
L‑2,3-Diaminopropionate Binding Mode of the SulM Adenylation
Domain Limits Engineering Monobactam Analogue Biosynthesis
with Larger Substrates
Lukas Kahlert,§ Ketan D. Patel,§ Michael S. Lichstrahl, Rongfeng Li, Chengkun He, Andrew M. Gulick,*
and Craig A. Townsend*

Cite This: JACS Au 2025, 5, 1992−2003 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The simple but essential azetidinone core of the β-
lactam antibiotics is uniquely N-sulfonated in the monobactam
subfamily. This feature confers both target binding specificity to
inactivate bacterial cell wall biosynthesis (antibiosis) and structural
differentiation to elude destruction by metallo-β-lactamases
(MBLs). The recent FDA approval of Emblaveo to treat serious
bacterial infections combines an established synthetic monobactam
aztreonam and avibactam, which additionally blocks serine β-
lactamases, to create a broadly effective antibacterial therapeutic.
Here we report experiments to capture the native monobactam
biosynthetic steps to the natural product sulfazecin with the aim of
accessing new monobactams by reprogramming its biosynthetic
machinery. In sulfazecin biosynthesis, the β-lactam ring is formed
by a nonribosomal peptide synthetase SulM that incorporates L-2,3-diaminopropionate (Dap), which is then N-sulfonated in trans
and efficiently cyclized to the fully elaborated monobactam by an unusual thioesterase (TE) domain. We describe an improved
synthesis of (2S,3R)-vinylDap to support rational structure-based engineering experiments to obtain the corresponding (4R)-vinyl
sulfazecin. While these experiments were initially based on an AlphaFold model of the adenylation domain that incorporates Dap
(SulM A3), we further report high-resolution X-ray crystal structures with both the L-Dap substrate and an accurate analogue of the
activated (3R)-methyl-Dap adenylate bound. The ligand-bound structures rationalize the inability of SulA3 to incorporate larger
substrates. Comparisons with the structures of other diamino acid-activating adenylation domains identify alternate binding modes
that may be more suitable for the production of sulfazecin analogues. The impact of these structures on the further engineering of
the SulA3 domain and its relation to monobactam synthesis in the recently structurally characterized SulTE are discussed.
KEYWORDS: β-lactam, nonribosomal peptide synthetase, monobactam, NRPS, bacterial, biosynthesis, sulfazecin, SulM, adenylation,
SulA3

The often lax substrate selectivity of native natural product
biosynthetic enzymes opens the door to application of
mutasynthesis methods1−5 to capture the scale and efficiency
of modern fermentation technology for the production of
rationally modified natural products.6,7 In its most effective
incarnation, if the formation of a key biosynthetic intermediate
can be blocked by gene deletion or inactivation, then simple
supplementation of the growth medium with a structural
analogue of this essential intermediate can often be taken up by
the biosynthetic machinery to produce only the variant of the
natural product. A recent proof-of-concept experiment
demonstrated how this approach can be applied to prepare
derivatives of the β-lactam antibiotic sulfazecin (3).8 Here one
of the two enzymes (SulG) required to synthesize L-2,3-
diaminopropionate (2, Dap) from the primary metabolite L-3-
phosphoserine9−11 was inactivated, and Dap synthetic
derivatives (2S,3R)-methyl-Dap (4) and -fluoromethyl-Dap

(5) were successfully incorporated in vivo into sulfazecin
analogues 6 (R = CH3) and 7 (R = CH2F); see Scheme 1A.

8

Sulfazecin is biosynthesized through the activity of a pair of
modular nonribosomal peptide synthetase (NRPS) enzymes
(SulI and SulM, Scheme 1B) that incorporate peptidyl carrier
proteins (PCPs) and catalytic domains in large multidomain
enzymes.12−14 The fact that sulfazecin analogues can be
constructed through precursor-directed biosynthesis means
that the adenylation domain of the third module (designated,
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SulA3) of SulM recognized and activated the Dap analogues
with ATP for transport by the peptidyl carrier protein of
module 3 (PCP3) and amide bond formation. Presentation of
the PCP3-Dap analogue in the intervening condensation
domain (SulC3) enables the upstream D-γ-Glu−D-Ala�PCP2
dipeptide to condense in a defined manner to afford the D,D,L-
tripeptide linked to PCP3, as shown schematically in Scheme
1B. SulN catalyzes in trans N-sulfonation with PAPS9,10 to
produce the sulfamate for delivery into the C-terminal

thioesterase (SulTE) domain. SulTE, bearing an active site
Cys rather than a conventional catalytic Ser residue, catalyzes
N-sulfonated monocyclic β-lactam (monobactam) ring for-
mation with deft overall synthetic efficiency. Crystal structures
have been published recently15 of both the TE alone and the
didomain complex of PCP3−SulTE bearing the phosphopan-
tetheine cofactor loaded with a tripeptide mimic bearing a
terminal carboxylate of L-Glu in 8 (see Scheme 2A). This
ligand was chosen as an approximate isostere of the negatively

Scheme 1. (A) Preparation of Structural Analogues of the β-Lactam Antibiotic Sulfazecin by Application of Mutasynthetic
Methods to (B) the Native Sulfazecin Biosynthetic Pathwaya

aBiosynthetic domains are represented as A, adenylation; PCP, peptidyl carrier protein; C, condensation; E, epimerization; TE, thioesterase; and
AKN, adenylyl sulfate kinase.

