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Abstract: Despite tremendous efforts to engineer translational machinery, replacing the encoded 
peptide backbone with new-to-Nature structures remains a significant and largely unmet challenge. 
C, H, O, and N are the elements of life, and yet ribosomes are only capable of forming C–N bonds 
as amides, C–O bonds as esters, and C–S bonds as thioesters; there is no current strategy to form 
C–C bonds as ketones embedded in the backbone of ribosomal products. We discovered that 
peptides containing a dehydrolactic acid motif rapidly isomerize to generate a backbone-embedded 
α,γ-diketoamide via a spontaneous formal O to C acyl shift. The dehydrolactic acid motif can be 
introduced into peptides ribosomally or via solid-phase synthesis using α-hydroxy 
phenylselenocysteine followed by oxidation. Subsequent incubation at physiological pH produces 
an α,γ-diketoamide that can be diversified using a variety of nucleophiles, including hydrazines 
and hydroxylamines to form pyrazoles and oximes, respectively. All of these groups remain 
embedded directly within the polypeptide backbone. This general strategy, predicated on an 
intricate cascade of acyl rearrangements, provides the first example of a C–C bond forming 
reaction to take place within the peptide backbone, as well as the first ribosomal strategy for 
generating protein-like materials with diverse, backbone-embedded heterocycles. The genetically 
encoded, new-to-nature biopolymers produced should accelerate the discovery of genetically 
encoded molecules whose properties better resemble those of bioactive natural products. 
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Ribosomes have evolved over billions of years to catalyze a single reaction: the formation of an 
amide bond between two α-amino acids. Recent work has shown that in addition to canonical and 
non-canonical α-amino acids (1, 2), under cellular conditions ribosomes also promote reactions of 
α-hydroxy acids (3, 4) as well as certain β2-hydroxy (5) and β3-amino acids (6). Under optimized 
in vitro conditions and using chemically pre-acylated tRNAs, ribosomes also support reactions of 
α-thio acids (7) and a variety of non-α-amino acids, including N-terminal aramids and 1,3-
dicarbonyls (8, 9), α-aminoxy and α-hydrazino acids (10), and cyclic β-amino acids (11). Despite 
these advances, there are no reports of a ribosomal product containing a newly formed backbone 
C–C bond as a ketone, due largely to the challenges of generating and maintaining a carbon 
nucleophile in water (Fig. 1A). Additional carbons can be inserted into the polypeptide backbone 
via “extension,” either by acyl shifts or isoaspartate formation, but the products are amides (Fig. 
1B). Enzymes can install backbone ketones by excision via recognition of an 11-amino acid tag 
(12, 13) or biosynthetically to the termini of peptides (14–18) (Fig. 1B). However, none of these 
given examples install a ketone internally and without a requisite recognition sequence. Herein, 
we report the discovery of a reaction cascade that edits the peptide backbone through C–C bond 
formation, yielding a versatile α,γ-diketone, the fundamental element of polyketide natural 
products, which can be derivatized to form myriad acyclic and cyclic backbone products. The 
precursor for this reaction cascade can be incorporated into peptides directly by the ribosome or 
by chemical synthesis. Oxidation followed by incubation in physiological buffer rapidly 
isomerizes the monomer into the α,γ-diketoamide. Moreover, and in a manner reflective of classic 
dicarbonyl chemistry (19, 20), the newly formed α,γ-diketoamide can be diversified to embed 
substituted pyrazoles and oximes within the polypeptide backbone, generating ribosomal products 
whose structures begin to capture the diversity of synthetic materials.  
 
