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Abstract  

Nonribosomal peptide synthetases (NRPSs) produce diverse natural products including siderophores, 

chelating agents that many pathogenic bacteria produce to survive in low iron conditions. Engineering 

NRPSs to produce diverse siderophore analogs could lead to the generation of novel antibiotics and 

imaging agents that take advantage of this unique iron uptake system in bacteria. The highly pathogenic 

and antibiotic-resistant bacteria Acinetobacter baumannii produces fimsbactin, an unusual branched 

siderophore with iron-binding catechol groups bound to a serine or threonine side chain. To explore the 

substrate promiscuity of the assembly line enzymes, we report a structure-guided investigation of the 

stand-alone aryl adenylation enzyme FbsH. We report on structures bound to its native substrate 2,3-

dihydroxybenzoic acid (DHB) as well as an inhibitor that mimics the adenylate intermediate. We 

produced enzyme variants with an expanded binding pocket that are more tolerant for analogs containing 

a DHB C4 modification. Wild-type and mutant enzymes were then used in an in vitro reconstitution 

analysis to assess the production of analogs of the final product as well as several early-stage 

intermediates. This analysis shows that some altered substrates progress down the fimsbactin assembly 

line to the downstream domains. However, analogs from alternate building blocks are produced at lower 

levels, indicating that selectivity exists in the downstream catalytic domains. These findings expand the 

substrate scope of producing condensation products between serine and aryl acids and identify the 

bottlenecks for chemoenzymatic production of fimsbactin analogs.  

 

Introduction 

Siderophores are iron-chelating natural products produced by microorganisms such as bacteria and fungi. 

These low molecular weight compounds have very high binding affinities for iron to promote the growth 

of bacteria in low iron environments.1 Different siderophores are classified by the catechol, hydroxamate, 

phenolate, and carboxylate groups used to coordinate iron. After binding ferric ion, the complexed 
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siderophores are recognized by high affinity surface receptor proteins to transport the iron-loaded 

siderophore to enter the cell.2 Once inside the cell, the iron is released by the breakdown of the 

siderophore backbone or the reduction of the iron and becomes bioavailable for metabolic functions.3 Due 

to the importance of siderophores for the growth of bacteria in low iron environments, these small 

molecules are essential virulence factors for multi-drug resistant (MDR) bacterial pathogens such as 

Acinetobacter baumannii.4, 5 This unique bacterial iron uptake strategy has been targeted for the 

development of new therapeutics and diagnostics including antivirulence agents that block siderophore 

biosynthesis and utilization, siderophore-antibiotic conjugates (sideromycins) for targeted drug delivery, 

and siderophores labeled with a molecular tracer for infection imaging.4-10  

Bacterial siderophores are primarily produced by nonribosomal peptide synthetases (NRPSs) or NRPS-

independent siderophore (NIS) synthetase pathways.11 NRPSs are specialized multi-domain proteins that 

function in an assembly-line manner to produce peptide chains in the absence of ribosomes. They consist 

of several key domains, each specialized to carry out a specific function in synthesizing these peptides.12-

15 These domains include the adenylation domain (A), which activates the substrate using ATP and loads 

it onto the pantetheine thiol group of a peptidyl carrier protein (PCP, which is also known as the thiolation 

domain, T). PCP domains are covalently modified with a coenzyme A-derived pantetheine prosthetic 

group to which substrate building blocks are bound as a thioester. The adenylation domains selectively 

activate specific amino or aryl acids.16 Once loaded onto the PCP domains, the PCP domain delivers the 

activated substrate to the condensation domain (C), which catalyzes peptide bond formation with a free 

amino group from a downstream tethered amino acid.17 Finally, a terminal thioesterase (TE) domain 

catalyzes product release via cyclization or hydrolysis.18 NRPS pathways may include other specialized 

domains such as epimerase,19 methyltransferase,20 and  cyclization domains that play roles in the 

condensation, cyclization, and dehydration of serine, threonine, and cysteine residues.17, 21 Conventional 

NRPS assembly lines are classified into modules, with each module playing a role in synthesizing one 

peptide bond in the growing peptidyl chain. While such linear domain and modular architecture allows 
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the prediction of NRPS products based on the protein sequences alone, the existence of nonlinear NRPS 

pathways poses challenges to the structural prediction of the nonribosomal peptide products. 

Due to their highly selective nature, NRPS adenylation domains, including aryl adenylating enzymes, 

have been of interest for both structural and functional characterization.16, 22 The adenylation domains 

contain two subdomains, an N-terminal Acore domain that encompasses the first ~400-450 residues and a 

smaller ~120 residue C-terminal Asub domain. Adenylation domains catalyze the substrate activation and 

loading with a two-step ping-pong reaction mechanism. In the adenylate-forming step, the aryl-

adenylation domain recognizes an aryl acid and activates it using ATP, forming an aryl adenylate and 

releasing pyrophosphate. In each adenylation domain, substrate recognition is governed by a group of 

residues that line the binding pocket, which can be deciphered as substrate specificity codes.23, 24 Once the 

aryl-adenylate intermediate is produced, a second thioester-forming step transfers the aryl acid to the 

phosphopantetheine arm of the corresponding PCP domain.25 To carry out this two-step reaction, the Asub 

