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Abstract

Several classes of ribosomally synthesized and post-translationally modified peptides (RiPPs) are 

comprised of multiple macrocycles. The enzymes that assemble these macrocycles must surmount 

the challenge of installing a single specific set of linkages out of dozens of distinct possibilities. 

One class of RiPPs that includes multiple macrocycles are the graspetides, named after the ATP-

grasp enzymes that install ester or amide linkages between pairs of nucleophilic and electrophilic 

side chains. Here, using heterologous expression and NMR spectroscopy, we characterize the 

connectivity and structure of amycolimiditide, a 29 aa graspetide with a stem-loop structure. The 

stem includes 4 esters and extends over 20 Å. The loop of amycolimiditide is distinguished by 

the presence of an aspartimide moiety, installed by a dedicated O-methyltransferase enzyme. We 

further characterize the biosynthesis of amycolimiditide in vitro, showing that the amycolimiditide 

ATP-grasp enzyme AmdB operates in a strict vectorial fashion, installing esters starting at the loop 

and proceeding down the stem. Surprisingly, the O-methyltransferase AmdM that aspartimidylates 

amycolimiditide prefers a substrate with all four esters installed, despite the fact that the most 

distal ester is ~30 Å away from the site of aspartimidylation. This study provides insights into the 

structure and diversity of aspartimidylated graspetides and also provides fresh insights into how 

RiPP biosynthetic enzymes engage their peptide substrates.
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Introduction

The biosynthetic enzymes that assemble ribosomally synthesized and post-translationally 

peptides (RiPPs) catalyze a unique set of reactions.1–2 One catalytic challenge for these 

enzymes is that RiPP enzymes must often catalyze the reaction at multiple locations within 

a single peptide substrate. This challenge is exemplified by the epimerase in polytheonamide 

B biosynthesis in which a single radical SAM enzyme introduces 18 epimerizations within a 

48 aa substrate.3 A subset of RiPPs are defined by multiple macrocyclic linkages including 

lanthipeptides,4 sactipeptides,5 triceptides,6 darobactins,7 and graspetides.8 The enzymes 

that make these macrocycles contend with a further catalytic challenge of ensuring that the 

correct macrocycles are formed. For example, the 24 aa core peptide of the β chain of the 

lanthipeptide haloduracin9–10 includes 8 Ser/Thr residues, 7 of which are dehydrated. Four 

cysteine residues within the core peptide react to generate thioether linkages.10 Despite this 

potential combinatorial diversity, only a single connectivity is observed due to a combination 

of geometric constraints in the substrate and specificity in the maturation enzymes. The 

problem of forming only the correct crosslinks in a multi-macrocyclic RiPP can be solved 

in part by introducing the crosslinks in a specific order. This ordering is observed in the 

maturation of the haloduracin β chain, in which the four (methyl)lanthionine linkages are 

introduced in a specific order11 with concomitant changes in enzyme conformation.12

The macrocycles in graspetides are formed via side chain-side chain linkages between amino 

acids with nucleophilic side chains (Ser, Thr, Lys) and Asp/Glu (Fig. 1A). This family 

of RiPPs is named after the ATP-grasp enzymes that install the linkages and the most 

well-studied graspetides are the microviridins.13–15 The 14 aa core peptide of graspetide 

microviridin J16 includes 4 nucleophilic Ser/Thr/Lys resides and 3 Asp/Glu residues, 

leading to 24 possible connectivities assuming all three Asp/Glu residues react. Other 

graspetides have been discovered subsequent to the microviridins, including plesiocin17 

and thuringinin,18 which contain only ester linkages and form stem-loop structures (Fig. 

1B). The order of ester formation in these peptides has been studied by isolating partially 

esterified intermediates and analyzing these species using tandem mass spectrometry.8, 18 

The picture that emerges from these studies is that the introduction of esters into these core 
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peptides follows a strict order with the first ester to form establishing the loop of the hairpin 

with subsequent esters forming the hairpin stem (Fig. 1B).

Recently our group reported a new example of a graspetide, fuscimiditide, that is comprised 

of a stem-loop structure with two ester crosslinks in the stem (Fig. 1B).19 Fuscimiditide 

differs from previously characterized stem-loop graspetides in two ways. First, the loop 

region of fuscimiditide is longer (10 aa) than the loops of plesiocin (4 aa) and thuringinin (3 

aa). Second, the loop of fuscimiditide harbors an additional post-translational modification, 

the aspartimide, installed by a dedicated O-methyltransferase related to protein isoaspartyl 

methyltransferases (PIMTs. Fig. 1C). Similar PIMT homologs are present in lasso peptide20 

and lanthipeptide21 biosynthetic gene clusters (BGCs). These PIMTs are distinguished from 

canonical PIMTs by their substrate specificity; RiPP associated PIMTs methylate specific L-

Asp side chains while canonical PIMTs methylate L-isoAsp and D-Asp.22 RiPP associated 

PIMTs also harbor an additional C-terminal domain of >100 aa relative to canonical PIMTs. 

In our previous work on the PIMT homologs that aspartimidylate lasso peptides,20 we 

showed that this C-terminal extension to PIMT is important for RiPP substrate recognition.

Our bioinformatic analysis suggested BGCs encoding for many other putative 

aspartimidylated graspetides throughout diverse actinobacteria.19 In this work we 

heterologously expressed a novel 29 aa graspetide and determined its structure using 2D 

NMR experiments. This peptide, named amycolimiditide after its producing organism 

Amycolatopsis cihanbeyliensis,23 has a loop of 10 aa and an extended stem containing 

four esters in a twisted ladder conformation that stretches ~24 Å. Like fuscimiditide, 

amycolimiditide harbors a single aspartimide moiety within its loop. We also reconstitute 

the biosynthesis of amycolimiditide in vitro giving insights into the order, kinetics, and 

substrate specificity of ester and aspartimide formation.

