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Abstract 9 

Formation of dehydroalanine and dehydrobutyrine residues via tRNA-dependent 10 

dehydration of serine and threonine is a key post-translational modification in the 11 

biosynthesis of lanthipeptides and thiopeptides. The dehydration process involves two 12 

reactions, wherein the O–glutamyl Ser/Thr intermediate, accessed by a dedicated enzyme 13 

utilizing Glu-tRNAGlu as the acyl donor, is recognized by the second enzyme, referred to as 14 

the glutamate elimination domain (ED), which catalyzes the eponymous reaction yielding a 15 

dehydroamino acid. Owing to the fact that many lanthipeptides and thiopeptides possess 16 

strong antibiotic activities, the enzymology of their biosynthesis became the focus of 17 

numerous studies, and although significant progress has recently been made, much remains 18 

to be elucidated. This is especially true for the downstream EDs, because the scope of 19 

available substrates for testing is limited to those that the upstream enzymes can furnish. 20 

Here, we report two complementary strategies for direct, nonenzymatic access to diverse 21 

ED substrates. First, we establish that a thiol-thioester exchange reaction between a Cys-22 

containing peptide and an αthioester of glutamic acid leads an S–glutamylated intermediate 23 

which can act as a substrate for EDs. Furthermore, we show that the native O–glutamylated 24 

substrates can be accessible from S–glutamylated peptides upon a site-specific S-to-O acyl 25 

transfer reaction. Combined with flexible in vitro translation utilized for rapid peptide 26 

production, these chemistries enabled us to dissect the substrate recognition requirements 27 

of three known EDs. Our results establish that EDs are uniquely promiscuous enzymes 28 

capable of acting on substrates with arbitrary amino acid sequences, and performing retro-29 

Michael reaction beyond the canonical glutamate elimination. To aid in the substrate 30 

recruitment process, EDs apparently engage in nonspecific hydrophobic interactions with 31 

their substrates. Altogether, our results establish the substrate scope of EDs and provide 32 

clues to their modes of action.   33 



Introduction 34 

Dehydroamino acids (dhAAs) are one of the most common nonproteinogenic elements 35 

found in ribosomally synthesized and post-translationally modified peptides (RiPPs).1,2 36 

Usually exemplified by dehydroalanine (Dha) and dehydrobutyrine (Dhb), dhAAs are 37 

prominently featured in the structures of lanthipeptides,3 thiopeptides,4 linaridins,5 38 

lipolanthines,6 some linear azole-containing peptides (LAPs)7 and other recently identified 39 

RiPP classes.2 Additionally, due to their relatively high chemical reactivity,8 Dha and Dhb 40 

serve as biosynthetic precursors to more elaborate post-translational modifications (PTMs), 41 

notably to lanthionines and labionines in lanthipeptide biosynthesis, and to backbone-42 

embedded pyridines during the assembly of thiopeptides.  43 

One of the most common post-translational pathways to dhAAs is tRNA-dependent 44 

dehydration of Ser/Thr.3 This pathway involves two sequential reactions (Fig. 1a), wherein 45 

an enzyme called the glutamylation domain (GD) first catalyzes a transesterification reaction 46 

using Glu-tRNAGlu and the side chain of Ser/Thr in the substrate peptide as the acyl donor 47 

and acceptor, respectively.9–11 Usually, the GD recognizes and binds the N-terminal 48 

sequence of substrate (leader peptide, LP) to promote transesterification in its C-terminal 49 

part (core peptide, CP). In the second step, the enzyme referred to as the glutamate 50 

elimination domain (ED) utilizes the Ser(OGlu) or Thr(OGlu) intermediate to perform a retro-51 

Michael reaction, which eliminates a molecule of glutamate and furnishes the dhAA. This 52 

biosynthetic logic serves as the defining characteristic of class I lanthipeptide biosynthesis12 53 

and also operates during the assembly of all known thiopeptides13 and goadsporin, a unique 54 

dhAA-containing LAP.7 In RiPP biosynthetic gene clusters (BGCs), GD and ED can be 55 

encoded as a single enzyme as in most class I lanthipeptide BGCs, or as two separate 56 

polypeptides in BGCs of thiopeptides, goadsporin and antifugal pinensins (Fig. 1b).14 57 