Scheme 2. (A) Potential Isostere of the C-Terminal N-Sulfonated Tripeptide Intermediate in Sulfazecin Biosynthesis Depicted
in Scheme 1B; (B) Overview of the Synthesis of (2S,3R)-VinylDap and (2S,3R)-AlkynylDap
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charged N-sulfonated L-Dap in the native substrate, although
the peptide was not resolved in the final structure. Molecular
modeling and comparisons to the structure of the mechanis-
tically closely related β-lactone forming TE in obafluorin
biosynthesis16,17 identified corresponding oxyanion holes that
help mediate strained β-lactam/β-lactone formation and give
detailed pictures of how monobactam synthesis and con-
comitant release occur.15

Advances in medicinal chemistry have independently
established that simple substitutions at the monobactam
(4R)-position confer an improved spectrum of antibiotic
activity.18,19 As a first step along the path to building out
functionality at this key locus, we developed a versatile
synthesis of L-Dap analogues for testing as potential
substrates.8 Mutasynthesis experiments in a ΔsulG knockout,
which is incapable of L-Dap synthesis, demonstrated that
(2S,3R)-methylDap (4) and (2S,3S)-fluoromethylDap (5)
were bound and activated in vivo by SulA3 and proceeded
through all subsequent synthetic steps to give 6 and 7,
respectively. Additionally, (3R)-vinylDap (9) was of particular
interest to enable myriad synthetic options available to
diversify the double bond to produce more variants of
sulfazecin. In the course of assembling a small library of
(3R)-substituted L-Dap derivatives for these mutasynthesis
studies, vinylDap (9) and alkynylDap (10, Scheme 2A) were
prepared from a common intermediate 13 (see Scheme 2B).8

In contrast to our successes above, the increased bulk of a vinyl
substituent gave only trace levels of ATP activation in SulA3.8

We reasoned that limited activity with SulA3 and (3R)-
vinylDap (9) could potentially be overcome through a
structure-guided effort to expand the active-site pocket of the
SulA3 adenylation domain. We report here the synthesis of
Dap analogues, our initial efforts to produce mutations in
SulA3 to accommodate the larger substrates, and structures of
the SulA3 core domain in the presence of modified ligands that
highlight the challenges with adenylation domain engineering.

■ METHODS

Protein Production and Purification
Native and mutant A3-PCP3 didomain was expressed in Escherichia
coli Rosetta 2 (DE3) and purified by Ni2+-affinity chromatography as
described earlier.20 Selected mutants of the A3-PCP3 didomain

9,20

were generated using the Q5 site-directed mutagenesis kit (New
England Biolabs) according to the manufacturer’s protocol. Primers
are listed in Table S1.

Cloning and Expression of the SulA3 N-Terminal
Subdomain
The N-terminal subdomain of SulA3 (NCBI Accession:
WP_096724622, Pro2124−Lys2545) was cloned using TEV-
sulA3N-F and -R primers (Table S1). The sulA3N fragment was
amplified, and the PCR product was assembled into NdeI−HindIII
digested pET28bTEV (Novagen, Madison, WI) using New England
Biolabs (Cambridge, MA) 2× Hi-Fi DNA Assembling Mix to
generate expression construct pET28bTEV/sulA3N.
To express TEV-SulA3N, pET28bTEV/sulA3N was transformed

into E. coli Rosetta 2 (DE3) cells by electroporation. To express TEV-
SulA3N, 5 L of LB + 1% glycerol medium containing 50 mg/mL
kanamycin and 50 mg/mL chloramphenicol in a bioreactor was
inoculated with 50 mL of overnight seed culture. The culture was
grown at 37 °C to OD600 = 0.65 and cold-shocked with ice water for
40 min. The expression was induced with 0.5 mM isopropyl β-D-
thiogalacto-pyranoside (IPTG), and growth continued at 18 °C for 24
h.