Results and Discussion

Discovery and sequence features of amycolimiditide

We identified a BGC with similarities to the fuscimiditide BGC in the genome of 

Amycolatopsis cihanbeyliensis DSM 45679 with a RiPP precursor gene and genes for 

an ATP-grasp enzyme and an O-methyltransferase (Fig. 1D). The O-methyltransferase in 

this BGC is 394 aa, much longer than canonical PIMTs like the E. coli PIMT (208 aa). 

The graspetide precursor in this BGC, AmdA, has a putative core sequence longer than 

that of fuscimiditide. The core sequence is enriched in residues capable of forming side 

chain-side chain esters or amides; 16 of the 28 C-terminal residues of AmdA are capable of 

participating in ATP-grasp catalyzed crosslinking and there are multiple potential sites for 

aspartimidylation. To predict the possible locations of the PTMs in this peptide, which we 

name amycolimiditide, we sought to identify the conserved residues in the C-terminal region 

of AmdA. We performed protein-protein BLAST (BlastP) on AmdA and curated a list of 29 

homologs produced by various actinobacteria (Table S1). All homologs are encoded in the 

BGCs that follow the “A-B-M” sequence in which the genes are placed, which follows the 

consensus of the aspartimidylated graspetides (Fig. 1D).19 In the AmdA sequence (Fig. 1E), 

we identified the nucleophile-enriched and acidic regions and generated their sequence logos 

from the sequences of AmdA and the homologs. The sequence logos show four Thr residues 
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conserved in the nucleophile-enriched region and four Asp and one Glu residues conserved 

in the acidic region of AmdA (Fig. 1F). This suggests a maximum of four ω-ester linkages 

installed by the cognate ATP-grasp enzyme.8 An alignment of AmdA and its 29 homologs 

suggests one specific DG dipeptide as the possible site of aspartimidylation (Fig. S1). While 

AmdA contains two additional DG sites, these are not as well conserved in homologous 

precursors (Fig. S1).

Enzymatic maturation of amycolimiditide in E. coli and in vitro

To assess the extent of PTMs performed by each modifying enzyme, we compared the 

results of heterologous expressions of amdA, amdAB, and amdABM in E. coli. To do so, 

we constructed plasmids based on pQE-80 with the gene(s) under the IPTG-inducible T5 

promoter. Additionally, a His6-tag was fused upstream of amdA, a SUMO-tag was fused 

upstream of amdB, and the start codon of amdM was modified to ATG (Fig. S2, see also 

supplementary text for earlier iterations of this expression system). SUMOylated AmdB 

is more stable in vitro than AmdB and leads to a greater extent of AmdA esterification 

than does untagged AmdB (supplementary text, Fig. S3). We used SUMO-AmdB for all 

subsequent work in E. coli and in vitro, and for brevity’s sake will refer to this enzyme as 

AmdB. When expressed alone, the purified AmdA protein has an observed average mass 

of 13,511.6 Da, corresponding to AmdA without the N-terminal methionine (calculated 

average mass = 13,511.6 Da; Fig. 2A). When coexpressed with AmdB, AmdA has a mass 

of 13,439.6 Da, corresponding to AmdA with 4-fold dehydration (calculated average mass 

= 13,439.5 Da; Fig. 2A, Fig. S4). Similarly, we modified AmdA in vitro with AmdB 

(Fig. S5A) and ATP, resulting in the accumulation of AmdA with four dehydrations (Fig. 

S6). This indicates that AmdB installs four side chain-side chain linkages on AmdA 

in total, consistent with our prediction from identifying four conserved Thr residues in 

the nucleophile-enriched region of the amycolimiditide sequence (Fig. 1F). We name 

the AmdB-modified AmdA protein, mAmdAB, adapting the nomenclature suggested by 

Roh et al. where the “m” signifies that the precursor is modified while the superscript 

indicates which enzyme(s) have modified the precursor.18 Whereas the ATP-grasp enzyme 

for fuscimiditide has optimal activity at 37 °C,19 AmdB performs poorly at this temperature, 

instead working best at room temperature (Fig. S7). To locate the putative core peptide 

region that contains all four ω-ester linkages, we digested mAmdAB with trypsin and 

observed a 3,134.24 Da fragment corresponding to a 29-aa long C-terminal fragment with 4-

fold dehydration and 3 missed trypsin cleavages (calculated monoisotopic mass = 3,134.28 

Da; Fig. S8A). We named this fragment pre-amycolimiditide, using the nomenclature 

adopted for cellulonodin-2, lihuanodin, and fuscimiditide that are not modified by their 

cognate methyltransferase.19–20 Then, since pre-amycolimiditide contains Lys-20, we tested 

for the presence of an ω-amide linkage with a hydrolysis test. After incubation at pH 11.0 

for 30 hours, pre-amycolimiditide mostly regained 72 Da in mass, indicating that all four 

crosslinks installed by AmdB are ω-esters (Fig. S9).

When AmdA was coexpressed with AmdB and AmdM, the purified protein, termed 

mAmdABM, has a mass of 13,421.1 Da, corresponding to AmdA with 5-fold dehydration 

(calculated average mass = 13,421.5 Da; Fig. 2A). To observe the progression of 

aspartimidylation, we modified mAmdAB in vitro with His6-AmdM (Fig. S5B) and S-
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adenosyl methionine (SAM) for different times. Consistent with the aspartimidylation 

pathway (Fig. 1C), the 13,453.2 Da peak corresponding to the methylated mAmdAB 

(calculated average mass = 13,453.5 Da) emerged and then disappeared over the first hour 

of the reaction, while the 13,421 Da peak corresponding to a putatively aspartimidylated 

mAmdAB (i.e. mAmdABM) accumulated over time (Fig. 2B). No further dehydration 

was observed during the reaction, indicating that AmdM methylates only one out of 

three DG sites in the amycolimiditide core peptide. The apparent specificity in the 

location of the aspartimidylation site for AmdM contrasts with canonical PIMTs, which 

accept many substrates in which the isoAsp is embedded in different sequences.24 

We also monitored the in vitro aspartimidylation of pre-amycolimiditide over time and 

observed a similar modification rate as the in vitro aspartimidylation of mAmdAB (Fig. 