Because class I lanthipeptides and thiopeptides account for hundreds of bioactive natural 58 

products4,15–17 (with many more bioinformatically predicted),18–20 the biochemistry of tRNA-59 

dependent Ser/Thr dehydration has become the focus of numerous studies. For instance, 60 

recent reports revealed the crystal structures of several GDs and EDs,11,21,22 investigated 61 

the selectivity of GDs for Glu-tRNAGlu,21 and established basic requirements for substrate 62 

engagement.23 Nevertheless, many details such as the catalytic mechanisms and the extent 63 



of substrate specificity remain elusive. During biosynthesis of many RiPPs, tRNA-dependent 64 

dehydration of Ser/Thr is often contingent upon the formation of other PTMs, which 65 

obfuscates the analysis. For EDs, an additional difficulty stems from the fact that as the 66 

downstream enzyme, the range of available substrates for testing is limited to those that the 67 

corresponding GD can furnish. For example, because GDs are selective for Glu-68 

tRNAGlu,21,24,25 it remains unknown whether EDs can perform an analogous reaction with 69 

other O-acyl Ser/Thr derivatives. Moreover, in vitro reconstitution of tRNA-dependent 70 

Ser/Thr dehydration can be, at times, challenging, both because the cognate tRNAGlu and 71 

GluRS need to be identified and produced, and because many GDs frequently resist 72 

heterologous overexpression.26  73 

To facilitate the study of EDs, here we report two protocols (Fig. 1c) which directly afford ED 74 

substrates and thus bypass the requirement for the tRNAGlu/GluRS/GD system. First, we 75 

establish that some EDs can accept a thioester substrate, Cys(SGlu), accessed via an in 76 

situ thiol-thioester exchange reaction between a Cys-containing peptide and a synthetic 77 

αthioester of glutamic acid. We refer to this sequence as “S–elimination”. Further, we show 78 

that the substrates containing the native Ser(OGlu) residue can be obtained from the 79 

Cys(SGlu) intermediates using the recently developed site selective S-to-O acyl shift 80 

chemistry (“O–elimination”). We show that these reactions can be utilized in tandem as a 81 

tool to study EDs, demonstrated here by probing basic substrate recognition requirements 82 

of three known EDs. Our results suggest that EDs utilize weak hydrophobic interactions to 83 

engage and recognize their substrates, which endows them with the ability to act on diverse 84 

peptides and to catalyze a retro-Michael reaction beyond the canonical glutamate 85 

elimination. Overall, our work illuminates the properties of EDs masked by substrate 86 

specificities of GDs, and provides a tool to facilitate their further study. 87 

  88 



Results and discussion 89 

Reaction development 90 

For this study, we focused on three known EDs (Fig. 1b). NisB is a class I lanthipeptide 91 

synthase from the nisin biosynthetic pathway, which served as a model enzyme for the 92 

majority of the studies to date.9,11,23,27,28 NisB is expressed as a single polypeptide featuring 93 

two pronounced domains (GD and ED). TbtC is a standalone ED, which operates in tandem 94 

with its partner, TbtB, during the biosynthesis of thiomuracin, a thiopeptide with a strong 95 

antibiotic activity.24,29 LazF, the third studied ED, is another thiopeptide biosynthetic 96 

enzyme,30 although its sequence similarity to TbtC is low (30 %). LazF is unique in the fusion 97 

of the ED to an FMN dehydrogenase, utilized for azoline to azole conversion during lactazole 98 

assembly.31 The enzymes were heterologously expressed (S.I. 2.1) in Escherichia coli as 99 

soluble proteins following the established procedures.9,24,25 For rapid production of diverse 100 

peptide substrates, we utilized the flexible in vitro translation (FIT) system,32 previously 101 

deployed for in vitro biosynthesis of azoline-containing peptides,33 goadsporin,34 and 102 

lactazole25 analogs. The αthioester of glutamic acid, namely S-α,Lglutamyl 4-chlorobenzyl 103 

thiol (LGlu–CBT), was chemically synthesized (S.I. 2.7) using the standard methods in two 104 

steps. The isolated compound proved stable for over a year when frozen as a solution in 105 

DMSO at –20 °C. 106 

With all components in hand, we focused on developing the optimal reaction conditions for 107 

S–elimination. We chose LazF as the model enzyme and designed a precursor peptide 108 

bearing its cognate LP followed by an arbitrary CP (LazALP/CP1) as the substrate (Fig. 2a). 109 

In general, we opted to use the peptides containing arbitrary CP sequences because i) prior 110 

work indicated that EDs can process nonnative substrates31,35,36 and ii) accessing the native 111 

substrates with the FIT system might be challenging (for instance, TbtBC acts on a 112 

thiomuracin CP containing 6 non-proteinogenic thiazole amino acids).37 After a modicum of 113 

experimentation, we found that the treatment of LazALP/CP1 expressed in the FIT system 114 

with 5 µM LazF and 2 mM LGlu–CBT in HEPES buffer (pH 7.2) for 20 h at 25 °C (the 115 