DHL rearrangements form a new C–C bond in a model tripeptide 
 
As part of ongoing work to expand the chemistry of polypeptide backbones (5, 6, 21, 22), we 
explored the reactivity of dehydrolactic acid (DHL). DHL is the ester analog of dehydroalanine 
(DHA) (23, 24), a species that may be generated within a polypeptide either biosynthetically (25, 
26), or synthetically via oxidation of a selenocysteine analog (23) or β-elimination of serine or 
cysteine heteroatoms (28–30). While DHA reacts readily in an intermolecular fashion at the 
electrophilic β-carbon (23, 31) (Fig. 1C), we were surprised to discover that DHL reacts 
preferentially in an intramolecular fashion to form an α,γ-diketoamide. The result is a formal 
transposition of the β-carbon and the α-oxygen, as well as the formation of a new C–C bond (Fig. 
1D).  
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Figure 1.  Dehydrolactic acid rearrangement provides a strategy to form C–C bonds as 
ketones in ribosomal products. (A) Known and unknown reactions promoted within the 
ribosome active site, the peptidyl transferase center (PTC). Amines are excellent and canonical 
nucleophiles for peptide bond formation, and alcohols also react within the PTC. While carbanions 
can act as nucleophiles, they are difficult to generate and control at neutral pH. As a result, C–C 
bonds have yet to be formed directly within the PTC. (B) Backbone extension acyl rearrangements 
(BEAR) and isoaspartate formation elongate the peptide backbone to generate β2- or β3-peptides, 
respectively. (C) Established strategies to install ketones in polypeptides. The enzyme PlpXY 
excises a tyramine motif to leave behind an internal α-ketoamide, although the required 11-amino 
acid sequence tag can pose limitations. Ketones can also be coupled directly to side-chains or 
termini of synthetic peptides. (D) Dehydroalanine (DHA) has been utilized for the post-
translational installation of diverse side chains. (E) DHL resembles DHA but contains an enol ester 
once introduced into a polypeptide. Unlike DHA, DHL reacts preferentially in an intramolecular 
fashion to form an α,γ-diketoamide product embedded within the polypeptide backbone. The α,γ-
diketoamide can be diversified using hydrazines to form pyrazoles and hydrazones and with 
hydroxylamines to form oximes.  
 
The unprecedented DHL rearrangement to form a new C–C bond was first observed in the context 
of a model tripeptide. DHL was installed using an α-L-hydroxy-phenylselenocysteine (HO-SecPh) 
(1) precursor, which was synthesized via a known epoxide ring-opening reaction (32) followed by 
hydrolysis, and introduced into tripeptide 2. Treatment of tripeptide 2 with H2O2 in MeOH for 1 h 
afforded DHL-peptide 3, which was purified to homogeneity using RP-HPLC and characterized 
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by NMR and LC-HRMS (Fig. 2A–B, fig. S1). The Heteronuclear Multiple Bond Correlation 
(HMBC) spectrum of 3 shows correlation between the Ala side-chain methyl protons and the ester 
carbonyl (171 ppm), as well as between the benzyl protons and the amide carbonyl (162 ppm) 
(Fig. 2C, fig. S2). Although purified DHL-peptide 3 was stable in MeOH, the addition of 
tetramethyl guanidinium (TMG) base for 15 min at RT led to the appearance of several 
chromatographically distinct species that possessed the same mass as DHL-peptide 3 when 
analyzed by LC-HRMS. These isobaric species also arose from treatment of DHL-peptide 3 with 
50 mM NaPi at pH 8 and persisted for at least 8 h (Fig. 2D, fig. S1). When isolated, each peak re-
equilibrated into the same set of multiple peaks, suggesting that base treatment of DHL-peptide 3 
resulted in a set of at least three interconverting isomers. 
 
Although the isomers of DHL-peptide 3 formed in base could not be isolated, they could be 
partially characterized by NMR.  The HMBC spectrum of purified DHL-peptide 3 in 50% 50 mM 
NaPi pH 8 in methanol-d4 contains the same benzyl proton–amide carbonyl cross-peak as purified 
3 in methanol-d4 (167 ppm) (Fig. 2E, fig. S2). However, the cross peak corresponding to the Ala 
methyl protons shifted downfield on the 13C channel to an apparent ketone region (197 ppm). A 
singlet methine peak also emerges at 5.9 ppm, suggesting the presence of enol 3’ (fig. S3–4) (33).  
 