domain rotates by ~140° to adopt two unique conformations, namely the adenylate-forming conformation 

and a thioester-forming conformation.22, 26 Representative structures of stand-alone aryl adenylating 

enzymes have been solved where the Asub is present in the adenylation conformation,27, 28 the thioester 

conformation in complex with the partner PCP domain,29-32 and multiple intermediate conformations;33 

additionally, in the other structures, this dynamic subdomain is disordered and likely adopts multiple 

orientations within the crystal lattice.34  

In addition to exploring the reaction mechanism and domain conformations, studies e of substrate 

recognition and selectivity of aryl-adenylation domains have shown significant conservation of binding 

pocket residues in aryl acid binding adenylation domains found across different catechol siderophore 

biosynthetic pathways.27, 30, 33-38 Structures of adenylation domains bound to non-native substrates also 

support efforts to understand the determinants of substrate promiscuity and to design novel inhibitors.28, 34 

The substrate-recognizing residues in the binding pocket of the stand-alone adenylation domain EntE 
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from E. coli show that Asn235 and Ser240 form hydrogen bonds with the two hydroxyl groups of DHB, 

whereas Tyr236, Val331, and Val339 form the base of a hydrophobic pocket for DHB.35 

Efforts to expand the promiscuity for non-native substrates can potentially allow a chemoenzymatic 

approach to produce siderophore derivatives with therapeutic potentials.39 As NRPS adenylation domains 

serve as “gatekeepers” for the selection of starter substrates, they have been attractive targets for 

engineering for the development of novel natural products with therapeutic potential.40 These studies 

integrate structural information to enhance the rational engineering of adenylation domains that can 

incorporate substrate analogs to generate new products. Point mutations in EntE from enterobactin 

biosynthesis have expanded the binding pocket to tolerate a diverse range of benzoic acid analogs.35 

Further site-directed mutagenesis was utilized to enhance EntE for greater activity for a non-native 

substrate salicylic acid, over its native substrate DHB.36  

Here, we expand these studies by investigating the biosynthesis of fimsbactin, a siderophore produced by 

Acinetobacter baumannii.41 Previously, fimsbactin and synthetic analogs have been shown to outcompete 

the essential siderophore acinetobactin for uptake in A. baumannii providing a route to siderophore-based 

antivirulence agents.42, 43 Fimsbactin is assembled by four NRPS enzymes encoded by the genes fbsEFGH 

(Figure 1).41 Previous studies have explored the fimsbactin biosynthetic pathway and proposed an unusual 

branching mechanism for the formation of fimsbactin from the precursor molecules DHB, L-Ser, and N-

acetyl-N-hydroxyputrescine (ahPut).44 The fimsbactin pathway involves a freestanding adenylation 

domain FbsH as well as three multidomain proteins FbsE, FbsF, and FbsG, each of which contains one or 

two carrier protein domains. The N-terminal PCP of FbsE is predicted to be the partner for FbsH, 

enabling the loading of the DHB onto this aryl carrier protein (ArCP) domain. As FbsE contains a 

truncated adenylation domain, the serine substrates are predicted to be incorporated in trans by the 

activity of the FbsF adenylation domain to be loaded onto FbsE C-terminal PCP and FbsG PCP domains. 

The tandem cyclization domains and condensation domain are responsible for the production of the 
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oxazoline, the O-DHB-Ser, and the final release of full-length fimsbactin A, although the exact time and 

order of reactions remains unclear.  

 

Figure 1: Biosynthesis of Fimsbactin. (A) Proposed mechanism of fimsbactin biosynthesis by NRPSs 
FbsEFGHIJK. (B) Two-step adenylation reaction catalyzed by a standalone adenylation domain FbsH. 

 

Here, we present two new structures of the aryl adenylation domain FbsH bound to its native substrate 

DHB and the inhibitor 5’-O-[N-(salicyl)sulfamoyl]adenosine (Sal-AMS).45 We identified several binding 

pocket residues of FbsH and mutated them to expand its pocket size. Using substrate screening and 

steady-state kinetic analysis, we demonstrated that an expanded binding pocket of FbsH can tolerate 

several larger DHB analogs and show significant improvement in activity in adenylation assays compared 

to wild-type FbsH. Finally, by implementing full in vitro reconstitution experiments, we show that we can 

incorporate certain DHB analogs through the biosynthetic pathway to generate fimsbactin analogs 

harboring two alternate aryl groups. While this demonstrates the ability of the downstream domains to 
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also accommodate the new building blocks, the selection of intermediates in the subsequent condensation 

and cyclization steps limits the production of fimsbactin analogs compared to their natural counterpart. 