“standard conditions”) led to a clean formal elimination of hydrogen sulfide (∆33.99 Da) from 116 

the substrate, as judged by LC-MS (Fig. 2a). Tandem mass spectrometry (MS/MS) of the 117 

reaction product confirmed that the elimination took place at Cys6 and resulted in an amino 118 

acid with a molecular weight of 69.01 Da, consistent with the formation of Dha6. The reaction 119 



product could be conjugated to cysteamine, which further supported the presence of a Dha 120 

residue in the peptide (Fig. S2a). The elimination efficiency responded to changes in the 121 

enzyme concentration, and no detectable Dha formed without LazF (Fig. 2b). Similarly, no 122 

reaction occurred in the absence of LGlu–CBT or when LazALP/CP1 S6 mutant was used as 123 

a substrate (Fig. S2b). We confirmed the formation of the key Cys(SGlu) intermediate by 124 

LC-MS after incubating LazALP/CP1 with 5 mM LGlu–CBT for 3 h in the absence of the 125 

enzyme (Fig. S3). The same experiment also revealed a pronounced instability of 126 

Cys(SGlu)-containing peptides, because the Cys6(SGlu) thioester partially reverted to Cys6 127 

during sample preparation and RP-HPLC. Likely owing to this instability, Cys(SGlu) 128 

intermediates did not accumulate under the standard conditions and were usually 129 

undetectable by LC-MS after a 20 h reaction. The lability of glutamic acid thioesters is 130 

documented,38,39 and we confirmed by 1H NMR that LGlu–CBT slowly decomposes in water 131 

at neutral pH (Fig. S4). 132 

Furthermore, we found that S–elimination is unusually thiol-sensitive. The use of a less 133 

reactive (compared to LGlu–CBT) alkyl αglutamic acid thioester (LGlu–ET; Fig. 2c) decreased 134 

the efficiency of the process, whereas a more reactive thiophenol-type thioester (LGlu–MTP; 135 

Fig. 2c) was entirely ineffective, resulting in <2% of the Dha-containing product. Analogously, 136 

the addition of 10 mM 4-mercaptophenyl acetic acid (MPAA), a common thiol-thioester 137 

exchange catalyst extensively used for native chemical ligation,40,41 was counterproductive. 138 

Supplementing the reaction with 10 mM CBT also inhibited S–elimination, as did increasing 139 

the concentration of LGlu–CBT beyond the optimal 2 mM.  140 

Overall, conversion to Dha via S–elimination proceeded conspicuously slower than the 141 

analogous canonical reaction performed by LazBF. To exclude the possibility that LazF is 142 

activated by LazB, we performed S–elimination in the presence of 5 µM LazB or with 5 µM 143 

LazB, 20 µM tRNAGlu, and 1 µM GluRS, and found no major difference in the reaction 144 

efficiency (Fig. 2c). This result suggests that LazF can function independently of LazB.  145 

Next, we turned to the development of O–elimination, i.e., ED-mediated Dha formation from 146 

Ser(OGlu)-containing peptides accessed in situ from LGlu–CBT (Fig. 1c). A recent report 147 

from our laboratory42 describes site-selective S-to-O acyl transfer to synthesize various 148 

Ser(O-acyl) peptides, including cyclodepsipeptides. Upon treating a peptide containing the 149 

reactive motif, which can be as short as Ser-Xaa-Cys, with a thioester at ambient 150 



temperature and pH, a Cys(S-acyl) intermediate forms, which further yields Ser(O-acyl)-151 

containing peptides upon a spontaneous S-to-O acyl transfer. We envisaged that if LGlu–152 

CBT is used as a thioester, ED substrates bearing the native Ser(OGlu) could be prepared 153 

to complement our S–elimination conditions. 154 

For consistency, we performed O–elimination reactions under the standard conditions 155 

without additional optimization. Upon incubation of LazALP/CP2 S6 with LazF under the 156 

standard conditions, approximately a 1: 1 mixture of S– (∆33.99 Da) and S,O– (∆52.00 Da) 157 

double elimination products formed, and MS/MS analysis confirmed the formation of Dha6 158 

and Dha8 as expected (Fig. S5–S7). S–elimination and S-to-O acyl shift processes are in 159 

competition once the key Cys(SGlu) intermediate forms. If the S–elimination occurs prior to 160 

the acyl shift, the resulting Ser-Xaa-Dha peptide represents a reaction dead-end, because 161 

its Ser residue can no longer undergo modification. Although this competition somewhat 162 

limits the preparative utility of the method, analysis of the enzyme substrates preferences is 163 

still feasible (see S.I. 2.6 for details). More importantly, we found that in numerous cases 164 

where S–elimination is slow, clean formation of O–elimination products, i.e., Dha-Xaa-Cys 165 

peptides, can be achieved. For example, because TbtC is nearly incapable of catalyzing S–166 

elimination (vide infra), the incubation of TbtALP/CP2 S6 with 5 µM TbtC under the standard 167 

conditions led mostly to the formation of Dha6-Met7-Cys8 product, as judged by LC-MS (Fig. 168 

