catalytic function of
SmzE and SmzF. As expected, in the presence of cosubstrate
ATP and cofactor Mg*', the observed MW of protein product
was increased by 126 Da as evidenced by the positive ESI-Q-
TOEF-MS analysis, proving that n-OA was catalytically activated
by SmzE and loaded into the putative sulthydryl grip of holo-
SmzF (Figures 3a, S20b,c, and S21b—e). As AAIAs showed
structural diversity in the fatty acyl side chains, we speculated
that 6-methylheptanoic acid (6-MHA), 7-methyloctanoic acid
(7-MOA), and 6-methyloctanoic acid (6-MOA) are precursors
of compounds 2—4, respectively. In addition to n-OA, we have
also tested other two commercially available fatty acids (6-
MHA and 6-MOA), both of which can also be effectively
linked to holo-SmzF (Figures S20d,e and S21f,g).

After verifying the functions and reaction conditions of
SmzE and SmzF, we then investigated the function of SmzB.
Using a chemoenzymatic approach (see Supporting Informa-
tion methods), we successfully synthesized the key precursor
AIR which was predicted to be the source of the S-
aminoimidazole ring in AAIAs. We then carried out enzyme
coupling reactions of SmzB, SmzE, and SmzF, using AIR and
n-OA as substrates under the conditions of ATP and Mg™".
The results of HPLC and LC—high-resolution MS (LC—
HRMS) analyses clearly showed that a new compound 9 with a
MW of 421 Da was generated (Figures 3b, trace i, S22, and
$23). The 80 Da difference in MW between the product 9 and
the riboside S suggested that the product 9 might be the 5'-
monophosphorylate of 5, considering the structural character-
istic of AIR. When n-OA was replaced by the other two fatty
acids, 6-MHA and 6-MOA, products 10 and 12 were formed
with MWs of 421 and 43S, respectively (Figures 3b, traces ii
and iii, S22, and S23). We also searched the extracted ion
chromatogram (EIC) at m/z 422 and 436 [M + H]*
(corresponding to compounds 9—12) from the LC—HRMS
data for the metabolites of the SmzB, SmzE, and SmzF
coexpressed strain S. coelicolor M1154::smzA—GAsmzC.
Results showed that four peaks (9—12) were found and
three of them are consistent with the available products of the

enzyme coupling reactions of SmzB, SmzE, and SmzF (Figures
S22 and S24). To further determine the structures of 9—12, we
chemically synthesized the hypothetical structures by phos-
phorylation of ribosides $—8 using triethyl phosphate (TEP)
and POCI; (see Supporting Information methods). Co-HPLC
analysis with the synthetic standards confirmed the structures
of 9—12 as the AATA-1-ribotides, namely, streptimidazoletides
A-D (Figures 3c and S27). These results strongly demon-
strated that SmzB catalyzes the formation of 9—12 from AIR
and the active fatty acids.

Cascade reactions of SmzB, SmzE, and SmzF only generated
AATJA-1-ribosidyl-5'-phosphates, that is, AAIA-1-ribotides.
However, the three genes coexpressed strain S. coelicolor
M1154::smzA—GAsmzC mainly produced nonphosphorylated
5—8 in addition to a small amount of 1—4 and the negligible
amount of 9—12 (Figures 2c, trace iv, and S24). Considering
these differences in product distribution and chemical structure
between in vitro and in vivo assays, we further investigated
whether the S-aminoimidazole-1-riboside (AIRs) could be
used directly as a substrate for this gene to catalyze the
production of nonphosphorylated products. HPLC analysis
showed that no products were generated (Figure 3b, trace iv),
indicating that the nonphosphorylated AIRs cannot be directly
recognized by SmzB. These findings suggest that 5’-non-
phosphorylated products 5—8 are generated after 5'-
phosphoylated compounds 9—12 in the strain S. coelicolor
M1154::smzA—GAsmzC. We speculate that the catalytic
products 9—12 of SmzB may be hydrolyzed by native enzymes
such as 5’-monophosphate phosphohydrolase to form 5—8 or
undergo a phosphoribosyl transfer reaction by phosphoribosyl-
transferase to generate 1—4, based on their structural similarity
with ribotides.”**> And this is supported by feeding experi-
ments that 9 or § was added into wild-type S. coelicolor M1154
under the same fermentation conditions. HPLC analysis
indicated that more than 99% of streptimidazoletide A (9)
would be metabolized to generate streptimidazoleside A (S)
(83%) and streptimidazole A (1) (16%). Meanwhile around
13% of 5§ could be converted into 1, and their relative
abundance was qualitatively consistent with the observation in
smzC mutant strain (Figures 2, trace iv, and S25).