S10). This contrasts with the OlvSA-catalyzed aspartimidylation for the lanthipeptide 

OlvA(BCSA), which becomes aspartimidylated faster with its leader peptide intact.21 In 

the absence of SAM, AmdM activity was not observed (Fig. S11), demonstrating that 

the graspetide, lanthipeptide, and lasso peptide methyltransferases are all SAM-dependent 

methyltransferases.19–21 We monitored the in vitro aspartimidylation of mAmdAB at room 

temperature, 28 °C, and 37 °C over time and observed similar rates (Fig. S12). Despite being 

produced by the same organism, AmdM is more thermotolerant than AmdB (Fig. S7, S12).

As mentioned earlier, the methyltransferase-catalyzed aspartimidylation occurs in two 

steps: Asp methylation and backbone cyclization (Fig. 1C). While the methyltransferase 

clearly catalyzes the transfer of the methyl group from SAM to the Asp residue 

of the cognate RiPP substrate, we asked whether the backbone cyclization step also 

requires the methyltransferase. Methylated pre-amycolimiditide was purified after in vitro 
aspartimidylation for 1 hr (Fig. S13) and then incubated at 28 °C in 1X PBS, pH 7.4 for 

30 minutes with or without AmdM. At both conditions, amycolimiditide was produced at 

a similar rate (Fig. S14), showing that AmdM does not accelerate the backbone cyclization 

step appreciably.

As L-aspartimide is known to hydrolyze to L-Asp and L-isoAsp in basic conditions,25 we 

sought to obtain the amycolimiditide core peptide with isoAsp by hydrolysis. First, we 

trypsinized mAmdABM and HPLC-purified the 29-aa long C-terminal fragment containing 

five dehydrations (Fig. S8B and S15A). As mentioned above, we name this peptide 

amycolimiditide while acknowledging that the leader peptide may be cleaved elsewhere 

in the native producer.19 After incubation at pH 8 for 48 hours, amycolimiditide was 

hydrolyzed once to two isobaric species in approximately 7:3 ratio, as observed in MS 

(Fig. 2C, S16). As the minor species matches the retention time of pre-amycolimiditide, 

we suspected that the major species contains an isoaspartate moiety. We purified the 

major species by HPLC (Fig. S17) and allowed it to react with PIMT from H. sapiens, 

a well-studied enzyme known to catalyze the aspartimidylation of L-isoAsp in peptides and 

proteins.26 The PIMT successfully aspartimidylated the major species (Fig. S18), confirming 

it as an isoAsp-containing core peptide, which we name “iso pre-amycolimiditide”. 

The ~7:3 ratio in the regioselectivity of hydrolysis matches closely to the ratio of the 

hydrolysates of the lanthipeptide OlvA(BCSA), whereas 95% of fuscimiditide hydrolyzes 

to iso pre-fuscimiditide and lihuanodin exclusively hydrolyzes to pre-lihuanodin.19–21 This 

suggests that the regioselectivity of hydrolysis is a characteristic unique to the peptide 
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and not necessarily conserved across different peptides, even from the same class of 

RiPPs. The difference in the regioselectivity of hydrolysis between fuscimiditide and 

amycolimiditide may be explained by the presence of two proline residues within the loop of 

fuscimiditide that limit the conformations achievable by the fuscimiditide loop. The loop of 

amycolimiditde lacks proline and is expected to be more mobile than the fuscimiditide loop.

Like PIMT, some RiPP-associated O-methyltransferases have been shown to modify 

substrates containing L-isoAsp.19, 21 Thus, we compared the rates of in vitro 
aspartimidylation of pre-amycolimiditide and iso pre-amycolimiditide. Initially, though 

pre-amycolimiditide was methylated slightly faster, iso pre-amycolimiditide was 

aspartimidylated faster overall, suggesting a more efficient backbone cyclization for iso pre-

amycolimiditide (Fig. 2D). On the other hand, the lanthipeptide methyltransferase OlvSA 

exhibits a much stronger preference for the substrate with isoAsp.21 Like fuscimiditide, the 

aspartimide of amycolimiditide hydrolyzes rapidly at basic pH and more slowly starting 

at neutral pH. In cellulo, we expect the aspartimidylated peptide to be the major product 

as long as SAM is available. If amycolimiditide is secreted into an environment that has 

a neutral pH or higher, the final disposition of this natural product will be its hydrolyzed 

forms, pre-amycolimiditide and iso pre-amycolimiditide.

NMR structure of amycolimiditide

After the preliminary analysis of amycolimiditide maturation, we used NMR spectroscopy 

to determine the residues forming the four ω-ester linkages and the aspartimide. TOCSY, 

NOESY, 1H-13C HSQC, and 1H-13C HMBC spectra of amycolimiditide were acquired in 

water at 20 °C (Fig. S19–23). Several proton chemical shifts are diagnostic of esterification 

or aspartimidylation.13, 27 First, we noticed that five pairs of β-protons of Asp produced 

widely different chemical shifts compared to the β-protons of other Asp residues. The 

chemical shifts of the two β-protons of D14, D21, D23, D25, and D29 differ from each 

other by 0.4–0.6 ppm, whereas those of D3 and D11 differ by less than 0.2 ppm (Fig. 