 

 

 

 

Results 

Structures of FbsH bound to DHB and Salicyl-AMS  

To better understand the substrate selectivity of FbsH, we solved the structures of FbsH bound to its 

native substrate DHB and to the inhibitor Sal-AMS. Both structures were solved in the P1 space group, 

each having two molecules per asymmetric unit. The Sal-AMS-bound structure was first solved using an 

AlphaFold model46 of the N terminal subdomain, Acore, as the molecular replacement search model. Upon 

preliminary inspection, it was observed that the dynamic C-terminal subdomain had a weaker density than 

the Acore subdomain. The Asub domains were manually built for both chains and observed to be in an 

intermediate conformation in between the two catalytic conformations (Figure 2A, B). In addition, the 

superposition of each chain shows that the Asub domain of chain A was in a slightly different 

conformation than that of Chain B. A model of the protein atoms from the Acore subdomain of the Sal-

AMS-bound structure was then used to solve the DHB-bound structure. Strong density was observed at 

the active site binding pockets of both structures (Supplemental Figure 1), corresponding to the respective 

ligands. The DHB co-crystal structure was determined from a crystal that also contained AMP. In chain 

A, weak density was present in the nucleotide binding pocket that may represent low occupancy of AMP; 

this density was left unmodeled in the final model. 
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Figure 2: Structure of FbsH bound to Sal-AMS. (A) Overall structure of FbsH bound to Sal-AMS. 
Dynamic C-term subdomain (shown in green) is present in an intermediate conformation. (B) Surface 
representation of FbsH shows that the binding pocket forms a hollow cavity for substrates to bind. (C) 
Stereorepresantation of the substrate binding pocket of FbsH shows conserved residues across aryl-
adenylating enzymes. N246 and S251 form hydrogen bonds with the hydroxyl groups of catechol 
substrates. These bonds are necessary to bind the substrate. F247, V340, V348 and F350 form the base of 
the pocket and form hydrophobic interactions with the substrate.  

 

FbsH was observed to have structural homology with previously solved structures of aryl acid binding 

adenylation domains (Supplemental Table 1). Compared to the N-terminal Acore domain of EntE (PDB 

3RG2),30 FbsH has a root-mean-square displacement of 0.79 Å over 438 residues and a sequence 

similarity of 39.6%. In addition, the binding pocket residues Asn246 and Ser251 were conserved in 
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hydrogen bonding distances from the hydroxyl groups of the bound DHB. These residues are conserved 

across different catechol-binding A-domains, including BasE,34 and are necessary for the recognition and 

binding of substrates. Finally, other binding pocket residues are conserved with previously solved 

structures, including Phe247, Val340, Val348, Asn349, and Phe350. These residues form hydrophobic 

interactions with the bound substrates (Supplemental Figure 2).  

Enzymatic Activity of FbsH toward DHB analogs 

To better understand the substrate selectivity of FbsH towards DHB analogs, we explored the catalytic 

activity of wild-type FbsH with these analogs. We first screened for substrate selectivity based on 

measuring the specific activity of FbsH in the presence of a variety of substrates (Figure 3A). In the 

specific activity screen, FbsH showed similar activities for both DHB and salicylic acid, demonstrating 

that the removal of the hydroxyl from the C3 position has a limited impact on substrate adenylation. This 

prompted us to explore activity with several analogs substituted at the C3- and C4- positions. Initial 

screening revealed an overall preference of wild-type FbsH towards C3-substituted analogs over C4-

substituted analogs presumably due to a lack of space at the base of the DHB-binding pocket. In fact, no 

activity was observed with several 4-substituted analogs such as 4-nitro and 4-azido salicylic acid.  

We measured steady-state kinetic data to explore the binding affinity and catalytic efficiency of FbsH 

with a selection of analogs (Figure 3B). Upon comparing apparent kinetic constants (Table 1, 

Supplemental Figure 3), we observed that the C3-substituted analogs had catalytic efficiencies 3- to 5-

fold lower, compared to DHB, driven by both reduced catalytic turnover (apparent kcat) and binding 

affinities (apparent KM), with values ranging from 27–140 µM for the C3-substituted analogs in 

comparison to 21 ± 3 µM for DHB. With the C4-substituted analogs, a more significant decline in 

catalytic efficiency was observed. This includes more than a 250-fold decline in catalytic efficiency for 4-

amino salicylic acid and over a 100-fold decline for 4-methyl salicylic acid when compared to DHB, as 

indicated by both an increase in apparent KM values as well as a decrease in apparent kcat.  
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Figure 3: Specificity Screening and steady-state kinetic analysis of wild-type and mutant FbsH with 
DHB analogs. (A) Specific activity screening of wild-type FbsH showed an overall preference for 
salicylic acid and C3-substituted DHB analogs over C4-substituted analogs. (B) Steady-state kinetic 
analysis with wild-type FbsH. (C) The F350A mutant that expands the binding pocket of FbsH, 
significantly improved the overall catalytic efficiencies with the 4-substituted analogs, with a ~53-fold 
improvement for 4-Amino-Sal. 

 

Mutagenesis of Active Site to Expand Substrate Promiscuity 

Examining the binding pocket residues of FbsH, the C4 carbon of the DHB or salicylic acid group is 

positioned 3.5 Å from the Cγ of Val340, 3.6 Å from the Cβ of Ser251, and 4.2 Å from the Cγ of Val348, 
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suggesting that steric interactions may limit the ability of the C4-substituted substrates from adopting a 

proper position for efficient adenylation. Considering the entire pocket, within 5 Å of the ligand are 

His244, Asn246, Phe247, Ser250, Ser251, Val340, and Val348 (Figure 2C). His244 is part of the 

conserved A4 motif22 that positions the carboxylate for the adenylation reaction. Phe247, which is 

replaced with a Tyr in the other structurally characterized aryl adenylating domains, appears to form a 

stacking arrangement with the substrate. Additionally, Asn246 and Ser251 interact with hydroxyl groups 

on the DHB substrate and were therefore left in place.   