We confirmed the structure of α,γ-diketoamide isomer 3’ by characterizing its conversion into 
pyrazole 3a. DHL-peptide 3 was treated first with 50 mM NaPi at pH 7 for 1 h at RT and then with 
excess hydrazine at pH 6, as appropriate for a classic Knorr pyrazole synthesis (Fig. 2F (20). 
Within minutes after the addition of hydrazine, the chromatographically distinct but unisolable 
peaks that are evident in Fig. 3C coalesced into a single chromatographic peak with a mass that 
corresponded to pyrazole 3a (Fig. 2G). Full characterization of the product by NMR confirmed 
the structure of the pyrazole, further elucidating that intermediate 3’ is a α,γ-diketoamide (Fig. 
2H). 
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Figure 2. DHL-peptide 3 isomerizes into an α,γ-diketoamide at pH 7. (A) Scheme illustrating 
the structure of the DHL precursor HO-SecPh (1), its incorporation into tripeptide 2, and oxidation 
to produce DHL-peptide 3. (B) LC-HRMS chromatogram and spectrum of DHL-peptide 3, which 
is stable in methanol. (C)  Two sections of the HMBC NMR spectrum of DHL-peptide 3 in 
methanol-d4, showing correlation of the methyl protons with the ester carbonyl (left), and the 
benzyl protons with the amide carbonyl (right). (D) LC-HRMS chromatogram and spectrum of 
DHL-peptide 3 following 4 h incubation in 50 mM NaPi at pH 8. (E) Two sections of the HMBC 
NMR spectrum of DHL-peptide 3 in 50% methanol-d4 and 50 mM NaPi pH 8, showing correlation 
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of the methyl protons with the newly formed ketone carbonyl (left), and the benzyl protons with 
the amide carbonyl (right). (F) Incubation of DHL-peptide 3 in 50 mM NaPi at pH 7 followed by 
20 mM hydrazine in 50 mM NaPi at pH 6 generates a product containing a backbone pyrazole, 3a. 
(G) LC-HRMS of crude 3a showing the EIC overlaid on the TIC following reaction in (D). (H) 1H 
NMR confirms the structure of purified pyrazole-peptide 3a. 
 
Computational studies support a dual acyl-shift cascade pathway for C–C bond formation  
 
Acyl shifts are known to alter the peptide backbone. Intramolecular acyl shifts occur spontaneously 
and rapidly in the context of the native chemical ligation (NCL) (34) or during the final step of 
intein splicing (35). Recent work has shown that ꞵ-amine nucleophiles generated in proximity to 
a reactive acyl group promote O to N acyl shifts that establish ꞵ2-peptide linkages within proteins 
in cells (22). In these cases, the acyl shifts utilize a side chain nucleophile and generate a 
thermodynamically stabilized amide product. Although pseudo-intramolecular decarboxylative 
Claisen reactions generate new C–C bonds via S to C acyl shifts during polyketide biosynthesis, 
in this case the carbon nucleophile is generated enzymatically and transiently while held in 
proximity to the electrophile (38). Intramolecular Claisen-type rearrangements and O to C acyl 
shifts to form C–C bonds have precedent in chemical synthesis (39, 40), but to our knowledge, 
there is no reported example of an acyl shift that generates a new C–C bond in a peptide backbone.  
 