TEV-SulA3N was first purified by Ni-NTA chromatography, and
the purified protein was exchanged into 50 mM Tris−HCl (pH 8.0)
and 5% glycerol buffer. The TEV tag was cleaved by incubating 270
mg of TEV-SulA3N with 8 mg of purified SuperTEV protease
expressed from pET28b/TEV. The cleavage reaction was carried out
overnight at 4 °C with slow rotation. The protein mixture was
subjected to another Ni-NTA chromatography, and the tagless
SulA3N protein was collected in the flowthrough.
Adenylation Domain In Vitro Assays
The relative activity of the native and mutant A3-PCP3 didomain was
determined spectrophotometrically by the ferric iron/hydroxylamine-
based in vitro assay as described earlier with minor modifications.20

Each sample contained 50 mM Tris−HCl pH 8.5, 10 mM magnesium
chloride, 10 mM ATP, 150 mM hydroxylamine (prepare a 2 M stock
solution by dissolving hydroxylamine hydrochloride in 2 M sodium
hydroxide, adjust the pH to approximately 7.5), and a 5 μM
adenylation domain in a total volume of 100 μL. The reaction was
started by addition of 6 mM amino acid substrate; no amino acid was
added to the reference samples. After incubation for 18 h at 30 °C,
samples were quenched with 100 μL of 0.7 M hydrochloric acid
containing 10% (w/v) iron(III) chloride (Sigma-Aldrich) and 3.3%
(w/v) trichloroacetic acid (J. T. Baker). Samples were centrifuged
(14,500g, 4 min), and the absorbance of the clear supernatant was
measured at 490 nm on a Cary 50 UV−vis spectrophotometer
(Varian).
Crystallization of Proteins
IMAC-purified and TEV-digested protein was further subjected to gel
filtration using a Sephadex S200 16 mm × 300 mm column in a buffer
containing 25 mM HEPES, 150 mM NaCl, and 0.5 mM TCEP, pH
7.5. Protein was concentrated to 15 mg/mL for storage at −80 °C.
Crystallization screening was performed at 10 mg/mL. Sparse matrix
screens MCSG-1 and Index (Hampton Research) yielded crystals
under several conditions. Crystallization was further optimized in a
24-well hanging drop plate at 10 mg/mL in the Index condition
comprising 0.1 M HEPES, 0.2 M MgCl2, and 25% PEG3350. Co-
crystallization with ligands L-Dap and methyl-Dap-AMS was
performed under similar conditions with 2.5 mM ligand concentration
and protein at 10 mg/mL. SulA3_N and L-Dap cocrystals were cryo-
protected through serial transfers in crystallization cocktail supple-
mented with 8%, 16%, and 24% glycerol. Similarly, SulA3-methyl-
Dap-AMS cocrystals were cryo-protected with crystallization cocktail
supplemented with 8%, 16%, and 24% of a solution containing 200
mg/mL NDSB-201 [3-(1-pyridinio)-1-propanesulfonate] and 60%
ethylene glycol. Cryo-protected crystals were flash-frozen in liquid
nitrogen.
Structure Solution of the L-Dap-Bound and
Methyl-Dap-AMS-Bound SulA3 Core Domain
Remote data collection from single crystals was conducted at the
SSRL and APS beamlines. Data processing was performed with
iMosflm. The SulA3-L-Dap cocrystal data set was processed to a
resolution of 1.55 Å in space group P21212, while the SulA3-methyl-
Dap-AMS cocrystal data set was processed to 1.30 Å. The SulA3-L-
Dap cocrystal structure solution was performed by molecular
replacement using the AlphaFold2 model as a search model in the
Phaser module of Phenix.21,22 Model building and iterative refine-
ments were carried out with Coot23 and Phenix.refine. The SulA3-L-
Dap cocrystal structure was used as a search model in molecular
replacement for the SulA3-methyl-Dap-AMS cocrystal structure
solution, which was similarly refined. Omit map electron densities
for the ligands in both structures are presented in Figure S1. Final
statistics for data collection and refinement are presented in Table S2.

■ RESULTS

Structure-Based Engineering of SulA3 to Accommodate
(3R)-Methyl-Dap (4) and (3R)-Vinyl-Dap (9)
With synthetic access to vinylDap (9), we generated an
AlphaFold224 model of SulA3 and modeled its native substrate
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L-Dap, the simplest diamino acid, into the active site. The
model provided a preliminary assessment of the structure and
relatively high confidence in the proximity of residues to the
binding pocket. With the goal in mind to remodel SulA3 to
accommodate Dap analogues having small hydrophobic
substituents at its 3R position (e.g., methyl, vinyl), first- and
second-sphere residues were identified for the preparation of
variants to potentially accomplish this aim. The broader
screening of active-site residues was initiated with the hope
that ligand-bound experimental structures could inform and
guide a second set of mutants.
To narrow down the number of targeted positions for