2d) and MS/MS analyses (Fig. S8). The reaction occurred only when both TbtC and LGlu-169 

CBT were present, and no elimination took place for TbtALP/CP2 A6 or TbtALP/CP2 A8 170 

mutants, indicating that the elimination occurred according to the proposed pathway (Fig. 171 

S9). In a separate experiment, we also confirmed the site-specific nature of the acyl transfer, 172 

since a substrate containing multiple Ser residues in the CP led to Dha formation only at Ser 173 

in position –2 relative to Cys (Fig. S10).  174 

Substrate specificity of EDs 175 

Core peptide specificity. The combination of the developed chemistry with the FIT system 176 

opens access to rapid assaying of diverse and previously inaccessible ED substrates. Here, 177 

we sought to demonstrate the utility of this platform in dissecting the substrate recognition 178 

requirements of LazF, NisB, and TbtC. EDs are known as enzymes capable of processing 179 

substrates with nonnative CPs.31,35,36 We began by establishing the extent of this promiscuity. 180 

For each studied enzyme, we prepared six substrates with the cognate LP and a randomized 181 



CP sequence containing Ala-Xaa-Cys or Ser-Xaa-Cys tripeptides to study S– and O–182 

elimination reactions, respectively (Fig. 3a). The FIT system-derived peptides were 183 

incubated with the enzymes and LGlu–CBT under the standard conditions, and the outcomes 184 

were analyzed by LC-MS (see S.I. 2.6 for quantification details, Fig. S1 and S.I. 2.3 for the 185 

specifics of performing S– and O–elimination reactions with NisB). Our results indicate that 186 

all studied EDs efficiently promote O–elimination in diverse CPs, confirming the ability of the 187 

EDs to accept noncognate CPs (Fig. 3b; Fig. S11–14). Elimination of α-thioglutamate 188 

occurred consistently slower than that of glutamate in all cases, which suggests that the 189 

noncanonical S–elimination reaction enables a more sensitive analysis of substrate 190 

recognition requirements compared to the native O–elimination, and that the combination of 191 

the two allows for a more comprehensive study. α-Thioglutamate is expected to be a better 192 

leaving group (pKa(glutamate) = 2.2; pKa(αthioglutamate, predicted in ChemAxon) = –1.3), 193 

indicating that the relative difficulty of S–elimination is related to the size of sulfur atom in 194 

Cys(SGlu), which might weaken some of the substrate-enzyme interactions important for a 195 

productive reaction. Whereas LazF and NisB efficiently executed S–elimination on 196 

randomized CPs, TbtC was nearly incapable of doing so, achieving at most 12% reaction 197 

efficiency. Nonetheless, we still conclude that TbtC is a promiscuous enzyme capable of 198 

catalyzing O–elimination in sequence-randomized CPs, which stands in contrast to the 199 

selectivity of the canonical TbtB/C-mediated dehydration toward a TbtA substrate containing 200 

six thiazole residues.37 Thus, it appears that during thiomuracin biosynthesis, substrate 201 

discrimination is performed primarily by the partner GD, TbtB. This mode of action is also 202 

operational during the assembly of lactazole, where the GD (LazB) controls which Ser 203 

residues in the substrate undergo dehydration.31 204 

To gain further insight into the nature of CP recognition by LazF, the most active of the 205 

studied enzymes, we prepared seven S–elimination substrates (LazALP/CP5–11) and 206 

investigated them under the standard reaction conditions (Fig. 3c). LC-MS analysis 207 

confirmed that LazF can process diverse substrates, including peptides containing charged 208 

amino acids around the modification site (CP10), which often impair enzymatic processing 209 

by RiPP biosynthetic enzymes.31,43–45 For CP10, a substrate with a modest elimination 210 

efficiency, we prepared 10 single point mutants at positions 6 (–1 relative to the reactive 211 

site) and 8 (+1), in an attempt to ascertain whether the sluggish modification of LazALP/CP10 212 



can be attributed to the local structure around the reaction site (Fig. S15). We found that the 213 

introduction of a Trp residue on either side of Cys7(SGlu) remedies S–elimination (91% 214 

elimination extent for A6W and 84% for A8W), suggesting that hydrophobic amino acids in 215 

the vicinity of the modification site might play a role in the substrate engagement process. 216 

To examine whether this hypothesis is feasible, we studied a number of S–elimination 217 

substrates based on the sequences of LazALP/CP2 A6, CP4 A4 and CP5. For each peptide, 218 

we prepared two series of mutants, obtained by either progressively truncating the CP 219 

sequence or by gradually replacing hydrophobic amino acids with hydrophilic ones (Fig. 220 