We therefore focused our attention on Val340 and Val348, which form a hydrophobic base of the pocket. 

To expand the pocket to accommodate larger substituents added onto C4, such as 4-azido salicylic acid, 

we also targeted Phe350, which lies below Val340 and Val348 and is 6Å from the C4 position of the 

DHB ligand and could therefore be considered a second shell residue. Removal of the Phe350 side chain 

could directly expand the active site or may enable movement of residues that are positioned closer to the 

aryl substrate. Val340, Val348, and Phe350 were all replaced with alanine. The V340A mutant protein 

failed to express in soluble form instead resulting in the formation of insoluble inclusion bodies under a 

variety of heterologous expression conditions.  

The V348A and F350A mutants were next screened for specific activity with a panel of substrates (Figure 

3A) showing that the F350A mutant improved activity with the 4-substituted analogs, as well as a few 3-

substituted analogs. In contrast, the V348A mutant showed diminished adenylating activity towards the 

analogs, suggesting that Val348 may form hydrophobic interactions with the substrates that are important 

for binding and/or orientating the substrate for acyl adenylate formation. 

We collected steady-state kinetic data to better understand the enhancement in activity that was observed 

with the FbsH F350A mutant with the DHB analogs (Table 1, Supplemental Figure 4). Salicylic acid and 

3-bromosalicylic acid produced kinetic parameters that were comparable for the wild-type and mutant 

enzymes, with minimal changes in apparent kcat/KM. However, significant changes in catalytic efficiency 
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of the FbsH F350A mutant relative to WT FbsH were observed for the C4-substituted analogs that were 

tested. For 4-fluorosalicylic acid, an ~8-fold decrease in apparent KM was observed resulting in a ~4-fold 

increase in catalytic efficiency. With 4-methylsalicylic acid, a similar ~4-fold reduction in apparent KM 

and a ~2-fold improvement in apparent kcat resulted in the apparent kcat/KM improving ~7-fold. The most 

dramatic improvement in catalytic efficiency was observed with the substrate 4-amino salicylic acid, 

where a ~25-fold decline in apparent KM combined with a ~2-fold improvement in apparent kcat resulted in 

a ~52-fold increase in catalytic efficiency. This improved KM of 26 µM is even comparable to the wild-

type FbsH KM of 21 µM with the native substrate DHB. The observed significant improvements in 

catalytic efficiencies indicate that Phe350 in FbsH influences the binding affinity and adenylation rate of 

4-substituted benzoate substrate analogs. 

Table 1: Apparent steady-state kinetics of wild-type and mutant enzyme with different substrates 
Protein Substrate Protein Conc. (µM) Vmax (µM/min) KM (µM) kcat (sec-1) kcat/KM (M-1 sec-1) 

FbsH WT DHB 1 1.17 ± 0.05 20.6 ± 2.60 (1.95 ± 0.08) x 10-2 9.46 x 102 
FbsH WT Sal 1 1.38 ± 0.05 71.9 ± 11.2 (2.30 ± 0.09) x 10-2 3.19 x 102 
FbsH WT 3-Chloro-Sal 1 0.74 ± 0.02 30.7 ± 3.36 (1.23 ± 0.03) x 10-2 3.98 x 102 
FbsH WT 3-Bromo-Sal 1 0.74 ± 0.02 41.9 ± 4.87 (1.23 ± 0.04) x 10-2 2.94 x 102 
FbsH WT 3-Amino-Sal 1 1.35 ± 0.05 125 ± 15.1 (2.25 ± 0.08) x 10-2 1.81 x 102 
FbsH WT 3-Methyl-Sal 1 2.21 ± 0.04 72.7 ± 5.06 (3.68 ± 0.07) x 10-2 5.06 x 102 
FbsH WT 4-Fluoro-Sal 1 0.71 ± 0.04 133 ± 24 (1.18 ± 0.07) x 10-2 8.94 x 101 
FbsH WT 4-Amino-Sal 5 0.69 ± 0.07 630 ± 122 (0.23 ± 0.02) x 10-2 3.65 x 100 
FbsH WT 4-Methyl-Sal 5 1.01 ± 0.07 366 ± 75 (0.34 ± 0.02) x 10-2 9.16 x 100 
FbsH WT 4-Azido-Sal 5 --a -- -- -- 
FbsH WT 4-Nitro-Sal 5 --a -- -- -- 