S24). Similarly, the chemical shifts of γ-protons of E28, adjacent to the side chain carbonyl 

carbon, differ only by 0.03 ppm (Fig. S24). On the other hand, the β-protons of T2, T6, 

T8, and T10 have chemical shifts ranging from 5.14-5.28 ppm, significantly downshifted in 

comparison to the average value of 4.17 ppm for Thr β-protons.28 Most NMR experiments 

done on graspetides in past studies also exhibit these chemical shift deviations for Asp, Thr, 

Ser β-protons, and Glu γ-protons (Table S7). Hence, T2, T6, T8, T10, D14, D21, D23, D25, 

and D29 are the best candidates for esterification in amycolimiditide.

Then, we examined the HMBC spectrum in search of more direct evidence for the ω-ester 

linkages and the aspartimide. First, we noticed that the chemical shifts of γ-carbons of 

D21, D23, D25, and D29 in amycolimiditide are noticeably upshifted to 168.1-169.9 ppm 

(Table S6). This phenomenon is observed in the ester carbons of fuscimiditide (169.0-169.5 

ppm), marinomonasin (171.3 ppm), and microviridin 1777 (169.4-171.0 ppm), suggesting 

that D21, D23, D25, and D29 are esterified.19, 29–30 Furthermore, the HMBC correlations 

between the Thr β-proton and the Asp carbonyl carbon of T2 and D29, T6 and D25, 

T8 and D23, and T10 and D21 were observed, indicating these as pairs for the ω-ester 

linkages (Fig. 3A). This leaves D3, D11, and D14 as possible aspartimidylation sites, but 
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several observations in the TOCSY and NOESY spectra point to D14 as the aspartimide 

site. Besides the widely different chemical shifts of D14 β-protons, G4 and G12 amide 

proton peaks are present, whereas the G15 amide proton peak is missing (Table S6). In 

the HMBC spectrum, the correlations between the D14 side chain carbonyl carbon and the 

G15 α-protons provide direct evidence for assigning D14 as the aspartimide site (Fig. 3B). 

To further verify D14 as the aspartimide, amdAB and amdABM expressions of the AmdA 

D14N variant resulted in four dehydrations, consistent with our attempt to eliminate the 

aspartimidylation site (Fig. S25).

CYANA 2.131 and Avogadro32 were used to calculate the 20 lowest energy conformers 

of amycolimiditide, using the NOE correlations as distance constraints (Fig. S26, PDB: 

8DYM). The model shows a stem-loop hairpin structure containing four fused macrocycles 

comprised of 38, 22, 22, and 34 backbone atoms moving from the loop macrocycle to 

the stem (Fig. 3C). The extended β-strand-like structure of the amycolimiditide stem is 

consistent with the vicinal amide-alpha proton 3JHNα coupling constants in this region, 

matching values expected for β-strands (Table S8).33 Additionally, the circular dichroism 

(CD) spectrum of amycolimiditide resembles the characteristic CD spectra of β-strands, 

further supporting the NMR structural model (Fig. S27). We note that the ~32 Å long, rigid 

amycolimiditide structure (Fig. 3C, Fig. S26) differs substantially from other graspetide 

structures characterized in the literature so far. While graspetides such as plesiocin and 

chryseoviridin feature multi-loop structures containing one or two ω-ester linkages per 

loop,17–18, 34 amycolimiditide forms a large single stem-loop containing four ω-ester 

linkages. This reinforces the ATP-grasp enzyme as an impressive family of enzymes that 

craft peptides into diverse shapes with ω-ester/amide crosslinks.

Order of ester linkage formation in amycolimiditide

We investigated the order in which AmdB forms the ω-ester linkages on AmdA by 

examining the linkages present in 1-, 2-, and 3-fold dehydrated pre-amycolimiditide 

intermediates. In the in vitro time course of AmdB modification of AmdA, 2 hours of 

reaction yielded the widest distribution of 1, 2, and 3-fold dehydrated intermediates (Fig. 

S6). To collect a large amount of all three intermediates, we scaled up this 2 h reaction with 

200 nmol of AmdA (i.e. a 20 mL reaction), trypsinized the reaction mixture, and HPLC-

purified the mixture of AmdA core peptide fragments with different levels of dehydration 

(Fig. S28).

While methanolysis is a popular method in graspetide studies to label Asp/Glu residues 

forming ω-ester crosslinks in a NaOMe/MeOH solvent,8 we found that amycolimiditide 

cannot be methanolyzed because it is insoluble in methanol. Instead, we devised an 

alternative reaction using hydrazine in an aqueous buffer, acidified to neutral pH to suppress 

ester hydrolysis which occurs at pH 11 (Fig. S9). In this reaction, we expect the Thr-Asp 

ω-esters to transform into Thr and aspartyl hydrazide (Ahz) residues, with the latter having 

a 14 Da increase over Asp residues (Fig. 4A). When the mixture of AmdA core peptides 

in different dehydration states were hydrazinolyzed, between 1-4 hydrazide adducts were 

observed in different species (Fig. 4B), consistent with the proposed hydrazinolysis reaction 

scheme (Fig. 4A). Then, we performed MS/MS experiments on the 1-3-fold hydrazinolyzed 
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peptides, individually selecting each species as the parent ion for fragmentation. The +14 

Da adducts were located at D21 on the 1-fold hydrazinolyzed peptide, D21 and D23 on the 

2-fold hydrazinolyzed peptide, and D21, D23, and D25 on the 3-fold hydrazinolyzed peptide 

(Fig. 4C, Fig. S29). No hydrazide adduct was found on the free Asp and Glu residues. The 

results indicate that AmdB forms the loop first, installing ω-ester linkages down the stem 

from the T10-D21 linkage towards the T2-D29 linkage. Based on this order, we named the 

T10-D21 ester as I-ester, the T8-D23 ester as II-ester, the T6-D25 ester as III-ester, and the 

T2-D29 ester as IV-ester.