3d,e,f). In every case, we found that LazF-mediated S–elimination proceeded more slowly 221 

for CPs depleted of hydrophobic residues, even when mutations were distal to the 222 

modification site (e.g., CP2.1 and CP5.2). Similarly, progressive truncation of CP2 A6, CP5 223 

and to a lesser extent CP4 A4 compromised reaction yields. This effect was especially 224 

pronounced for CP5, where truncating the six C-terminal amino acids abrogated S–225 

elimination (97% for CP5 vs. 0.3% for CP5 Δ6). For two substrates, CP2.2 and CP2 Δ9, we 226 

prepared the corresponding O–elimination peptides, CP2.2 S6 and CP2 Δ9 S3, to 227 

investigate whether a similar effect persists for O–elimination (Fig. S16). In both cases, we 228 

found that O–elimination was also hampered compared to the parent peptide (CP2 S6), 229 

albeit less than the S–elimination.  230 

These results allow several interpretations. We argue that LazF likely utilizes “hydrophobic 231 

steering” (by analogy with the well-known electrostatic steering)46 by engaging in several 232 

nonspecific, mostly hydrophobic interactions with the CP to facilitate the recognition process. 233 

During lactazole biosynthesis, LazF acts four times on Ser(OGlu) intermediates in different 234 

but invariably hydrophobic local environments,31 and thus the emergence of such a 235 

mechanism to facilitate catalysis might not be unexpected. The role of hydrophobic enzyme–236 

substrate interactions in RiPP biosynthesis is well-documented, but most studies on the 237 

topic to date have focused on the LP–enzyme interactions (vide infra). The preference for 238 

hydrophobic amino acids in substrate CPs for promiscuous biosynthetic enzymes has also 239 

been noted,44,45,47–49 but to our knowledge, never clearly articulated. Thorough biophysical 240 

studies on LazF and other RiPP enzymes will be needed to further evaluate this idea.  241 

Leader peptide specificity. Next, we examined the specificity of EDs toward cognate LPs. In 242 

addition to the aforementioned LazALP/CP2, NisALP/CP2, and TbtALP/CP2 constructs, we 243 



prepared GodALP/CP2 (godA encodes goadsporin precursor peptide, and LazF can replace 244 

the endogenous GodG during goadsporin biosynthesis34), randomLP/CP2 (a random 35-mer 245 

sequence positioned as LP), and a leaderless peptide, CP2 (Fig. 4a and b). The substrates 246 

were incubated with the enzymes and LGlu–CBT under the standard conditions and the 247 

outcomes were analyzed by LC-MS. Consistent with the results above, LazF was the most 248 

active of the studied enzymes, as it efficiently catalyzed O–elimination for every tested 249 

substrate, including the leaderless peptide (no LP; Fig. 4b). Nevertheless, the LP sequence 250 

played a role in facilitating substrate recognition, as the substitution of LazALP with a 251 

noncognate sequence in S–elimination compromised reaction yield in every case. At the 252 

same time, any N-terminal sequence was preferred to the leaderless peptide. Analogously, 253 

for TbtC, the use of O–elimination substrates equipped with noncognate LPs decreased the 254 

conversion to Dha (S–elimination was not performed due to low efficiency). In general, 255 

LazALP and GodALP, i.e. the peptides with some sequence similarity to TbtALP, were better 256 

substrates than the peptides bearing no resemblance (NisALP or no LP). NisB also preferred 257 

the cognate LP but still accepted noncognate and leaderless substrates in O–elimination. 258 

Because GD and ED are fused in NisB, our results clearly demonstrate the functional 259 

differences between the domains. Canonical tRNA-dependent elimination by NisB is strictly 260 

LP-dependent.11,27 NisB is known to utilize its RiPP recognition element (RRE),50 a small 261 

PqqD-like domain grafted inside the GD, to bind NisALP, mostly via interacting with 262 

the -18FNLD-15 box in the LP.11,27 Moreover, prior studies established that upon binding to the 263 

RRE of NisB, NisA is processed by both the GD and ED without translocating between the 264 

reactions.51 Our results indicate that for the ED-mediated reaction, the RRE/LP interaction 265 

is dispensable, whereas dehydration via the canonical tRNA-dependent pathway proceeded 266 

only for NisALP/CP2 S6, pointing to the functional difference between the domains. 267 

Collectively, these results indicate that the enzyme/LP interaction although not absolutely 268 

essential, serves to facilitate glutamate elimination by EDs, regardless of the presence of 269 

RRE. 270 

Because LazF displayed some preference for the native LP (S–elimination data, Fig. 4b), 271 

we sought to explore the nature of this interaction in more detail. For the following studies, 272 

we utilized several variants of LazALP/CP1 (Fig. 4c). First, we prepared five peptides bearing 273 

a progressively truncated LazALP sequence and studied them under the standard conditions. 274 