FbsH F350A Sal 1 0.58 ± 0.02 22.7 ± 3.80 (9.70 ± 0.40) x 10-3 4.28 x 102 
FbsH F350A 3-Bromo-Sal 0.8 0.50 ± 0.04  51.6 ± 10.2 (1.04 ± 0.07) x 10-2 2.01 x 102  
FbsH F350A 4-Fluoro-Sal 1 0.35 ± 0.02 17.7 ± 4.33 (5.83 ± 0.36) x 10-3 3.26 x 102 
FbsH F350A 4-Amino-Sal 2 0.59 ± 0.03  25.8 ± 5.51  (4.93 ± 0.27) x 10-3  1.92 x 102  
FbsH F350A 4-Methyl-Sal 2 0.76 ± 0.04 95.5 ± 20.1 (6.32 ± 0.35) x 10-3 6.62 x 101 

aNo detectable activity 

Overall, our steady-state kinetic data indicate that an expanded binding pocket of the FbsH aryl acid 

adenylation domain can enhance the promiscuity for binding and adenylating substrate analogs. Here, we 

specifically targeted the base of the pocket, near the C4 position of the aryl ring. Interestingly, despite 

being a relatively minor change, removal of the two methyl groups of Val340 appeared to influence 
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protein solubility. Further, mutation of Val348 to alanine resulted in a reduction in specific activity in all 

substrates. We propose that this residue, which forms one hydrophobic wall of the binding pocket, may 

support positioning of the aromatic ring for adenylation. Most interesting, mutation of the second shell 

residue Phe350 improves the apparent catalytic efficiency of the enzyme to allow activity with several C4 

substituted analogs, presumably by providing room at the base of the pocket. 

Full in vitro Reconstitution Assay to Monitor Intermediates and Product Formation 

We have previously reconstituted fimsbactin biosynthesis using the core NRPS enzymes, FbsEFGH, and 

the building blocks DHB, serine, and ahPut.44 We therefore examined the ability to produce fimsbactin 

analogs from alternate aromatic building blocks (Figure 4A). Additionally, as the adenylation domains of 

NRPS modules are the gatekeepers for substrate activation and tethering to peptidyl carrier proteins via 

the phosphopantetheinyl thioesters, we also asked whether the mutant FbsH enzymes might enhance the 

diversity of fimsbactin variants that could be produced.  

We explored combinations of FbsH WT, V348A mutant, or F350A mutant with FbsE, FbsF, and FbsG, in 

the presence or absence of the editing thioesterase FbsM under in vitro reaction conditions using LCMS 

to detect biosynthetic intermediates and product analogs. Reactions were performed as biological 

replicates in two independent trials. We monitored the formation of analogs of two intermediates, aryl-

serine and aryl-oxazoline, as well as analogs of fimsbactin A that were produced in the reconstitution 

reaction (Supplemental Figures 5 and 6). Considering the ability of thioesterase FbsM to act as a 

proofreading enzyme that can clear misloaded amino acids and hydrolyze biosynthetic intermediates from 

numerous PCP domains,44 we carried out the assay both in the presence and absence of FbsM to test if 

FbsM changes the product pools. 
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Figure 4: Full in vitro reconstitution of Fimsbactin with wild-type and mutant FbsH and DHB 
analogs. (A) Structures of Fimsbactin A analogs produced from numerous DHB analogs. (B) Normalized 
yields of Fimsbactin and Fimsbactin analogs, with and without FbsM. Data is plotted as an average of two 
replicates performed on separate days. Black dots represent individual replicates. (C) Normalized yields 
of DHB-Ser (top) and DHB-oxa (bottom) analogs, with and without FbsM. Data is plotted as an average 
of two replicates performed on separate days. Black dots represent individual replicates. Details of 
normalization and peak validation are provided in the methods section. 
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Although FbsH shows similar apparent kinetics with DHB and salicylic acid, the full reconstitution 

reaction shows that, in the absence of FbsM, production of the salicyl analog of fimsbactin A lacking the 

3-OH group on both aryl rings is reduced by an order of magnitude (Figure 4B). This suggests that a 

downstream step in the reaction, after loading of the aryl-carrier protein domain of FbsE, serves as a 

checkpoint to limit throughput to the fimsbactin analog.  

We then examined the panel of salicylic acid analogs used in the FbsH adenylation reactions. Relative to 

salicylic acid, the full throughput to fimsbactin analogs is reduced by an additional 5-10 fold with five of 

the nine analogs tested (Figure 4B), with no observable peak for 3-bromosalicylate and three of the C4-

substituted salicylate analogs. This suggests that the downstream catalytic domains also prefer the 

presence of both the hydroxyl group on the aryl ring and the lack of a C4 modification. In the presence of 

FbsM, the only fimsbactin analog produced is the native product formed from 2,3-DHB; fimsbactin 

analogs built from all remaining substrates could not be detected. As the FbsH adenylating activity is 

comparable for the many analogs, this suggests that the loaded aryl-carrier protein domain, or a 

subsequent downstream intermediate, reacts slowly enough that the FbsM enzyme can cleave the loaded 

thioester releasing the peptide intermediate in competition with the full pathway. 