“rational” mutagenesis experiments, we decided to focus on the
specificity-conferring adenylation domain residues25,26 as these
positions have been reported to be the most promising sites for
engineering efforts.27,28 We hypothesized that accommodation
of additional hydrophobic bulk at the (3R)-position might
benefit from an enlarged active site cavity. Based on the
structural model, Val2238, which appears to be opposed to the
Dap (3R)-substituent, and Trp2341, positioned behind
Val2238, were exchanged for smaller amino acids to construct
V2238G, W2341F, and the double mutants V2238G/W2341F
and V2238A/W2341F. None of these A3 variants showed a
notable increase in adenylating activity with the non-native
substrate (3R)-vinylDap, and all were also less active on the
native substrate L-Dap (data not shown). Asn2411 was
identified as another residue that could potentially interact
with or clash with a larger (3R)-substituent. Among the four
tested variants (N2411T/S/A/G), none exhibited elevated
adenylating activity on the vinyl-Dap derivative; however, we
were encouraged to see that N2411T showed both an
increased relative activity on the native substrate L-Dap (ca.
18%) and a higher relative activity on the (3R)-methyl-
analogue (ca. 64%, Figure 1). The fact that a small, rational

change demonstrated improved activity suggested that addi-
tional engineering and evolution of A3 could lead to further
improvement. Further, we expected that structural analysis
with ligands might illustrate the precise positioning of the
ligand in the active-site pocket to provide an explanation for
this improvement in activity with both Dap and methyl-Dap.

To proceed further in this investigation, there were two
requirements. First, a selective but more efficient synthesis of
(3R)-vinylDap (9) was needed to meet the practical
requirement for sufficient material to screen mutant libraries
for any engineering efforts to improve substrate tolerance and
flux through the biosynthetic machinery: that is, the ability of
SulA3 to recognize and activate L-Dap analogues. It was
understood that despite a widely sustained effort for more than
two decades, reprogramming of A domains to recognize and
activate non-native substrates for polypeptide elongation by
NRPSs remains a formidable, largely unmet challenge.29−33

Second, acknowledging limitations of ligand binding predic-
tions in computational models, we pursued experimental
structures bound to substrates that present the mode of
binding for (2S,3R)-methylDap (4). These structures would
reveal (see below) the extent of steric clashes in a tight binding
pocket that prevents binding to larger substituted diamino
acids.
Improved Synthesis of (3R)-VinylDap (9)

Syntheses of α,β-diamino acids such as L-Dap have been well
developed and reviewed.34 Our earlier approach summarized
above in Scheme 2B relied on stereoselective C−N bond
introduction to a pre-existing carbon skeleton. It was
recognized that the alternative addition of organometallic
reagents to an α-amino imine derived from a chiral-pool
precursor could be more efficient.
Thus, our synthesis began with Garner aldehyde sulfinimine

18 (Scheme 3A), which, to our knowledge, has not been
reported previously. To obtain the correct stereochemistry at
the α-carbon in the final product, it was necessary to begin
with D-serine. N-Boc protection, amidation, and N,O-acetonide
protection were readily accomplished following known
procedures to yield the Weinreb amide 16.35 This intermediate
was then reduced using LiAlH4 to afford D-Garner aldehyde
17, which was carried forward without further purification.
Keeping in mind the observation of Davis and McCoull that
sulfinimine derivatives bearing other Lewis basic sites followed
an “open” transition state mechanism,36 we selected (R)-tert-
butylsulfinamide as the appropriate chiral auxiliary to furnish
the desired syn-product. Condensation of the auxiliary with 17
using Ti(OEt)4, which Ellman had noted is particularly
effective for sterically hindered carbonyls, generated the
desired sulfinimine 18 in a 74% yield over 2 steps from 16
(Scheme 3A).37

To test the diastereoselectivity of the addition reaction, as
well as the remainder of the synthetic operations, we elected to
first utilize methyl Grignard in a new preparation of (2S,3R)-
methyl-Dap 4 (Scheme 3B). Utilizing Ellman’s standard
procedure,38 18 was reacted with MeMgBr at −78 °C to
afford a 7:1 mixture of diastereomers as determined by
UPLC−HRMS. The major product was purified and assigned
as 19, although determination of the absolute configuration
was not possible at this stage. To verify the assigned
stereochemistry, 19 was carried forward to final amino acid
4, a known compound. Global deprotection of the labile
groups was accomplished by acidic methanolysis, and the
crude product was reprotected to give the doubly Boc-
protected 20. Oxidation of the primary alcohol to the
carboxylic acid was accomplished using Jones’ reagent, which
was then protected as the tert-butyl ester 21 to aid purification.
A final, global acid deprotection and anion exchange yielded 4,
whose spectral data were fully consistent with the literature.39