The protein SmzC showed some similarities (41.9% protein
identity) to the nucleoside 2-deoxyribosyltransferase (Table
S4). To investigate the real substrate of SmzC and determine
whether ATP and Mg*" are necessary for its activity, enzymatic
assays with compounds 9 and § were subsequently carried out.
HPLC analysis showed that the substrate 9 instead of 5 could
be transformed into corresponding product 1, whether or not
ATP and Mg®* were present in the reaction system (Figure
3c). LC—HRMS analysis further clarified that SmzC catalyzed
9 to produce 1 and p-ribose 5-phosphate by searching m/z at
208 and 229 [M — H]~ (Figure S26). Meanwhile, we also
tested the other phosphates 10—12, all of which could be
transformed into the corresponding products 2—4 under the
catalysis of SmzC (Figure S27). These results demonstrated
that AATA-1-ribotides are the real substrates of SmzC.
Moreover, it has been established that SmzC functions as a
hydrolase, as opposed to a phosphoribosyltransferase or
phosphorylase, since p-ribose S-phosphate was detected as
the co-product during the catalytic reaction.”> >’

Based on the analysis above, we conducted one-pot
enzymatic reactions of SmzB, SmzC, SmzE and SmzF to
synthesize AAIAs in vitro. As expected, corresponding products
1, 2, and 4 were obtained by adding n-OA, 6-MHA, and 6-
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Figure 4. Analysis of the catalytic mechanism of SmzB. (a) Structural overview of SmzB predicted by AlphaFold2. The chain shows in a rainbow
color gradient from the N-terminus (blue) to the C-terminus (red). (b) Docked SmzB-AIR complex with the key residues, and hydrogen bonding
distances shown in A. AIR is shown in green. The candidate key residues (Tyr26, Cys49, His76, Asp91, and Tyr93) are shown in blue. Residues
that may only be responsible for stabilizing the substrate conformation are shown in blue-white. (c) Site-directed mutagenesis results. (d) The
proposed mechanism for the FCA reaction catalyzed by SmzB. SmzB is shown in pink. SmzF and the 4’-phosphopantetheinyl moiety are shown in
blue. AIR is shown in purple. The proposed process of proton/electron transfer is shown by red arrows.

MOA to the reaction system (Figure 3d), respectively.
Furthermore, we investigated the versatility of the fatty acid
substrate by adding linear fatty acids of varying chain lengths
ranging from 3C to 16C into the reaction. Remarkably, HPLC
analysis showed that the enzyme coupling reaction of SmzB,
SmzC, SmzE, and SmzF successfully produces the correspond-
ing AAIAs from linear fatty acids with carbon chain length
ranging from SC to 14C (Figure S28). Among them, seven
linear fatty acids (SC—11C) exhibited high yields (73—98%)
(Figure S28). However, the corresponding AAIAs were not
formed from the one-pot enzymatic reactions when the lengths
of linear fatty acids were shorter than SC or longer than 14C
(Figure S28). This could be explained by that these linear fatty
acids could not be activated and linked to the ACP holo-SmzF
from the protein MS analysis for C4 and C15 fatty acids with
SmzF (Figure S29). These results demonstrate that the
enzyme reaction system has a wide range of substrate
specificity and a robust capacity to synthesize such alkaloid
derivatives.

The in vitro high yields of analogs with fatty acid moieties
have a broad range from 5C to 11C, which is not consistent
with the in vivo isolated alkaloids with fatty acid moieties of 8C
and 9C. We analyzed the EIC at m/z 168 (5C), 182 (6C), 196
(7C), 210 (8C), 224 (9C), 238 (10C), and 252 (11C) [M +
H]* from the LC—MS data for the EtOAc extract of the
Streptomyces sp. OUCMDZ-944. Besides the main products 1—
4 (8C and 9C), only trace amounts of the analogs with fatty
acid moieties of 6C, 7C, 9C, and 10C were detected in the
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EtOAc extract (Figure S28c). We speculate that this is
probably due to the different concentrations of native fatty acid
substrates in the intracellular metabolic environment. This is
supported by two pieces of evidence: (i) the production ratio
of compounds 1—4 produced by SmzBCEF in Streptomyces sp.
OUCMDZ-944 and heterologous S. coelicolor M1154 differed
(Figure 2b, traces i and iv), indicating the variation of fatty acid
abundance in the strains; (ii) previously reported AAIAs and
their analogues have demonstrated a predilection for carbonyl
chains of moderate length (C7—C11) for the producing
strains, 16173839

Thus, the entire biosynthetic pathway of AAIAs has been
completely clarified. Under the catalysis of the ligase SmzE,
fatty acids are activated and connected to the sulthydryl group
of the ACP holo-SmzF. Next, the FCA reaction occurs
between the activated fatty acid and AIR under the catalysis of
the FCase SmzB. This subsequently generates the key
intermediate AAIA-1-ribotides, which are subjected to the N-
glycosidic bonds cleavage to form AAIAs catalyzed by the
hydrolases SmzC (Figure 3e).