To examine this, we monitored the formation of the DHB-Ser and DHB-Oxa intermediates in the 

presence and absence of FbsM. We note that the DHB-Ser m/z value is identical for both N-DHB-Ser and 

O-DHB-Ser aryl amino acids and no effort was made to distinguish the two compounds. Both in the 

presence and absence of FbsM, a significant amount of the aryl-Ser and aryl-Oxa intermediates is formed 

(Figure 4C), suggesting that the slow reaction progress makes the intermediates available for catalytic 

“proof-reading” release by FbsM. The presence of FbsM did increase the variety of aryl-Ser (7/11 

substrates) and aryl-Oxa (10/11) intermediates compared to reactions lacking FbsM (2/11 for aryl-Ser; 

4/11 for aryl-Oxa). Interestingly, even with the true substrate DHB, significant amounts of the DHB-Ser 

and DHB-Oxa intermediates are released, suggesting that the thioesterase FbsM still catalyzes the release 

of limited amounts of the peptide intermediates even going at full speed with the native substrate, 
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Discussion 

Here, we expand on prior studies to explore NRPS adenylation domain promiscuity.35, 36, 47 In particular, 

we have focused on a complex, branching NRPS siderophore assembly that incorporates two aryl caps at 

both the N-terminus of the peptide as well as at a Ser hydroxyl group as a branching ester via acylation 

(Figure 1). This study expands our understanding of determinants of NRPS substrate promiscuity and 

further interrogates the ability of alternate starter units to progress through the entire NRPS pathway. Our 

studies suggest downstream checkpoint domains within the pathway that will inform subsequent studies 

to increase the promiscuity of additional catalytic domains.  

Using X-ray crystallography, we solved new structures of the standalone adenylation domain FbsH bound 

to unique ligands. As this “gatekeeper” domain acts as a point of entry for aryl acids like DHB, we 

explored its promiscuity by feeding it different substrate analogs. Using structural analysis, we engineered 

mutants to enhance the ability of FbsH to recognize non-native substrates and identified determinants of 

its substrate selectivity for alternate substrates. We propose that removal of the aromatic ring of Phe350, 

located at the base of its substrate binding pocket, enables the enzyme to accommodate 4-substituted 

substrate analogs of DHB, with limited impact on the 3-substituted analogs that we tested. Additionally, 

the Val348 residue appears to contribute important hydrophobic interactions to properly orient the 

analogs, and any increase in the size in the cavity is offset by this effect. Our preliminary substrate 

screening data supports this idea as we see an improvement in activity only for analogs with the F350A 

mutant whereas a decline in activity for the analogs with the V348A mutant. Moreover, our steady-state 

kinetic data further support our proposal on these specificity determinants, particularly Phe350. With 

wild-type FbsH, we observe catalytic efficiencies to be typically higher for 3-substituted analogs 

compared to 4-substituted analogs. When compared to the F350A mutant of FbsH, the catalytic 

efficiencies are significantly higher for these 4-substituted analogs, with a stark 52-fold improvement for 
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4-amino salicylic acid. We propose that the larger steric size of the Phe350 side chain likely causes a 

steric block with the 4th position substituents (Figure 2b), which is not present when Phe350 is substituted 

with a significantly smaller alanine, resulting in this dramatic difference in activity. Furthermore, our 

findings with the FbsH mutants are consistent with previous studies where NRPS adenylation domains 

were engineered to have an expanded binding pocket to tolerate substrate analogs of DHB.35, 36  

Previous efforts with EntE had primarily focused on the Asn235 residue, which is responsible for the 

recognition of DHB as it forms hydrogen bonds with the hydroxyl groups of DHB. Once this asparagine 

was mutated to glycine, the EntE mutant with an expanded binding pocket had improved activity with 

several C2- and C3-substituted benzoic acid analogs.35 Furthermore, EntE has also been engineered to 

swap its NRPS code from a primarily DHB-binding to a Sal-binding adenylation domain, targeting first 

shell residues equivalent to tyr247, Asn246, Ser251, Val348, and Asn349, resulting in these mutations 

also having a higher activity with 2 and 3-substituted benzoic acid analogs when compared to wild-type.36 

In contrast, as our focus was on expanding activity for C3 and C4-substituted salicylic acid analogs; 

therefore, we primarily focused on the base of the pocket, while retaining the N246 residue to allow 

proper binding and recognition of the hydroxyl group of the salicylic acid analogs.36 These EntE mutants 

also had higher activity with 2 and 3-substituted benzoic acid analogs when compared to wild-type. 

Combining the results of this study and previous mutations in EntE, future studies could utilize the EntE 

mutations to switch the FbsH NRPS code to a Sal binding enzyme in combination with mutants that 

expand the pocket at its base to generate an improved enzyme with comparable catalytic efficiencies for 

C4-substituted salicylic analogs compared to DHB for wild-type FbsH.  

Our expanded understanding of FbsH substrate selectivity encouraged us to further explore downstream 

NRPS selectivity in the fimsbactin biosynthetic pathway. Previously, we proposed a mechanism of 

fimsbactin assembly by several multidomain NRPS enzymes in a unique non-linear fashion, establishing 

a foundation for understanding downstream selectivity for diverse substrate analogs.44 Data obtained from 

our full reconstitution experiments showed downstream selectivity in the pathway, as well as the role of 
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the type 2 thioesterase FbsM in proofreading against non-cognate substrates. However, the production of 

diverse intermediate products from these analogs demonstrates that these aryl acid derivatives can be 

carried through the entire NRPS assembly line. We observed the presence of several DHB-Ser and DHB-

Oxa analogs, indicating that the aryl acid analogs were carried through the primary adenylation reaction 

by the adenylation domain of FbsH, followed by the condensation reaction to the serine residue. Some 

analogs were further cyclized by the cyclization domain of FbsE to produce DHB-Oxa analogs. Notably, 

in the absence of FbsM, we observe the presence of several fimsbactin A analogs suggesting that some 

DHB analogs were processed through the entire NRPS assembly line where FbsG catalyzed the final 

aminolysis step using N-acetyl-N-hydroxyputrescine (ahPut) as the cleaving nucleophile to form the 

complete fimsbactin A analogs. The accumulation of intermediates in the presence of FbsM shows the 

additional domain engineering is required to further improve the yield of the fimsbactin A analogs. 