While O to C acyl shifts have precedent, the observed transformation of DHL proposed above does 
not. The DHL rearrangement pathway we envision is outlined in Fig. 3A. We suspect that the 
amide nitrogen initiates isomerization by reacting with the backbone ester, as seen during the rapid 
formation of succinimides during isoaspartate and aspartimide formation (36, 37). This reaction 
step could also proceed through imidate tautomer 5, although a direct addition of the nitrogen to 
the ester carbonyl cannot be ruled out. Following addition, cyclic intermediate 6 could ring-open 
to form transient intermediate 7, which would be in equilibrium with its stable tautomer, 8. Attack 
of the enol carbon of 7 on the proximal carbonyl of the acyl-imide would yield compound 9, thus 
forging the key C–C bond of the rearrangement. This step is reminiscent of intramolecular Claisen 
rearrangements of allylic alcohols that are used to produce γ,δ-unsaturated esters stereoselectively 
(40), or the O to C acyl shift employed in the synthesis of benzofurans (39). A second ring opening 
step forms the diketone species 10, which tautomerizes to the low energy diketoamide (11) and 
enol (12). DFT calculations support that the intermediates on this pathway are energetically 
accessible, and predict an overall enthalpic change of –7.6 kcal/mol for the full transformation 
(Fig. 3, fig. S5). 
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Figure 3. DFT studies suggest that dehydrolactic acid isomerizes via an overall O to C acyl 
shift. Shown is an energy landscape illustrating the relative calculated enthalpies (ΔHo(rel)) of 
intermediates along the proposed pathway between DHL 4 and enol 12. The proposed pathway 
begins with intramolecular cyclization of  DHL tautomer 5 to form succinimide 6. Release of the 
ester bond in the tetrahedral intermediate generates the crucial enol-containing intermediate 7, 
which can tautomerize into unproductive intermediate 8 or cyclize with the acetamide carbonyl to 
generate the new C–C bond in 9. A final ring opening installs the second keto group in 11, and 
subsequent tautomerization ultimately leads to low-energy enol 12. For all species, geometry 
optimization and frequency calculations were performed at the B3LYP-D4/6-31G** level with an 
implicit CPCM solvation model. Final electronic energy calculations were performed using 
ωB97M-V/def2-TZVPPD with a CPCM solvation model. 
 
DHL rearrangements are efficient in tripeptides  
 
Next we explored whether the two-step O to C rearrangement to generate a reactive α,γ-
diketoamide would proceed in diverse α-amino acid contexts. We synthesized five analogs of 
tripeptide 2 in which the N-terminal Boc-Ala was replaced by either Boc-Gly (13), Boc-Pro (14) 
Boc-Glu(OtBu) (15), Boc-Phe (16), or Boc-Val (17) (Fig. 4A). Treatment of each tripeptide with 
H2O2 in MeOH afforded the corresponding DHL-peptides 18–22 within an hour as determined by 
LC-HRMS. The new DHL-peptides (18–22) were purified by RP-HPLC and their structures were 
confirmed by NMR. Each DHL-peptide was incubated at pH 7 for 1 h and then combined at pH 6 
with (a) hydrazine or (b) O-methyl hydroxylamine  (Fig. 4B). Reactions were incubated for 6 h at 
RT and analyzed by LC-HRMS.   
 
All DHL-peptides were transformed into pyrazoles and oximes under these conditions. Pyrazole 
formation was quantitative for DHL-peptides containing an N-terminal Ala, Gly, and Glu(OtBu) 
residue, while reactions of DHL-peptides containing an N-terminal Pro, Phe, or Val contained a 
small amount of residual DHL-peptide as determined by LC-HRMS (fig. S6–S7). These 
observations suggest that rearrangement is most efficient with reduced steric hindrance near the 
ester carbonyl. Example chromatograms are shown for pyrazole-peptides 18a, 20a, and 22a, and 
oxime-peptides 19b, 18b, and 21b (Fig. 4C). We observed little double addition of hydroxylamines 
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to the model tripeptides, although we suspect that oxime formation can occur on either ketone, and 
that each oxime can exist as the E or Z isomer, as indicated by the multiple chromatographic peaks 
observed for the product.  
 

 
Figure 4. DHL rearrangements proceed in multiple contexts and the α,γ-diketoamide 
products react with α-nucleophiles. (A) Six additional tripeptides 13-17 containing the DHL 
precursor HO-SecPh were prepared and oxidized to generate DHL-peptides 18–22. (B) DHL-
containing tripeptides first isomerized in buffer at pH 7 were subsequently reacted with either 
hydrazine to form pyrazoles or O-methyl hydroxylamine to form oximes. (C)  LC-HRMS 
chromatograms showing the EIC (red) corresponding to pyrazole-peptides 18a, 20a, and 22a (top) 
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and oxime-peptides 19b, 18b, and 21b (bottom), and residual DHL (gray) overlaid on the total ion 
chromatogram (TIC). 
 