While AmdB installs the ester crosslinks unidirectionally, an open question is whether 

the earlier crosslinks must be present for the following ester linkages to be installed. As 

discussed above, the lanthipeptide maturase HalM2 installs four macrocyclic linkages on its 

substrate, with the enzyme adopting a different conformation for each intermediate state of 

the RiPP.12 Similarly, we hypothesized that if AmdB were to adopt a specific conformation 

when installing each ω-ester linkage of amycolimiditide, then the enzyme must strictly 

install the I-ester crosslink first and then progress unidirectionally towards the IV-ester 

crosslink. To answer this question, we generated AmdA variants with each ester crosslink 

blocked from forming. These variants contain Thr-to-Val and Asp-to-Asn substitutions at 

the location of each ester linkage: T10V D21N (I-null), T8V D23N (II-null), T6V D25N 

(III-null), and T2V D29N (IV-null). When co-expressed with AmdB, each variant was not 

modified, triply dehydrated, doubly dehydrated, and triply dehydrated, respectively (Fig. 

5A). Similar co-expression experiments were conducted with AmdA variants that only have 

a single T-to-V or D-to-N substitution, but some variants designed to block the same ester 

linkage have different numbers of ester linkages installed by AmdB (Fig. S30). For example, 

AmdA T10V was mostly dehydrated once, whereas AmdA D21N was mostly dehydrated 

twice. This may be due to several Thr, Ser, Asp, and Glu residues placed near the four 

native ester linkages, possibly allowing for incorrect linkages. While others have widely 

used single amino acid substitutions to study other graspetides,15, 35 the double substitution 

method provides clearer evidence about the ester crosslinks in amycolimiditide by reducing 

the possibility of non-native linkages forming. To determine which ester crosslinks are 

present on the doubly substituted variants, the modified core peptide of each variant was 

HPLC-purified (Fig. S31) and subjected to hydrazinolysis followed by MS/MS analysis 

(Fig. S32–34). The I-null variant is incapable of forming any esters while the II-null variant 

is still able to form the I-, III-, and IV-esters. The I- and II-esters are present in the III-null 

variant, and I-, II-, and III-esters are present in the IV-null variant (Fig. 5A). These results 

show that the I-ester must be formed first before any subsequent ester installation. In 

general, the preceding ester must be present for any further esters to form with the exception 

of the II-ester, which is dispensable for III-ester formation.

AmdM activity on pre-amycolimiditide variants

Next, we turned our attention to AmdM activity on pre-amycolimiditide variants with 

missing ω-ester linkages, determining their importance for aspartimidylation. We generated 

two additional variants: AmdA II,III-null variant that contains the I-ester linkage and 

AmdA II,IV-null variant that contains the I- and III-ester linkages (Fig. 5A, S31, S35–

36). First, we co-expressed AmdA variants with AmdB and AmdM and examined the 
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number of dehydrations. Only the variants with two or more ester linkages can be 

aspartimidylated in vivo (Fig. 5A). Surprisingly, the presence of I-ester alone is insufficient 

for aspartimidylation, despite forming the loop containing the aspartimidylation site, D14. 

This suggests that the other ester linkages more distal from the AmdM active site also 

contribute towards efficient aspartimidylation of pre-amycolimiditide. On the other hand, 

in the in vitro aspartimidylation experiment, only the core peptides with at least three 

ester crosslinks were aspartimidylated (Fig. 5B). We suspect that the variants with two 

ester linkages were not aspartimidylated in vitro, possibly due to a lower enzyme-to-

substrate ratio in the reaction than in the heterologous expression experiments. Also, the 

heterologous expression experiments were carried out for 24 h while we stopped the in vitro 
experiment after 4 h. We repeated the in vitro aspartimidylation reactions at higher enzyme 

concentrations and observed turnover of substrates with two esters as well, more consistent 

with the heterologous expression experiments (Fig. S37). These experiments show that the 

number of ω-ester linkages drastically affects the methylation rate. The initial rates of 

methylation for the II-null variant, the IV-null variant, and pre-amycolimiditide are 4.4 ± 

2.5 µM h−1, 4.3 ± 1.6 µM h−1, and 42.6 ± 4.3 µM h−1, respectively, indicating that the 

removal of even just one ester linkage leads to about 10-fold slower reaction. Combined 

with the expression results, this time course study shows that all ester linkages serve as 

critical scaffolds for substrate recognition by the graspetide methyltransferase, despite being 

far from its active site.

Aspartimidylation of loop-modified core peptide variants

We further explored the effect of other modifications to the loop of pre-amycolimiditide on 

their methylation and dehydration. First, we examined the impact of substituting the residue 

Gly-15, immediately C-terminal to the aspartimidylation site, with a different small residue. 

In the cases of the aspartimidylated lasso peptides cellulonodin-2 and lihuanodin, the 

peptides are still aspartimidylated with different residues C-terminal to the aspartimidylation 

site.20 For amycolimiditide, we tested Ala, Ser, and Thr substitutions of Gly-15 and 

compared the number of dehydrations after amdAB and amdABM expressions. Only very 

small amounts of each of these variants were aspartimidylated by AmdM demonstrating that 

Asp-14 must be followed by Gly-15 for an efficient aspartimidylation by AmdM (Fig. S38).