Figure 1. Analysis of SulA3 mutant adenylating activity. Relative
activity of native A3-PCP3 and the mutant N2411T toward
functionalized diaminopropionates and the nonbranched 2S,4-
diaminobutyrate (Dab) based on the ferric iron/hydroxylamine in
vitro assay.20 All assays were performed with 5 μM enzyme and 6 mM
amino substrate. Reactions were performed for 18 h at 30 °C in
triplicate. Error bars indicate standard deviation.
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Having validated this strategy for the diastereoselective
construction of L-Dap derivatives, we turned our focus to the
synthesis of vinyl-Dap 9. When we repeated the Grignard
addition protocol on 18 with vinylMgCl, however, a ca. 1:1
mixture of diastereomers was obtained. Davis and McCoull
had noted that Lewis acid supplementation in the addition
reaction is reported to improve diastereoselectivity by
precomplexing the sulfinimine.36 When two equivalents of
BF3·Et2O were added to the reaction prior to addition of the
Grignard reagent, a ca. 3:1 d.r. was obtained. This improve-
ment in diastereoselectivity prompted us to carry out a brief
optimization study (Table S3). Empirical variation of solvents
and concentration led to the 85:15 outcome shown in Scheme
3C. The major diastereomer, which we assigned as 22, was
carried forward using the same conditions as before to afford
24, which matched the characterization of this compound
prepared by our earlier synthetic route.8 Global deprotection

to yield 9 further confirmed the identity of this product. The
improved synthetic sequence could be carried out on a
multigram scale to generate 24 in only 9 steps from
commercially available Boc-D-serine.
Experimental Structures of SulA3 Illustrate a Novel
Dap-Binding Pocket

In parallel with these initial engineering experiments and
supporting modeling efforts with AlphaFold2 structures of
SulA3, we attempted to crystallize full-length SulA3 with and
without Dap bound. The full-length adenylation domain,
composed of residues Gly2121−Ala2651, was functional10 but
failed to crystallize. Adenylation domains and adenylating
enzymes have a long history of biochemical and structural
study.27,40−42 Using established gene cut sites at a conserved
hinge region in these proteins, the N-terminal subdomains
(also called Acore) are known to bind their native substrates and
ATP and can be crystallized to give accurate structural

Scheme 3. Improved Synthesis of (2S,3R)-MethylDap and (2S,3R)-VinylDap

Figure 2. Structures of unliganded and L-DAP-bound SulA3N. (A) Crystal structure of the L-Dap-bound SulA3 N-terminal domain. (C) The L-Dap
(cyan carbon) ligand binds to SulA3 and interacts with the specificity code residues (yellow carbon). Substrate binding residues Asp2443 and
Asp2444 show an ionic interaction distance of 2.8 and 2.6 Å, respectively, from the side-chain terminal amine of L-Dap, while Asn2411 is within a
hydrogen bonding distance of 3.4 Å. The conserved Asp2337 shows interaction with the α-amine of substrate L-Dap, common to all α-amino acid
binding adenylation domains.
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information.30,40,43,44 Following these precedents, the N-
terminal core of SulA3 (denoted SulA3N, composed of
residues Pro2124−Lys2545), terminating before the hinge
residue at Asp2546 that connects the N-terminal (Acore) and
C-terminal (Asub) domains, was successfully expressed and
cocrystallized with L-Dap.
The structure of the Acore domain of SulA3 bound to the

native substrate L-Dap was determined at 1.5 Å by using an
AlphaFold2 model as the molecular replacement search model.
The crystal structure showed one protein chain per asymmetric
unit and revealed a typical acyl-CoA synthetase fold (Figure 2).
Efforts to solve the structure of SulA3 with alternate diamino
acids proved unsuccessful, which we attributed to the lower
affinity for these ligands.11

Similar to other NRPS adenylation domains, SulA3N
showed an important interaction of conserved Asp2337 with
the α-amine of the ligand. Among the three anionic amino
acids predicted to interact with the C3 amine, only the two
aspartic acid residues Asp2443 and Asp2444 formed charged
interactions with the L-Dap C3 amine with distances of 2.8 and
2.6 Å, respectively. Asn2411, predicted to form a part of the
active site but without precedent from other diamino acid
binding homologues, additionally forms a hydrogen bond to
the terminal β-amine. The proximity of Asn2411 to the
substrate provides a plausible explanation for the impact of the
N2411T mutation. Replacement of Asn2411 with threonine
likely still enables a hydrogen bonding interaction with the C3
amine, which might reorient slightly to provide extra space that
enables the accommodation of the larger (3R)-methyl analog.
Preliminary experiments with other substitutions to Asn2411
including a serine failed to show any further improvement.
With access to the binding mode for SulA3N to L-Dap, we

compared the structure with other NRPS adenylation domains
that bind to diamine substrates. We first compared the SulA3
structure to a family of cationic homo polyamino acid (CHPA)
synthetases that produce polymers of diamino acids with
isopeptide linkages between the side chain amines and the
carboxylate.45−47 Comparison of the L-Dap-bound SulA3
structure to known diamino acid-bound adenylation domain
structures of polyornithine synthetase (PosA)48 and polylysine
synthetase (PLs)49 revealed a striking difference in the binding
mode of the substrate side chain. The PosA and PLs
adenylation structures with longer diamino acids revealed the
interaction of the ligand side chain terminal amine with a
conserved glutamate residue and other supporting residues.
Prior studies show a loss of activity upon mutation of either the
conserved glutamate or the α-amino acid interacting aspartic
acid to alanine but not from mutation of other supporting
residues,48 supporting a critical role of the glutamate residue