DHL-rearrangements edit the backbones of multiple peptides prepared  on the solid phase  
 
The α,γ-diketoamide functional group provides a new strategy for peptide diversification because 
of the ease with which it can be orthogonally labeled and diversified into drug-like motifs. 
Incorporation of ketones into polypeptides (>5 amino acids) is challenging on the solid phase, and 
is often limited to reactions of side chains or the N- or C  termini (15–17). Peptides containing an 
internal HO-SecPh monomer could be synthesized on the solid phase and subsequently reacted 
with a diverse panel of α-nucleophiles to generate substituted pyrazole- and oxime-peptides. We 
used a depsi-dipeptide block containing HO-SecPh (1) preceded by Gly (S5) or Ala (S6) to prepare 
a series of hexa- or heptapeptides with a variety of natural side chains (SM section 2). Following 
resin cleavage, deprotection, and purification, these peptides were treated with H2O2 to generate 
DHL-peptides 23–26 (Fig. 5A, SM section 2). Although oxidative elimination to generate peptides 
23–26 proceeded slowly in water (>1 h), the reaction was accelerated in aprotic solvents such as 
acetonitrile (fig. S8–S10) (41). DHL-peptides 23–26 formed within 1 h in MeCN and H2O2 and 
were dried via lyophilization. All peptides were characterized by LC-HRMS, and DHL-peptides 
23 and 26 and their precursors were also characterized by NMR (SM Section 3).  
 
DHL peptides 23–26 were then isomerized in 50 mM NaPi at pH 7–9 for varying times and 
derivatized with a variety of substituted hydrazines and hydroxylamines (a–i) (Fig. 5B). We first 
investigated the isomerization of DHL-peptides 23–26 in pH 7, 8, or 9 buffer. Samples were 
incubated between 15 min and 4 h before dilution in pH 6 NaPi containing excess hydrazine. While 
higher pH enhanced the rate of isomerization, the majority of the sequences isomerized fully within 
1 h at pH 8 and were converted to the corresponding pyrazole-peptide within 15 min (fig. S11–
S12). The exception was Pro-containing DHL-peptide 26, which required a 4 h incubation in NaPi 
at pH 9 and then excess hydrazine in NaPi at pH 6 for 1 h to convert fully into pyrazole peptide 
26a (fig. S13).  
 
DHL peptides 23–26 could also be diversified with α-nucleophiles other than hydrazine. The 
highest yielding reactions occurred with electron-rich substituted hydrazines, such as 2-hydrazine-
benzoic acid (g) and 2-fluoro-benzyl hydrazine (h), while reactions with the electron-poor 4-
cyano-phenyl hydrazine (d) proceeded in lower yield. O-benzyl hydroxylamine (f) and O-methyl 
hydroxylamine (b) also efficiently formed their respective oximes. Finally, the thalidomide 
hydrazine (i), an analog of a known binder to the E3 ligase CBRN, also led to majority substituted 
pyrazole formation in the case of peptides 23i and 26i. Example chromatograms illustrating 
reactions to generate thalidomide-peptide 23i, oxime 23e, pyrazole-peptide 25a, fluoro-benzyl 
pyrazole-peptide 24h, phenyl-pyrazole 26c, and benzoic acid-pyrazole 26g are shown in Fig. 5C, 
with the remainder shown in the supplemental materials (fig. S14–S17). Pyrazole-peptides 23h, 
25g, and 26g were purified by RP-HPLC and again characterized by LC-HRMS (fig. S18). These 
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labeling reactions demonstrate the ease with which DHL-peptides prepared via SPPS can be 
diversified into a wide array of heterocyclic or bioconjugated materials.  
 