Then, we modified the size of the loop, inserting a Gly residue before or after D14 

(which we named as the +G14, +G16, and +G14+G16 variants). Co-expression with AmdB 

and AmdM resulted in four dehydrations on the +G14 and +G14+G16 variants and five 

dehydrations on the +G16 variant (Fig. S39). We surmise that the position of D14 is 

important for aspartimidylation and that the +G14 variant and +G14+G16 variant cannot 

be aspartimidylated because the Gly insertion before D14 offsets the aspartimidylation site 

away from the AmdM active site. These results show that AmdM can still recognize a longer 

11 aa loop, as long as D14 remains as the 14th residue of the peptide. This experiment 

also provides some insight into the substrate specificity of AmdB, namely that this enzyme 

can remarkably tolerate and efficiently esterify substrates with loop sizes of 10 (the native 

substrate), 11, or 12 aa.
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Finally, we modified the placement of D14-G15–the aspartimidylation site–in the loop. 

We tested three variants: G12D D14G, G13D D14G, and D14R G15D R16G variants 

corresponding to the hexapeptide sequences spanned by 11th–16th residues, D[DG]GGR, 

DG[DG]GR, and DGGR[DG], respectively, as compared to the wild-type sequence 

DGG[DG]R. Co-expression with AmdB and AmdM resulted in four dehydrations for all 

variants, showing that AmdM cannot methylate them (Fig. S40). This further demonstrates 

that the position of the aspartimidylation site is immutable.

Substitution of ω-ester linkages with disulfide bonds

We questioned whether a different crosslink could replace the ω-ester crosslinks and 

complement their roles in subsequent esterification and aspartimidylation. We decided to 

use disulfide bonds to replace ester linkages since they are the most common crosslinks 

in proteins and only require simple mutagenesis to generate them. Additionally, both 

Thr-Asp ω-ester linkages and Cys-Cys disulfide linkages are comprised of four atoms, 

only yielding a small structural perturbation. We examined the following variants: T10C 

D21C (I-disulfide), T8C D23C (II-disulfide), T6C D25C (III-disulfide), and T2C D29C 

(IV-disulfide).

First, we co-expressed the variants with AmdB. The results resembled those exhibited by 

the Thr and Asp-substituted null variants (Fig. S41), consistent with a lack of disulfide 

bond formation in the reducing cytoplasm of E. coli. Next, we attempted the reaction in 
vitro using purified II-disulfide and III-disulfide variants with dithiothreitol (DTT) added 

to disrupt disulfide bonds. We digested the reaction products with trypsin and observed 

that the masses of the core peptides were increased by 2 amu when DTT was added to 

the reaction as expected (Fig. S42). This shows that we could successfully control the 

presence of the disulfide bonds with DTT. Strikingly, the ω-ester linkages were formed only 

when DTT was added to the reaction (Fig. 6A). The disulfide linkages fail to complement 

the missing ω-ester linkages and interfere with the formation of other ester linkages. This 

finding suggests that the core peptide region of AmdA does not pre-fold into a well-defined 

loop before reaching the binding site or the active site of AmdB.

We then examined whether a disulfide linkage could complement a missing ω-ester linkage 

for aspartimidylation. Since we already quantified the effect of the loss of the IV-ester 

linkage on the methylation rate (Fig. 5B), we decided to analyze the methylation rates of the 

IV-disulfide variant. The methylation rates of the IV-disulfide and the IV-null variants were 

similar, indicating that the IV-disulfide linkage cannot complement the missing IV-ester 

linkage for aspartimidylation (Fig. 6B). Overall, the experiments on the disulfide variants 

demonstrate that both AmdB and AmdM recognize the substrates crosslinked with ω-ester 

linkages precisely, not just any type of covalent linkage.

Conclusion

In this paper we have described the biosynthesis and structure of amycolimiditide, a 

new example of an aspartimidylated graspetide. This peptide is named after its putative 

producing organism, A. cihanbeyliensis, but close homologs to amycolimiditide are present 

in additional actinobacteria, primarily in the Pseudonocardiaceae and Micromonosporaceae 
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families (Table S1). Though A. cihanbeyliensis is terrestrial bacterium, it is noteworthy that 

graspetides similar to amycolimiditide are encoded in the genomes of several Salinospora 
strains, obligate marine bacteria. The structure of amycolimiditide differs from that of any 

previously described graspetides; its hairpin structure is crosslinked with four ω-esters 

forming a >2 nm-long rigid stem attached to a 10 aa loop (Fig. 1B, Fig. 3C). This 10 aa loop 

is the site of a single aspartimide moiety. Amycolimiditide joins the graspetide fuscimiditide 

and the lasso peptides cellulonodin-2 and lihuanodin as examples of RiPPs that include 

stable aspartimide moieties that are intentionally installed via enzymatic activity.19–20 

The lanthipeptide OlvA(BCSA) also exists in an aspartimidylated form, but appears to 

hydrolyze more readily than the graspetide and lasso peptide examples.21 Mapping the 

linkages in amycolimiditide (four esters and one aspartimide) is challenging due to the 

high density of different residues in the core peptide that can participate in these linkages 

(Fig. 1F). Determination of these linkages was facilitated in large part by a high quality 

HMBC spectrum (Fig. S23). Mass spectrometry is often used to determine the linkages in 

graspetides,8 but for a structure like amycolimiditide with five different PTMs, the NMR 

experiment provides more direct evidence.

Studying the biosynthesis of amycolimiditide has offered fresh insights into the catalytic 

mechanism of ATP-grasp enzymes. Like other graspetides,8, 18 amycolimiditide is 

synthesized starting at its loop and proceeding down the stem (Fig. 7A). We developed 

a hydrazinolysis protocol to label the Asp residues present in the ω-esters, which helped 

to elucidate the order of ester formation (Fig. 4). The hydrazinolysis proceeds in aqueous 

conditions, and thus is a suitable alternative to the more commonly used methanolysis 

procedure17 when the substrate peptide has poor solubility in methanol like amycolimiditide. 