for side chain interaction. In contrast, the L-Dap side-chain
amine in SulA3N was too short to form a hydrogen bond with
Glu2380 (Figure 2B). The finding suggests that the two Asp
residues in SulA3 may function as anchors for the side chain
instead of the Glu residue common to longer diamino acid side
chains.
Structure of SulA3N and a (2S,3S)-MethylDap-AMS Mimic
of the Bound Substrate Acyladenylate

While the SulA3N protein provided a high-resolution view of
the L-Dap ligand, we wished to explore the structure bound to
methyl- and vinyl-Dap. As noted above, structures of multiple
crystals obtained by cocrystallization or soaking with either
larger analogue failed to show active-site density consistent
with the ligands. Therefore, to provide the foundation for
future directed evolution campaigns to improve methyl- and
vinyl-Dap affinity and activation by SulA3N, we sought
alternate ligands. It has been observed that acyl adenylates
bind 102 to 103 times more tightly to their adenylating
enzymes than their free carboxylic acids.50 In recognition of
this behavior, multiple adenylation domains have been
structurally characterized bound to their cognate 5′-O-
sulfamoyl adenosines (AMS), which represent close bisubstrate
analogues and potent, tight-binding inhibitors to give cocrystal
structures.44,51−55

We used (2S,3R)-methylDap and (2S,3R)-vinylDap inter-
mediate carboxylic acids 25 (R = CH3 or vinyl, Scheme 4)
obtained after Jones oxidation of 20 or 23, respectively
(Scheme 3B,C), and activated them as their corresponding
thiophenyl esters 26 for direct reaction under mildly alkaline
conditions with the protected adenosylsulfamate 27 as
reported in the literature.56−59 The coupled methylDap and
vinylDap-protected AMS products 28 (R = CH3 or vinyl) were
obtained as single peaks upon reverse-phase chromatography
and treated with aqueous TFA and 1 equiv of anisole. In both
cases, NMR analysis of the diamino acid sulfamates revealed a
3:2 mixture of diastereomers. Epimerization at the α-carbon
was traced to the CsCO3-mediated coupling reaction to AMS
products 29 (R = CH3 or vinyl). Modification of conditions
and acyl leaving group did not improve the overall stereo-
chemical outcome.
Co-crystallization of SulA3N with methylDap-AMS and

vinylDap-AMS was performed with the expectation that an
intrinsic affinity for the native L-isomer would prevail. This
stereochemical preference was indeed observed for methylDap-
AMS. On the other hand, no electron density was seen for
vinylDap AMS in multiple SulA3N crystals. The structure
solution of the methylDap-AMS complex was performed using
the unliganded structure as a search model and with one

Scheme 4. Overview of the Synthesis of AMS Derivatives of (2S,3R)-MethylDap and (2S,3R)-VinylDap

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.5c00231
JACS Au 2025, 5, 1992−2003

1997

https://pubs.acs.org/doi/10.1021/jacsau.5c00231?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00231?fig=sch4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 3. Structure of methyl-DAP-AMS-bound SulA3. (A,B) Crystal structure of the methylDAP-AMS-bound SulA3 N-terminal domain. The
ligand methylDAP-AMS (green carbons) interacts with substrate-binding residues of SulA3 (yellow carbon). The methyl carbon of methylDap-
AMS is highlighted in purple, projected toward the adenine base. (C) A surface representation of the substrate-binding pocket of SulA3 presents a
constrained binding pocket. (D) An overlay of the Dap molecule (salmon) and methylDap-AMS (green) ligands from experimental structures
highlights the proximity of the methyl group to the adenine ring and the main chain of Gly2412 (salmon sphere).