We found that removing up to 13 N-terminal amino acids (LazALP[–24 → –1]) had a minimal 275 

impact on processing by LazF, but the peptides with more than 18 truncated residues 276 

afforded almost no Dha (~5% elimination extent; similar to leaderless substrates), which 277 

suggests that residues –24 to –19 are critical for the LP/enzyme interaction. Accordingly, we 278 

conducted an Ala-scanning mutagenesis of LazALP[–27 → –1]/CP1 for positions –24 to –13, and 279 

studied the fitness of the resulting peptides in S–elimination (Fig. 4c). The experiment 280 

pointed to an extended –22LDLxxL–17 sequence, or more narrowly to –20LxxL–17 double Leu 281 

motif as the primary enzyme-interacting motif. At the same time, bio-layer interferometry 282 

assays showed no measurable binding affinity between full length LazALP and LazF (KD > 283 

20 µM).  284 

These results, combined with the fact that LazF also modified noncognate substrates lacking 285 

the LxxL motif (for example, randomLP/CP2; Fig. 4b), again suggest a mode of action, 286 

wherein LazF associates with LazALP by making several weak, likely nonspecific contacts. 287 

Such hydrophobic interactions between the enzyme and substrate LP are a common theme 288 

in RiPP biosynthesis.52–60 For instance, a recent study61 described how RRE-bearing 289 

enzymes utilize steric complementarity to pack 2–3 LP residues into the hydrophobic 290 

pockets on the protein surface, enabling promiscuous LP binding. It is tempting to speculate 291 

that LazF might recruit its substrates in a similar manner, even though it lacks an annotatable 292 

RRE domain. Indeed, pyridine synthases are homologous (both structurally and in terms of 293 

their primary sequence) to EDs, and a co-crystal structure62 between RRE-less TbtD 294 

(pyridine synthase from thiomuracin biosynthesis) and TbtALP confirmed the predominantly 295 

hydrophobic nature of the interaction. 296 

Curiously, the identified LazF recognition motif in LazALP (LDLxxL) is also frequently found 297 

in the LPs of lipolanthine and class III/IV lanthipeptide precursor peptides.63 A recent report64 298 

established that the θxxθ (θ: hydrophobic amino acid) motif in lipolanthine precursor 299 

peptides forms an amphipathic α-helix indispensable for enzymatic processing. MicKC, the 300 

type III lanthipeptide synthase in question, also lacks an RRE. As such, hydrophobic 301 

substrate recruitment by RiPP biosynthetic enzymes seems to represent a general 302 

phenomenon, regardless of the affinity of the interaction (NisB binds to NisA with 1 μM 303 

affinity,23 whereas LazF does not show strong binding to LazALP), and regardless of the 304 



presence of particular structural elements in the enzyme, as both RRE-containing and RRE-305 

less enzymes can engage in this behavior. 306 

Specificity toward glutamate. In the final series of experiments, we studied the specificity of 307 

EDs toward Ser(OGlu). To this end, we prepared CBT αthioesters of 10 Lglutamic acid 308 

analogs and studied them with the substrates bearing cognate LPs and CP2 sequences as 309 

described above (Fig. 5a). Because GDs are selective for Glu-tRNAGlu,21,24,25 it remains 310 

unknown whether EDs can catalyze a more general retro-Michael reaction on Ser(O-acyl) 311 

peptides. A cocrystal structure of NisB with a Dap(NHGlu) substrate analog22 indicates that 312 

the side chain of Glu is scaffolded in the enzyme active site (Fig. 5b). Tyr739, Tyr776 and 313 

Tyr820 form a small pocket for the side chain, inside which Arg784 and Arg786 make close 314 

contacts with the side-chain carboxylate, and the α-amino group is located within 3.5 Å of 315 

Glu823. Our results (Fig. 5c) indicate that these interactions are not absolutely required for 316 

productive elimination. In general, S–elimination was highly susceptible to structural 317 

perturbations for both LazF and NisB, and any appreciable reaction took place only when 318 

LGlu(OMe)-CBT was used as the thioester. O–elimination reactions proved more informative 319 

in examining other thioesters. Although the ability of the Glu side chain carboxylate to act as 320 

a hydrogen bond acceptor when interacting with Arg784 and Arg786 promotes the reaction 321 

(compare LGlu, LGln and LGlu(OMe) vs. the rest), this interaction is not absolutely required 322 

for either LazF or NisB, with the former being more tolerant of structural perturbations in the 323 

substrate. Accordingly, the use of Gly-CBT, which lacks the side chain, and β-branched LVal-324 