 
Figure 5. DHL-containing peptides prepared via solid-phase peptide synthesis can be 
diversified into oximes and pyrazoles following an O to C acyl shift. (A) Structures of  DHL-
peptides 23–26. (B) Structures of α-nucleophiles a–i used to make pyrazole- and oxime-peptides. 
(C) Structures of pyrazole- and oxime-peptides and corresponding EICs and mass spectra from 
LC-HRMS following reactions with the α-nucleophiles, including thalidomide-peptide 23i, oxime 
23e, pyrazole-peptide 25a, fluoro-benzyl pyrazole-peptide 24h, phenyl-pyrazole 26c, and benzoic 
acid-pyrazole 26g. 
 
DHL-rearrangements edit the polypeptide backbones of ribosomally synthesized peptides 
 

https://doi.org/10.26434/chemrxiv-2024-bkzp3 ORCID: https://orcid.org/0000-0003-0773-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bkzp3
https://orcid.org/0000-0003-0773-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

11 
 

Encouraged by the reactivity described above, we sought to establish conditions needed to support 
DHL rearrangements and modifications of genetically encoded polypeptides prepared by in vitro 
translation. We evaluated several synthetase/tRNA pairs to generate an appropriate acyl-tRNA, 
including PhSeRS-K4, which was engineered to incorporate SecPh (41). We found the highest 
activity using  FRS1, an analog of M. alvus PylRS that acylates tRNAPyl with several α-hydroxy 
phenylalanine derivatives (21, 43). FRS1 acylated tRNAPylVal with HO-SecPh (1) within 4 h at 37 
°C to produce a mixture of mono- and diacylated tRNAPylVal  products in 76% yield, confirmed by 
triplicate experiments (Fig. 6A). The acylated tRNAPylVal products were added to a commercial in 
vitro translation system composed of purified components (PureExpress, NEB) (44) lacking Met 
and Val, along with cDNA encoding MALAVNA (S11), with Val as the recoded position (Fig. 
6B, fig. S19). After 2 h at 37 oC, the peptide products were isolated and desalted; LC-HRMS 
revealed efficient biosynthesis of peptide 27 (Fig. 6C, fig. S19). We found desalting to be 
necessary before DHL formation, likely due to excess reducing agent in the PureExpress 
translation mixture.  
 
The ribosomal product 27 was then oxidized, isomerized, and subjected to Knorr pyrazole 
synthesis. The desalted translation mixture containing 27 was first treated with 100 mM H2O2 in 
MeCN for 9 h, and the emergence of DHL peptide 24 was detected by LC-HRMS (Fig. 6D). The 
peptide was then lyophilized to remove the oxidant and reconstituted in 50 mM NaPi at pH 8 to 
isomerize for 2 h. Subsequent addition of 20 mM hydrazine in 50 mM NaPi at pH 6 afforded 
pyrazole-peptide 24a (Fig. 6E, fig. S20). DHL-peptide 24 was also diversified with 2-fluorobenzyl 
hydrazine, resulting in substituted pyrazole-peptide 24g (Fig. 6F, fig. S20).  
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Figure 6. Genetic encoding of HO-SecPh-peptide and transformation into pyrazole-peptide. 
(A) Scheme illustrating the acylation of tRNAPylVal with HO-SecPh 1 using the M. alvus PylRS 
variant FRS1. Shown is the LC-MS total ion chromatogram (TIC) of the product mixture overlayed 
with the extracted ion chromatograms (EIC) corresponding to unreacted tRNAPylVal (non-acyl 
tRNA), mono-acylated tRNAPylVal (mono-acyl) and diacylated tRNAPylVal (di-acyl) following 
incubation with HO-SecPh 1 and FRS1. This mixture was added to an in vitro translation reaction 
along with cDNA coding for peptide MALAVNA (S11), WT translation machinery, and the amino 
acids Ala, Leu, and Asn to generate HO-SecPh-containing peptide 25. (B) Scheme illustrating the 
oxidation of HO-SecPh-containing peptide 25 into DHL-peptide 24 and its diversification into 
pyrazole 24a and 24g. (C–F) Structures, extracted mass chromatograms, and mass spectra of (C) 
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IVT-generated HO-SecPh-containing peptide 27; (D) DHL-peptide 24; (E) pyrazole 24a; and (F) 
2-fluorobenzoic acid pyrazole-peptide 24g.  
 