Figure 4. Sequence comparison of multiple binding modes for diamino acid substrates in NRPS adenylation domains. Numbers 1 to 10 show the
positions of residues in the specificity residues for NRPS adenylation domains. The conserved aspartate in position 1 coordinates the α-amine. The
glutamate residue experimentally validated to be important for substrate side chain amine binding is highlighted in mode 1. Anionic residues in
modes 2 and 3 important for substrate binding are also highlighted, along with characterized substrates (Dap, L-2,3-diaminopropionate; Dab, L-2,4-
diaminobutyrate; D-Dab, D-2,4-diaminobutyrate; Orn, L-ornithine; Lys: L-lysine; β-Lys: β-L-lysine; 5hfOrn: 5-hydroxyformyl-L-ornithine). The
numbering of SulA3 specificity code residues is as follows: Asp2337, Val2338, Trp2341, Glu2380, Met2409, Asn2411, Ala2435, Asp2443, and
Asp2444. Substrates are indicated on the basis of experimentally verified substrates (*), homology to the Dap binding residues of SulA3 (#), or
reported literature for the biosynthetic gene cluster. The module definition refers to a full biosynthetic gene cluster. The PmxE sequence (@) was
reported recently and biochemically analyzed.60
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protein chain per asymmetric unit (Figure 3). The methylDap-
AMS bound to the SulA3 core domain in a pose that mimicked
the position of free L-Dap (Figure 3D). Similar interactions in
SulA3N to those observed with L-Dap alone were noted. The
adenosine and the ribose moieties were found to be positioned
in the canonical pocket as observed for other adenylation
domains.40

Analysis of the substrate pocket with methylDap-AMS
bound revealed a constrained substrate. The ligand-bound
structure illustrates that the active-site pocket is tightly
positioned with the methyl group directed toward the
adenosine moiety. This finding provides a likely explanation
for why the vinylDap-AMS could not be captured in the SulA3
pocket and why functional assays, including with active-site
mutant enzymes, failed to improve activity. The interactions of
the β-amine with the two aspartic acid side chains fix the
position of C3, forcing the methyl group in methylDap to
orient toward the adenine ring. As the adenine is bordered by
the side chain of Tyr2436 on one side and the tripeptide
formed by the main chain atoms of Gly2412−Glu2413−
Thr2414 on the other, the methyl group is the largest
substituent that can be added to the Dap (Figure 3C). This
observation implies that additional efforts to expand the
binding pocket for vinylDap or larger substrates may require a
larger reorganization of the pocket such that the aspartic acid
residues are repositioned to direct the C3 group away from the
nucleotide ring.

Sequence Analysis of the Diamino Acid-Activating NRPS
Adenylation Domain

The experimental structures of Dap and methylDap-AMS
bound to SulA3 illustrate that the binding pose projects the C3
carbon toward the adenine ring, limiting the size of groups that
can be appended onto the natural Dap substrate. To explore
the potential to incorporate larger substrates into SulA3, we
examined other NRPS adenylation domains that exhibit
alternate modes of binding to diamino acid substrates. This
approach could allow us to identify alternate binding modes for
L-Dap that orient the substrate into available space to lengthen
the group to larger analogues. A detailed sequence analysis of
adenylation domains was performed to better understand the
orientation of the negatively charged residue anchoring the
side chain terminal amine of the diamino acid substrates.
Structure-based sequence alignment of adenylation domains
that activate multiple diamino acids was performed. The
substrate binding residues25,26 were extracted and further
aligned to determine the positions of the negatively charged
residues (Figure 4).
On the basis of the position of negatively charged residues,

we identified three distinct modes for diamino acid substrate
binding (Figure 5). In the first mode, represented by the
NRPS-like cationic homopolymeric amino acid (CHPA)
synthetases like PosA or Pls,45−47 a critical glutamate residue
at position 3 of the specificity code forms part of the
adenylation domain. Structural and biochemical character-
ization of PosA, a δ-polyornithine synthesizing enzyme, has

Figure 5. Structural analysis of multiple modes of diamino acid binding in the adenylation domain. (A) The PosA adenylation domain that binds L-
ornithine (PDB ID: 8G96) represents mode 1. (B) A model of the gramicidin module 5 adenylation domain bound to L-ornithine as modeled by
Chai-1 is used to represent mode 2. (C) SulA3 binding to L-Dap from the present study (PDB 9N1V) is representative of mode 3. (D)
Superimposed anionic residues that serve as anchors are highlighted, approaching the side-chain amine (blue) from three orthogonal directions
(note: Important residues and substrates are shown as ball and stick models for A, B, and C).
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confirmed the role of Glu in anchoring the side chain amine.48

We consider this glutamate position to be a hallmark of
binding mode 1, which requires only one Glu residue for
binding various diamino acids from three-carbon L-Dap to six-
carbon L-lysine. Detailed sequence analysis of adenylation
domains from this family of NRPS-like proteins revealed the
roles of other residues in determining the chain length of the
recognized substrates. Adenylation domains from proteins
other than the CHPA synthetase family also showed binding
mode 1, including the adenylation domains from BGCs of
pyoverdine, sessilin A, jessenipeptin, and syringomycin, which
all show a Glu residue at position 3.
Mode 2 is defined by the presence of two negatively charged

residues, either glutamate or aspartate at positions 4 and 9,
respectively, or aspartate residues at both positions. Since no
structures of adenylation domains from this group are
available, AlphaFold3 models were used for analysis. Structural
analysis demonstrated that both residues could play important
roles in binding diamino acids. Binding mode 2 can also
accommodate diamino acids of various chain lengths such as
mode 1. The adenylation domains from various BGCs like
gramicidin, bacitracin, polymyxin, and paenibacterin showed
binding mode 2. A recent report examined the adenylation
domain specificity in the polymyxin NRPS from Paenibacillus
polymyxa NBRC2030.60 Here, six of ten NRPS modules
incorporate a molecule of 2,4-diaminobutyrate in the
formation of cationic antibiotic polymyxin. Four adenylation
domains that present the specificity code of DVGEISSIDK
were examined, highlighting the conserved glutamate at
position 4 and the aspartic acid at position 9. Mutation of
either of these residues to alanine resulted in background
activity with a variety of diamino acids ranging from Dab to
lysine.60