Recent studies from other groups have shown that condensation domains represent a common bottleneck 

in NRPS assembly lines.48-52 

The production of siderophore analogs could lead to novel siderophore-based antimicrobials that possess 

activity against antibiotic-resistant bacteria such as A. baumannii. Our work lays a foundation for the 

generation of fimsbactin derivatives with antimicrobial activity that could be used as building blocks for 

conjugation with existing antibiotics. In addition, our work supports chemoenzymatic approaches for 

siderophore-based antibiotic production, where enzymes substitute complex chemical organic synthesis, 

making drug discovery cheaper, more efficient, and more environmentally friendly. Based on our 

discoveries, we propose that engineering enzymes will be a crucial first step for taking chemoenzymatic 

approaches to create a more effective drug discovery pipeline.  
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Materials and Methods  

Cloning and gene annotation 

Cloned wild-type fbsH in the pET28a vector containing the His-tag was obtained for heterologous 

expression in E. coli (GenBank Assembly Accession: WP_049594809.1).44 FbsH variants were generated 

using site-directed mutagenesis using PCR. Oligonucleotides used for mutagenesis are shown in 

Supplemental Table 3. The codon-optimized gene and FbsH protein sequence are presented in 

Supplemental Tables 4 and 5. 

Recombinant protein expression and purification  

Wild-type FbsH in the pET-28a vector was transformed into E. coli BL21 DE3 cells. Cells were grown 

overnight in 50 mL LB containing 50 ug/ml kanamycin at 37°C. 10 mL of overnight culture was then 

inoculated into 1 L LB medium supplemented with 50 µg/ml kanamycin. Cultures were grown at 37°C 

with agitation until the OD600 reached 0.6-0.8 when they were cooled at 4°C for 10 min. Protein 

expression was induced with 0.5 mM IPTG and cultures were grown for 18 hours at 20°C. Cells were 

cooled at 4°C and harvested via centrifugation at 6000 rpm for 10 min and frozen at -80°C. All 

subsequent purification steps were carried out at 4°C. 

His-tagged FbsH was purified using immobilized metal affinity chromatography. Cells were resuspended 

in lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 0.2 mM TCEP, 20 mM imidazole, and 10% 

glycerol) and lysed using sonication (cycles of 5 sec on, 10 sec off for a total on time of 5 min at 60% 

amplitude). The resulting cell lysate was centrifuged at 40,000 rpm for 40 min. The supernatant was 

decanted and filtered using a 0.45 µm filter. The filtrate was passed over a 5 ml nickel-loaded HisTrap 

column. The column was washed with 10 column volumes of lysis buffer followed by 5 column volumes 

of 6% elution buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 0.2 mM TCEP, 300 mM imidazole, and 

10% glycerol). The immobilized protein was then eluted with 15 column volumes of elution buffer 

(gradient) and dialyzed overnight with dialysis buffer (20 mM HEPES pH 7.5, 100 mM NaCl, and 0.2 
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mM TCEP). The dialyzed protein was collected the next day and concentrated using a 15 mL Amicon 

Centrifugation filter (30 kDa MWCO) until the concentration reached 10-15 mg/ml. The concentrated 

protein was centrifuged at 14000 rpm to remove aggregates. Protein to be used in kinetic studies was 

flash-frozen in liquid nitrogen and stored at -80°C. For structural studies, the protein was further purified 

using size exclusion chromatography for crystallization trials. The concentrated protein was run over gel 

filtration buffer (20 mM HEPES pH 7.5, 100 mM NaCl, and 0.2 mM TCEP) on a HiPrep 26/60 Sephacryl 

S-300 column. The purified protein was concentrated again until it reached 10-20 mg/ml and centrifuged 

at 14000 rpm to remove any aggregates. Purified tagged FbsH was then flash-frozen in liquid nitrogen 

and stored at -80°C. The same protocol was used for the FbsH mutants. 

Crystallization and structure solution 

His-tagged FbsH purified via nickel affinity and size exclusion chromatography was used for 

crystallographic trials. A sparse matrix crystal screen was performed with a Gryphon robot at 14°C with 

13 mg/ml FbsH in the presence of 600 µM salicyl-AMS inhibitor. Initial crystal hits of 13 mg/ml FbsH 

were observed within two days of setting up trays, in the presence of 20% PEG 3350 and several salts. 

After optimization, crystals were obtained at 0.1 M HEPES pH 7.5 and 12 – 15% PEG 3350. The final 

crystals used for diffraction experiments were obtained from 12 % PEG 3350, 0.1 M HEPES, pH 7.5, and 

0.5 mM DHB and AMP for the DHB-bound structure, or with 12 % PEG 3350, 0.1 M HEPES, pH 7.5, 

600 µM Sal-AMS for the inhibitor structure. Crystals were harvested within a week of observation cryo-

protected with 16% ethylene glycol in crystallization cocktail, and flash-frozen in liquid nitrogen.  