CBT still led to over 50% Dha formation for LazF. The nearly identical reaction efficiency 325 

observed for LVal, LMet, Gly, LAla and LAsp(OMe) thioesters suggests that the substrate can 326 

be oriented in the active site without occupying the “side-chain pocket”, because the LVal 327 

and LAsp(OMe) side chains are likely too bulky to be accommodated. The α-amino group 328 

proved to be more important for all three enzymes, as is evident from the low reaction yields 329 

obtained for LLac-CBT, N-Ac-LGlu-CBT, and ∆NH2-Glu-CBT. In view of these results, it is 330 

somewhat puzzling that even though Glu823 in NisB is most likely responsible for the 331 

recognition of the αNH2 group, NisB E823A mutant is still a functional enzyme.9 Perhaps, the 332 

role of the amino group is confined to decreasing the pKa of the leaving carboxylate 333 

(pKa(LAla–OH) = 2.34; pKa(LLac–OH) = 3.86).  334 



Overall, the enzymes had similar glutamate recognition profiles. An alignment of NisB, LazF 335 

and TbtC primary sequences (Fig. S17a) indicates that despite low overall similarity, the 336 

active sites of the enzymes are conserved, and Phyre2 protein structure modelling65 for LazF 337 

and TbtC (Fig. S17b) results in folds analogous to NisB, including the arrangement of the 338 

active site residues. As such, similar specificities for the Ser(O-acyl) moiety might be 339 

expected. Nevertheless, several minor differences were discernible. For instance, whereas 340 

LazF was more sensitive toward acetylation of αNH2 (compare N-Ac-LGlu-CBT vs. αNH2-341 

unblocked substrates), NisB responded more strongly to the absence of the side-chain 342 

carboxylate. 343 

All tRNA-dependent Ser/Thr dehydration pathways characterized to date invariably utilize 344 

glutamate as the acyl donor,3 which raises the question of glutamate’s significance in the 345 

process. Our results by no means provide a definitive answer but indicate that glutamate 346 

recognition is not particularly critical, at least for EDs. Therefore, if there is some special 347 

significance to the use of glutamic acid, it must be explained by the enzymology of GDs.  348 

In summary, here we described the chemistry to access ED substrates without the need for 349 

the partner GDs and associated GluRS/tRNA pairs. The established S– and O–elimination 350 

protocols complement each other, and when used in combination, enable facile and 351 

comprehensive profiling of ED substrate recognition requirements. Our results indicate that 352 

of the studied enzymes, LazF appears to be most active toward structurally diverse 353 

substrates. The enzyme does not have a single essential substrate recognition requirement. 354 

LazF can efficiently process a unique breadth of substrates, including the peptides 355 

containing arbitrary LP and CP sequences, as well as structurally diverse Ser(O-acyl) 356 

intermediates. Substrate engagement appears to be facilitated by hydrophobic steering, i.e., 357 

multiple weak, mostly hydrophobic interactions between the peptide and the enzyme. Both 358 

LP and CP regions contribute to the recruitment by the enzyme, but some of these 359 

interactions are dispensable; for example, O–elimination proceeds on leaderless peptides. 360 

To a variable degree similar promiscuity manifests in NisB and TbtC, suggesting that this 361 

mode of action might a general phenomenon in ED catalysis. We believe that further insights 362 

into the origins of such a perplexing substrate promiscuity might be achieved by utilizing the 363 

S– and O–elimination protocols in combination with dedicated biophysical techniques. LazF 364 



might be an excellent model RiPP biosynthetic enzyme for such studies due to its particularly 365 

broad substrate scope.  366 

Finally, in vitro chemoenzymatic Dha installation might be leveraged in a bioengineering 367 

context. In particular, LazF-mediated O–elimination on substrates with noncognate LPs 368 

proceeds especially cleanly, resulting in the formation of Dha-Xaa-Cys-containing peptides. 369 

The reaction is usually complete considerably faster than our standard conditions call for 370 

(Fig. S18), resulting in little to no thiol-Dha conjugation products, which makes it a mild and 371 

chemoselective method for converting Ser to Dha in peptidic combinatorial libraries. 372 

Additionally, LazF is a soluble, well-behaved protein with good expression yields (>15 mg/L 373 

culture; unoptimized), and LGlu-CBT is easily synthetically accessible. dhAAs are one of the 374 

most common PTMs in RiPPs2 and nonribosomal peptides,66 and thus, we believe that this 375 

chemistry may be useful in a variety of bioengineering applications.25,35,67–71 376 
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 586 

Figure 1. The concept of the study. a) The canonical pathway to Dha/Dhb formation via tRNA-587 

dependent dehydration of Ser/Thr residues. The pathway, which involves 3 enzymes and 1 tRNA, 588 

operates during biosynthesis of many biologically active RiPP natural products, including all 589 

thiopeptides and class I lantibiotics. b) Domain organization of Ser/Thr dehydratases from lactazole, 590 

thiomuracin and nisin biosynthetic gene clusters. c) The generalized schemes for S– and O–591 

elimination reactions. This chemistry obviates the use of the GluRS/tRNA/GD system for the ED 592 

substrate preparation, allowing for direct assaying of EDs. † The pKa value for α-thioglutamate was 593 

predicted in ChemAxon (Chemicalize tool).   594 



 595 

Figure 2. Development of the optimal S– and O–elimination conditions. a) Under the standard 596 

conditions (LazF as the enzyme), S–elimination proceeds to cleanly furnish Dha-containing peptides. 597 