A third binding architecture is seen in mode 3, represented
by SulA3, which has two Asp residues at positions 8 and 9,
while another Glu residue at position 4 that may be redundant
appears farther from the pocket. In preliminary mutagenesis
experiments, mutation of the two aspartic acid residues had a
more dramatic impact than mutation of glutamate on
adenylation activity with L-Dap (data not shown). All three
mutants showed modest activity with serine and threonine.
Interestingly, we could not find mode 3 in any known BGCs
other than the sulfazecin BGC analyzed in the present study.
Since no other BGC has shown mode 3, a BLAST search was
performed to find more adenylation domains exhibiting the
mode 3 motif. Several sequences with similarities greater than
70% showed the mode 3 signature, but with more variability at
positions 5, 6, and 7, which may not be playing important roles
in substrate binding (Figure 4). The identified homologues all
contain a substitution of isoleucine for valine at position 2.
Several homologues replace the glutamate with a glutamine,
also speaking of its limited role in the activation of Dap.
While mode 3 of SulA3 that directs the methyl group toward

the nucleotide moiety prevents the extension of the substrate,
mode 1 adopted by PosA may alter the binding pose of the
alkyl chain, enabling the use of analogues of L-Dap, with ethyl,
vinyl, or longer groups adopting space in the pocket. In the
PosA structure bound to the canonical substrate L-ornithine as
well as D-ornithine,48 the configuration of the carbon atoms
equivalent to C2 and C3 of L-Dap rotates to adopt a new
orientation, directing them toward a solvent-filled cavity bound
by Met218 and Gly283. The identification of these alternate
modes in which adenylation domains bind to diamino acid

substrates offers a potential route to the further engineering of
SulA3. Reorienting an alkyl chain in a binding pocket,
particularly where the α-amine and carboxylate of the substrate
are in the fixed position required by the chemistry, likely would
not be easy and would require further evolutionary screening
and selection in place of a rational point mutation approach.
Nonetheless, adoption of features from PosA into a SulM
mutant may be a first step toward engineering SulA3 to allow
activity with larger L-Dap analogues that could form sulfazecin
variants.

■ CONCLUSIONS
Diamino acids appear prominently in NRPS products, notably
in antibiotics and siderophores. Apart from the occurrence of
lysine and ornithine, 2,3-diaminobutyrate (Dap) is the simplest
and is derived in two metabolic steps biosynthetically from 3-
phosphoserine, a universal component of central metabolism.11

It plays an essential role in the formation of the monobactam
family of β-lactam antibiotics, which have an increasingly
important clinical function for their intrinsic resistance to
metallo-β-lactamases (MBLs). Our initial focus was to
engineer the SulM A3 adenylation domain that activates Dap
for sulfazecin biosynthesis employing AlphaFold models of the
active site and structure-based decisions about rational
mutagenesis with the goal in mind to improve binding and
selectivity for L-Dap derivatives bearing functionalizable sites at
the (3R)-position, for example, a vinyl group. It was previously
known that monobactams elaborated by even small sub-
stituents at the corresponding (4R)-position on the β-lactam
ring have enhanced antibiotic properties.18,19 We soon realized
that the precise bond angle and the distance between
envisioned substituents and active-site residues would be
critical to success. We employed high-resolution X-ray
structures of SulA3N with L-Dap and (2S,3R)-methylDap-
AMS bound to clearly define the binding pose. Critically, the
orientation of the (3R)-substituent was unambiguously
mapped and identified limitations in the SulA3 binding
strategy that prevented the incorporation of larger Dap
analogues.
Despite over two decades of determined effort, including

efforts by us and others that have shown improvements in
activity,43,61−65 reprograming NRPS A domains remains a
nontrivial but worthy goal. The use of biocatalytic approaches
to make novel NRPS products with important bioactivities
remains a challenging but exciting approach to access
analogues of these molecules that are often synthetically
challenging due to their large size and the presence of multiple
stereocenters. The importance of diamino acids to NRPS-
derived peptides and natural products, especially monobactam
antibiotics, underscores the value of high-quality X-ray
structures, particularly with substrate(s) bound to further
advance these studies.
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