Diffraction data for FbsH single crystals was remotely collected at APS using the beamline 23IDD. Both 

datasets (one bound to DHB or Sal-AMS) were processed at 2.2Å using Xia2/Dials in the P1 space group. 

The Sal-AMS structure was solved via molecular replacement with Phaser in the Phenix Suite using an 

AlphaFold model46 of FbsH as the search model. The Sal-AMS model lacking ligands was in turn used 

for solution of the DHB structure. Because of the conformational dynamics of the C-terminal subdomain, 
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the search model consisted of only the N-terminal subdomain (residues 1-439). This resulted in solutions 

for each dataset containing two molecules per asymmetric unit. The C-terminal subdomain for each 

monomer had weaker densities and was manually built. Manual model building and refinement were 

carried out using Phenix.refine53 and COOT.54  

Analysis of FbsH adenylation activity via the NADH Consumption Assay 

A hydroxamate-coupled NADH assay was utilized to measure the apparent kinetic constants derived from 

activity of FbsH wild-type and mutants.55, 56 The reaction mixture contained 100 mM HEPES pH 7.5, 15 

mM MgCl2, 3 mM ATP, 50 mM hydroxylamine, 3 mM phosphoenolpyruvate, 0.8 mM NADH, 10 

Units/ml of each coupling enzyme myokinase, pyruvate kinase, lactate dehydrogenase, and varying 

concentrations of substrates and FbsH wild-type and mutant proteins. For initial measurement of specific 

activity to screen substrates, 500 µM of each substrate and 5 µM enzyme was used whereas for steady-

state kinetic analysis, this varied depending on the substrate and enzyme being tested (typically 0.5-5 µM 

enzyme and 6-8 different substrate concentrations per assay). The assay was conducted in 100 µL 

reaction volume in clear 96-well polystyrene plates. All reactions were done in triplicate. The master mix 

was first incubated for 10 min at 37°C without FbsH or substrate. In a separate plate, 10 µL of protein and 

substrate were added without contacting each other. Once the master mix was incubated, 80 µL of the 

master mix was added to wells containing protein and substrate. Absorbance at 340 nm was continuously 

monitored for 20 minutes at 37°C using a Biotek Citation 1 plate reader. Absorbance at 340 nm was later 

converted to concentrations of NADH using the molar extinction coefficient of NADH (6220 M-1cm-1). 

The rate of decay of NADH was used to generate specific activity plots for substrate screening and 

Michaelis-Menten plots to generate steady-state kinetic constants using GraphPad Prism 10.  

Phosphopantetheinylation of FbsE, FbsF, and FbsG 

In a 1.5 mL Eppendorf tube, 25 μM of apo-FbsE, apo-FbsF, or apo-FbsG (wild-type or mutants) was 

incubated in 50 mM HEPES buffer at pH 7.5 with 10 mM MgCl2, 100 μM CoASH. and 1 μM the 
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promiscuous phosphopantetheinyl transferase, Sfp. Reactions were left at room temperature for 2 h, and 

then aliquoted and stored at -80 °C for future use as the source of holo-FbsE, holo-FbsF, and holo-FbsG. 

Chemoenzymatic synthesis of fimsbactin A, analogs, and intermediates 

Reactions were performed at 100 μL total working volume by adapting the previously reported protocol.44 

Full reactions contained 5 mM ATP, 1 mM aryl acid, 1 mM L-Ser, 0.5 mM ahPut, 1 μM holo-FbsE, 1 μM 

holo-FbsF, 1 μM holo-FbsG, 1 μM FbsH (wild type or mutant), and 50 mM HEPES at pH 7.5. Reactions 

were performed at room temperature. At 3 h time points, the reactions were quenched by the addition of 

400 μL of MeOH containing 120 μM Fmoc-Ala as an internal standard. Mixtures were centrifuged for 2 

min at 13,000 r.p.m. to remove precipitated enzyme, and the supernatants were analyzed by LC-MS using 

a gradient of 5% B to 95% B over 20 min. Ion counts corresponding to the expected m/z value of the 

[M+H]+ molecular ion of fimsbactin A, E, F, DHB-Ser, and DHB-Oxa, along with analogs derived from 

various aryl acid substrates, were extracted from total ion chromatograms acquired in positive ion mode. 

Reactions were run in two biological replicates, performed on different days, and compared to a standard 

reaction in which no enzymes were added. To identify the peaks (Supplemental Figures 5 and 6), we 

developed a set of criteria that were used for validation. First, the molecular ion must be observed in the 

reaction trace and not observed in the no enzyme control. Second, the retention time is unique to the 

observed molecular ion. Third, the retention time is reasonable based on fimsbactin standard compounds 

and intermediates with DHB. Finally, the retention time does not overlap directly with another compound 

that can undergo in-source fragmentation in the mass spectrometer to generate the molecular ion of 

interest. The extracted ion counts for each analyte were normalized to the Fmoc-Ala internal standard by 

dividing the peak height of the analyte’s extracted ion to the peak height corresponding to the extracted 

ion for Fmoc-Ala. 

Supporting Information 

Supporting Information is available for this article. 
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