Probing the Catalytic Mechanism of the FCase SmzB.
Based on the results of enzymatic reactions in vitro (Figures 3b
and S22), protein SmzB was characterized to be the key FCase
catalyzing the FCA reaction in AAIAs biosynthesis. To
understand the catalytic mechanism, we predicted the 3D
structure of SmzB (pLDDT 93.631) using AlphaFold2,*
which clearly showed a hypothetical catalytic pocket (Figures
4a and S30a). According to the elucidated biosynthetic
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pathway of AAIAs, the ACP protein SmzF activates and
transfers fatty acids to SmzB. To further explore the
interactions between these two proteins, we also performed
protein structure prediction for SmzF (Figure S30b). The
following docking model and protein—protein interaction
(PPI) analysis of SmzB and SmzF showed that SmzF binds
to the f-sheet side of SmzB (Figure S30c and Table S7). The
conserved serine residue (Ser54) of SmzF, which is supposed
to accept the 4'-phosphopantetheinyl moiety of CoA in ACP
activation, was identified via multisequence alignment and
close to the active pocket of SmzB (Figures S30 and S31). The
SmzB-SmzF complex is combined by hydrogen bonds, salt
bridges, cation—z stacking, and hydrophobic interactions
(Table S7).

After performing a multisequence alignment analysis of
SmzB with nine homologous proteins, multiple conserved
residue sites were revealed (Figure S32). 40% of these sites,
Tyr26, Cys49, His76, Asp91, Tyr93, Argl63, GIn192, Ser196,
Arg198, Glu209, and Tyr287, are in the active pocket (Figures
S30a and S32). Further conformational analysis of the docking
results of SmzB and the substrate AIR as well as product 9
showed that GIn192 and Ser196 have hydrogen bond
interactions with the ribose of AIR (Figures 4b and S$33).
The phosphate group in AIR is stabilized by a plurality of
charged residues (Argl63, Argl98, and Glu209) (Figures 4b
and $33). Meanwhile, Cys49 faces the key catalytic carbon
atom C-4 in AIR (Figures 4b and S33). By analyzing the
residues around Cys49, a putative Cys-His-Asp catalytic triad
composed of residues Cys49, His76, and Asp91 was discovered
(Figure 4b), which has been reported in the structurally similar
(TM-score 0.575, RMSDval 3.778) enzyme arylamine N-
acetyltransferase 2.*"** Alignment of SmzB and the arylamine
N-acetyltransferase 2 showed that their catalytic triads are in
consistent spatial positions (Figure S34). Considering the
catalytic mechanism of the N-acetyltransferases,* we speculate
that the conserved Cys49 of SmzB should be the acyl receptor
for the activated fatty acids transferred by ACP SmzF. The
conserved residues Tyr26 and Tyr93 showing interactions with
the NH, group of the S-aminoimidazole ring may participate in
electron and proton transfer in the FCA catalytic process
(Figure 4b).

Based on the above analysis, we propose that the overall
catalytic process of SmzB includes the transfer of the fatty acyl
from SmzF to Cys49 of SmzB and the formation of C—C bond
between the C-4 of AIR and the C-1 of the fatty acyl group.
Then, site-directed mutagenesis for the five conserved residues
(Tyr26, Cys49, His76, Glu9l, and Tyr93) that may be
associated with the catalytic process was carried out. Mutant
enzymes were expressed in E. coli JM109(DE3) and purified to
homogeneity (Figure S35). As expected for C49A mutant, the
catalytic activity was completely abolished (Figure 4c). And
protein MS analysis showed that compared with the wild-type
SmzB, the fatty acyl group can no longer be transferred to this
mutant protein (Figures S36 and S37). These results clearly
demonstrated that Cys49 of SmzB is indeed the fatty acyl
receptor. In addition, mutant C49S also lost activity (Figure
4c), indicating the important role of the sulthydryl group of
Cys49 in the reaction. For arylamine N-acetyltransferases, the
Cys-His-Asp catalytic triad is responsible for the acylation of
residue Cys."” The residue Asp of the triad acts as a base to
assist the deprotonation of the sulthydryl group in Cys through
the residue His.”™* However, mutants H76A and D91A of
SmzB still maintained activity similar to that of the wild type of

enzyme (Figure 4c). Protein MS also revealed that the
mutation of these two amino acid residues had no effect on the
acylation of Cys (Figure S37). The mutagenesis results
suggested that a different catalytic mechanism is applied by
SmzB to achieve the fatty acylation on Cys, which is
completely different from the indispensable Cys-His-Asp
catalytic triad mechanism in arylamine N-acetyltrans-
ferases.* %