Consistent with the strict ordering of ester formation in amycolimiditide, disruption of the 

ester by point aa substitutions generally prevents the installation of subsequent esters (Fig. 

5A), also observed in microviridins.15 The exception to this rule is that the II-ester can 

be disrupted while still allowing the formation of the III- and IV-esters (Fig. 5A). More 

intriguing is our result that prestabilization of the amycolimiditide precursor with disulfide 

bond is deleterious for ester formation (Fig. 6A). These results suggest one possible model 

in which the core portion of the amycolimiditide precursor substrate must retain a flexible, 

random coil structure (Fig. S27) in order to be efficiently recognized and modified by 

the ATP-grasp enzyme (Fig. 7A). The strict order of ester introduction combined with 

the inability of “preconstraining” the substrate illustrate that there are likely structural 

prerequisites in both the substrate and the enzyme before catalysis can occur to form each 

ester. This model echoes the biosynthesis of the haloduracin β chain discussed in the 

introduction.

Amycolimiditide joins a short list of RiPP natural products harboring stable aspartimide 

moieties,19–20 and our results here provide some new insights into the cascade of 

methylation and aspartimidylation. By examining pre-amycolimiditide variants with 

differing numbers of ester linkages, we show that the fully esterified pre-amycolimiditide 

is by far the best substrate for aspartimidylation (Fig. 5B). This means that the IV-ester 

at the end of the stem, which is ~30 Å away from the aspartimidylation site in the loop, 

still influences methyl transfer by AmdM. An emerging picture for O-methyltransferases 

that aspartimidylate RiPPs is that they require highly specific, constrained structures. The 
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methyltransferases that install aspartimides on lasso peptides only function on lassoed 

substrates, not on linear or even macrocyclic substrates. In the case of pre-amycolimiditide, 

the entire stem of the peptide with all four ester linkages is required for the most efficient 

methyl transfer. Moreover, replacing the ester constraints with another isosteric constraint, 

the disulfide bond, leads to a loss in catalytic efficiency in the methyltransferase reaction, 

underscoring the remarkable specificity of the AmdM enzyme. This specificity suggests that 

perhaps AmdM recognizes the esters via hydrogen bonding which is not possible with the 

disulfide linkages. Another possibility is that the esters establish a unique extended stem 

structure with β-strand character, and the enzyme specifically recognizes those β-strands. 

Perhaps the disulfide bonded substrates have a 3D structure that differs from the ester-linked 

structure. To attempt to understand the nature of the substrate specificity of AmdM, we 

generated an Alphafold36 model of AmdM using ColabFold.37 Comparing the AmdM model 

to E. coli PIMT (Fig. 7B), the conserved methyltransferase fold is clearly present within the 

N-terminus of AmdM, but the C-terminal portion of AmdM folds into an additional domain. 

There is a large cleft between these two domains, making it tempting to speculate that the 

cleft serves to dock pre-amycolimiditide. In particular, there is a four-strand antiparallel 

β-sheet in the AmdM model that is roughly the same length as the amycolimiditide stem. 

Engagement between the full stem of pre-amycolimiditide and this β-sheet may explain 

why fully esterified pre-amycolimiditide is the preferred substrate for AmdM (Fig. 5B, 

6B). Another example of the specificity of the AmdM methyltransferase is that it will only 

methylate one specific DG dipeptide, and only if the Asp is located in one specific position 

within the loop, 4 aa away from the Thr in the I-ester (Fig. S40). AmdM does however 

exhibit some promiscuity with regards to loop size; AmdM recognizes and modifies a 

substrate with an 11 aa loop instead of the native 10 aa loop (Fig. S39). There is still much 

sequence space to be explored to define the substrate scope of both AmdB and AmdM, but 

the amycolimiditide loop appears to be readily engineerable.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Enzymology and biosynthesis of amycolimiditide.
(A) Mechanism of side chain-side chain ester formation catalyzed by an ATP-grasp 

enzyme. (B) Other ester-linked stem-loop graspetides. For plesiocin and thuringinin one 

of the multiple, repeated core peptides, repeat 4 (R4) for plesiocin and repeat 3 (R3) for 

thuringinin, is shown. The Asu in fuscimiditide is aspartimide. (C) O-methyltransferase 

catalyzed aspartimidylation of pre- and iso pre-amycolimiditide. The O-methyltransferase 

can recognize and methylate either Asp or isoAsp residues, driving both isomers to 

aspartimide. (D) The amycolimiditide BGC. (E) Sequence of amycolimiditide precursor 

AmdA with putative leader and core segments shown. Potential sites for aspartimidylation 

(DG) are bolded.(F) Sequence logos for the nucleophile-enriched region (left) and the acidic 

region (right), derived from amycolimiditide and 29 close homologs (Table S1, Fig. S1). The 

corresponding part of the AmdA sequence is shown above the sequence logos.
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Figure 2: Posttranslational modifications to the amycolimiditide precursor.
A: Co-expression of amycolimiditide precursor AmdA with ATP-grasp enzyme AmdB 

leads to 4 dehydrations (4DH) of AmdA while coexpression of AmdA with AmdB and 

PIMT homolog AmdM leads to 5 dehydrations (5DH) of AmdA. In all cases, AmdB 

is present as a SUMO fusion protein. Dotted guide lines correspond to the calculated 

average mass of a given species. B: Time course of aspartimidylation of mAmdAB 

by AmdM in vitro. Methylated mAmdAB (4DHMe) is present at early times but is 

converted to the aspartimide within 3 h. C: EIC chromatograms of amycolimiditide 

(top), its hydrolysis products (middle) and pre-amycolimiditide (bottom) show that 

amycolimiditide hydrolyzes into two distinct products. D: Time courses of methylation 

and aspartimidylation of pre-amycolimiditide (containing Asp) and iso pre-amycolimiditide 

(containing isoAsp). Methylation of pre-amycolimiditide proceeds faster than methylation of 

iso pre-amycolimiditide, but aspartimide formation is faster for iso pre-amycolimiditide than 

for pre-amycolimiditide. Experiments were run in triplicate with all data points shown. Error 

bars represent the standard deviation; some error bars are so small that they are not visible.
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Figure 3: NMR structure of amycolimiditide.
A: Left, portion of the 1H, 13C HMBC spectrum showing key correlations establishing the 

four ester linkages. Right, structure of the ester linkages with correlations present in the 

spectrum marked by arrows. The chemical shift of the carbonyl carbon in the ester is noted. 