The peptide LazALP/CP1 was in vitro translated using the FIT system, incubated with LazF and LGlu–598 

CBT under the standard conditions, and the outcomes were analyzed by LC-MS as described in S.I. 599 

2.4–2.6. A brEIC chromatogram (see S.I. 2.6 for details) and a composite MS spectrum integrated 600 

over substrate-derived peaks showing the overall product distribution are displayed. The zoomed-in 601 

section of a charge-deconvoluted CID fragmentation spectrum for the product assigned as Dha6 is 602 

also shown. The spectral inset shows the low molecular weight region with relevant y-ion assignments. 603 



Fragmentation annotations show a good match with the expected product structure, confirming the 604 

structural assignment. b,c) Development of the standard reaction conditions. Reactions were 605 

performed and analyzed as described in panel a). Combined, these data suggest the use of the 606 

standard conditions for performing S–elimination with LazF. d) Under the standard conditions TbtC 607 

catalyzes O–elimination resulting in a clean Ser to Dha conversion for substrates containing a Ser-608 

Xaa-Cys motif. The reaction was performed and analyzed as described in panel a), with TbtALP/CP2 609 

S6 as the substrate and TbtC as the enzyme. The peak labelled with an asterisk (*) corresponds to a 610 

translation-derived truncation in TbtALP/CP2 S6.   611 



 612 

Figure 3. Core peptide specificity study. a) The design of the study. Peptide substrates equipped with 613 

a cognate LP sequence and a randomized CP containing either Ala-Xaa-Cys (for S–elimination) or 614 

Ser-Xaa-Cys (for O–elimination) were in vitro translated using the FIT system, and incubated with the 615 

appropriate enzyme and LGlu–CBT under the standard conditions. Reaction outcomes were analyzed 616 

by LC-MS as described in S.I. 2.4–2.6, and summarized as the elimination extent values reported 617 

here. b) Summary of S– and O–elimination reactions performed for LazF, NisB and TbtC. c–f) 618 

Summary of S–elimination studies for LazF. The data suggest that nonspecific hydrophobic contacts 619 

between LazF and the CP aid in the substrate recognition and/or catalysis.   620 



 621 

Figure 4. Leader peptide specificity study. a) The design of the study. Peptide substrates equipped 622 

with CP2 A6 (for S–elimination) or CP2 S6 (for O–elimination) and noncognate LP sequences were 623 

in vitro translated using the FIT system, and incubated with the appropriate enzyme and LGlu–CBT 624 

under the standard conditions. Reaction outcomes were analyzed by LC-MS as described in S.I. 2.4–625 

2.6, and summarized as the elimination extent values reported here. b) Primary amino acid 626 

sequences of studied LP variants. For NisA, the FNLD box described in the text is highlighted in blue. 627 

Also shown are the results of the specificity study for LazF, NisB and TbtC. c) Identification of amino 628 

acids in LazALP critical for the recruitment by LazF. Reactions were performed and analyzed as in 629 

panel a). The data point to the –22LDLxxL–17 sequence as the primary recognition motif in LazALP. Note 630 

that this motif is not required by LazF for O–elimination reactions (data in panel b)). † See S.I. 2.2 for 631 

the choice of sequence.   632 



 633 

Figure 5. Specificity of EDs toward various Cys(S-acyl) and Ser(O-acyl) substrates. Peptide 634 

substrates equipped with a cognate LP sequence and either CP2 A6 (for S–elimination) or CP2 S6 635 

(for O–elimination) were in vitro translated using the FIT system, and incubated with the appropriate 636 

enzyme and various thioesters under the standard conditions. Reaction outcomes were analyzed by 637 

LC-MS as described in S.I. 2.4–2.6, and summarized as the elimination extent values reported here. 638 

b) Cocrystal structure between NisB and Dap(NHGlu), a noneliminable substrate analog (PDB 6M7Y). 639 

A zoomed-in view of the NisB ED active site bound to Dap(NHGlu) is displayed. Residues 640 

participating in the substrate recognition are highlighted together with prominent substrate/enzyme 641 

interactions. c) Summary of S– and O–elimination reactions performed with LGlu–CBT and 10 of its 642 

analogs. These results indicate that the interactions highlighted in panel b) are not absolutely required 643 



for productive elimination. [a]: The thioester was not soluble to 2 mM, and was used as a saturated 644 

solution in reaction buffer. [b]: The reaction was not performed. 645 