Site-directed mutagenesis assays showed that mutants Y26A
and Y93A completely lost their catalytic activity (Figure 4c),
and protein MS revealed that the Cys49 of these two mutants
could be still successfully acylated (Figure S37). These facts
indicated that the two residues play an essential role in the
latter catalytic process involving C—C bond formation between
the C-4 of AIR and the C-1 of the fatty acyl linked to Cys49. In
the SmzB-AIR docking analysis, residues Tyr26 and Tyr93
residues showed close distances (3.1 and 3.0 A) to the NH,
group of AIR (Figure 4b). These interactions suggested a
possible proton/electron transfer network of Tyr26, Tyr93,
and the NH, group of AIR (Figure 4d), which can increase the
electron density on the N-atom of NH, and further activate the
reactivity of C-4 in AIR by the conjugation effect of $-
aminoimidazole ring. The activation can lead to the
nucleophilic attack of the C-4 on the carbonyl of the thioester
of the fatty acid and thus results in the formation of C—C
bonds. When either Tyr26 or Tyr93 residue is mutated, the
electron/proton transfer network between AIR and SmzB is
disrupted, thus losing the required reactivity of C-4 for FCA
reaction. As a result, the catalytic activity of SmzB is lost.

Based on the above analysis, the catalytic mechanism of
SmzB is proposed as follows (Figure 4d). The sulthydryl of
SmzB is deprotonated and leads to the nucleophilic attack on
the fatty acyl carbon of holo-SmzF, resulting in the formation
of an anionic tetrahedral intermediate. Then with the release of
holo-SmzF, the intermediate collapses to form the thioester
intermediate, fatty acyl-Cys49-SmzB. Next, the substrate AIR is
activated by SmzB, causing a nucleophilic addition to form a
C—C bond between C-4 in AIR and C-1 of the fatty acid
thioesters and thus to generate a protonated imine
intermediate connected to SmzB. Subsequently, the C—S
bond cleavage occurs with the deprotonation of C-4 in the
imine unit and the protonation of the thioether moiety,
producing the final products AAIA-1-ribotides. In addition, the
oxyanion intermediate was hypothesized to be stabilized by an
oxyanion hole probably formed by hydrogen bonds from the
polar side chains of Tyr93 and Ser48 and the backbone NH
group of AlaS0 around Cys49.

As a newly discovered acyltransferase that catalyzes FCA
reaction, we also conducted phylogenetic analysis of SmzB.
Acyltransferases constitute a very large family that plays a vital
role in the biosynthesis of numerous secondary metabolites,
protein modification, and other life processes.” Here we
selected some protein sequences of acyltransferases from
UniprotKB, combined with SmzB-like proteins, the PhICs (a
part of ATases), O-acyltransferases, serine carboxy peptidases,
arylamine N-acetyltransferases, palmitoyl transferases (S-
acyltransferases), and tryptamine N-acetyltransferases for
phylogenetic analysis.*”*"****~>* Results revealed that SmzB
and its homologous enzymes were clustered into a new clade,
distinct from other acyltransferases, thereby suggesting their
involvement in a unique type of acyltransferase function
(Figure S). The ubiquitous distribution of SmzB-like enzymes
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in microorganisms implies a pivotal function in the biosyn-
thesis of natural products by FCA reaction.
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Figure S. Phylogenetic analysis of SmzBs, PhlCs, arylamine N-
acetyltransferases, and other acyltransferases. The names of proteins
are represented by accessions in UniprotKB.

B CONCLUSIONS

In summary, the biosynthesis of AAIAs has been fully
elucidated in this study. Four key enzymes SmzB, -C, -E,
and -F have been proved to be responsible for the biosynthesis
of AAIAs. The unique acyltransferase SmzB has been
characterized as a new FCase that catalyzes the FCA reaction
between ortho-aromatic carbon of amino in AIR and carbonyl
carbon of fatty acid thioesters. Structural simulation and
molecular modeling of SmzB, together with site-directed
mutagenesis, provide new insights into the catalytic mechanism
of the enzymatic FCA reaction. The successful exploration of
the broadness of fatty acid substrates for enzymatic synthesis of
AAJAs has greatly contributed to expanding the structural
diversity of such alkaloids. This breakthrough in enzymatic
synthesis of AAIAs represents an important advancement in
the field of alkaloid research and may lead to further
opportunities for structural exploration.
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