B: Portion of the HMBC spectrum with correlations establishing the aspartimide moiety. 

The key correlations in bold are represented by bold arrows in the structure; normal arrows 

are additional HMBC correlations. C: Top structural model of amycolimiditide showing four 

ester linkages (gold) and the aspartimide moiety (magenta). Other side chains are omitted 

for clarity. The cartoon below the structure shows the connectivity in the peptide. The 

backbone of the ester-bonded ladder region of amycolimiditide is extended like beta-strands 

giving amycolimiditide a length in excess of 32 Å.
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Figure 4: Hydrazinolysis maps the order of ester crosslink formation in pre-amycolimiditide.
A: Mechanism of ester scission by hydrazine. The L-Thr residue is restored while the Asp 

residue is marked with a hydrazide. B: A mixture of intermediates of pre-amycolimiditide 

was generated in vitro and reacted with hydrazine. The mass spectrum shows a distribution 

of species in different dehydration states (bottom) and quantitative conversion to the 

hydrazide form (top). Note that the unmodified species (0DH) does not react with hydrazine, 

showing that the chemistry is specific toward ester linkages. C: Tandem mass spectrometry 

analysis of the hydrazine-labeled peptide mixture from part B. Hydrazide-labeled Asp 

residues are denoted as Ahz. In the singly labeled species (1HZ) only Asp21 is labeled 

with hydrazine whereas the doubly labeled species (2HZ) has Asp21 and Asp 23 labeled. 
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The triply labeled 3HZ species is labeled at Asp21, Asp23, and Asp25, showing a specific 

order of ester formation. Mass spectra underlying this data are present in Fig. S29.
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Figure 5: Ester and aspartimide formation in amycolimiditide variants.
A: Variants of amycolimiditide with different esters disrupted were coexpressed with either 

AmdB or AmdB and AmdM. The notation I-null indicates that both residues involved in 

forming the I-ester (T10 and D21) have been substituted with isosteric but non-reactive 

residues (T10V and D21N). The positions of these substitutions are denoted by red dots in 

the cartoon, which represent the most probable structure of the variants. The deconvoluted 

mass spectra in the amdAB column show the number of dehydrations upon coexpression 

with AmdB while the cartoons for each variant show the position of the esters as determined 

by hydrazinolysis (Fig. S31–35). The mass spectra in the amdABM column show the 

number of dehydrations for each of the variants upon coexpression with both AmdB 

and AmdM. The cartoons also show whether the variants are aspartimidylated by AmdM 

(pentagon) B: Time course of in vitro aspartimidylation of pre-amycolimiditide (pre-amyc), 

unmodified core peptide (unmod), and variants. Disruption of any esters, even a distal one 

like in the IV-null case, has a large negative effect on the rate of aspartimidylation. The 

experiments on pre-amyc, II-null, and IV-null were repeated in triplicate and error bars 

reflect the standard deviation.
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Figure 6: Ester and aspartimide formation in disulfide-substituted amycolimiditide variants.
A: Esterification of disulfide-substituted AmdA variants in vitro by AmdB for 20 h at 

RT. The presence of a disulfide bond that constrains the peptide (-DTT spectra) inhibits 

esterification whereas reduced, unconstrained substrates are esterified efficiently. A reaction 

with wild-type AmdA (4 h at RT) is shown as a control. B: Time course of in vitro as 

partimidylation of pre-amycolimiditide variants with and without disulfide bonds by AmdM. 

All reactions were initiated with 10 μM peptide, but a mass spectrum was not acquired 

Choi et al. Page 22

J Am Chem Soc. Author manuscript; available in PMC 2023 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at the 0 min timepoint. The presence of disulfide bonds has minimal effect on the rate of 

methylation/aspartimidylation.
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Figure 7: Summary of amycolimiditide biosynthesis. A: Model of amycolimiditide biosynthesis.
The esters in the amycolimiditide form prior to aspartimidylation. Preconstraining the 

substrate with disulfide bonds prevents ester formation, suggesting that the substrate must be 

flexible in order to be recognized by the ATP-grasp enzyme AmdB. The esters are installed 

in an ordered fashion, starting from the loop and proceeding down the stem. The four-fold 

esterified product is most efficiently recognized and methylated by the O-methyltransferase 

AmdM to give the final aspartimidylated graspetide. B: Comparison of E. coli PIMT 

(EcPIMT, PDB code 3LBF, left) to AlphaFold model of AmdM (middle). Homologous 
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sequence segments are colored the same; see also Fig. S43 for an alignment of these two 

proteins. A molecule of S-adenosyl homocysteine (SAH) is bound in the methylation active 

site of EcPIMT. The model of AmdM includes a large C-terminal extension relative to 

EcPIMT (magenta) that generates a potential substrate binding cleft within the enzyme. The 

length of a β-strand that may act as a substrate recognition site matches closely the length of 

amycolimiditide shown on the right.
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