Discussion  
 
While much of the 107-fold improvement in peptide bond formation arises from induced proximity 
(45), ribosomal catalysis has thus far been limited to O, N, and S nucleophiles to form carbon-
heteroatom bonds. C–C bonds have yet to be formed within the PTC because of the challenges 
associated with controlling the reactivity of a carbanion in water. The DHL rearrangement reported 
herein overcomes this limitation by revealing the carbon nucleophile only as a reactive 
intermediate and in proximity to an equally reactive carbonyl. The result is a new C-C bond in the 
form of a versatile α,γ-diketone replete in polyketide natural product precursors. While γ-diketones 
can be generated biosynthetically using mixed multi-enzyme cascades, here we show that similar 
products can be genetically encoded using the ribosome. Like a polyketide, the α,γ-diketoamide 
produced by DHL rearrangement can be subsequently diversified to generate genetically encoded 
materials with diverse and valuable heterocycles embedded within the peptide backbone. 
  
We envision the incorporation of DHL will significantly impact the ability to install non-peptidic 
elements into genetically encoded peptides or proteins, in vitro or in cells. This advancement 
provides otherwise non-existent opportunities to expand protein and polypeptide structure and 
function. For example, cyclic peptides are emerging as powerful therapeutic candidates, but often 
suffer from proteolysis and poor cell permeability due to solvent-exposed amide protons (46) and 
backbone N-methylation is a hallmark of bioactive cyclic peptides and natural products (47). 
Unnatural peptide backbones, such as additional methylenes or heterocycles, can enhance 
membrane permeability while adding chemical diversity (48, 49). While recent years have seen 
notable advances in the ribosomal synthesis of multiple types of amide bonds, still no general 
strategy exists to embed genetically encoded C–C bonds as ketones internally within the 
polypeptide backbone. We anticipate that the ease of incorporating DHL into synthetic and 
ribosomal peptides will inspire further transformations that allow for post-translational 
polypeptide backbone editing, even in the cellular context. 
 
References 
 
1.  C. C. Liu, P. G. Schultz, Adding New Chemistries to the Genetic Code. Annual Review of 

Biochemistry 79, 413–444 (2010). 
2.  C. Noren, S. Anthony-Cahill, M. Griffith, P. Schultz, A general method for site-specific 

incorporation of unnatural amino acids into proteins. Science 244, 182–188 (1989). 
3.  J. Guo, J. Wang, J. C. Anderson, P. G. Schultz, Addition of an α-Hydroxy Acid to the 

Genetic Code of Bacteria. Angewandte Chemie 120, 734–737 (2008). 
4.  P. M. England, Y. Zhang, D. A. Dougherty, H. A. Lester, Backbone Mutations in 

Transmembrane Domains of a Ligand-Gated Ion Channel: Implications for the Mechanism 
of Gating. Cell 96, 89–98 (1999). 

5.  N. X. Hamlish, A. M. Abramyan, B. Shah, Z. Zhang, A. Schepartz, Incorporation of 

https://doi.org/10.26434/chemrxiv-2024-bkzp3 ORCID: https://orcid.org/0000-0003-0773-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bkzp3
https://orcid.org/0000-0003-0773-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

14 
 

Multiple β2-Hydroxy Acids into a Protein In Vivo Using an Orthogonal Aminoacyl-tRNA 
Synthetase. ACS Cent. Sci. 10, 1044–1053 (2024). 

6.  C. Melo Czekster, W. E. Robertson, A. S. Walker, D. Söll, A. Schepartz, In Vivo 
Biosynthesis of a β-Amino Acid-Containing Protein. J. Am. Chem. Soc. 138, 5194–5197 
(2016). 

7.  R. Takatsuji, K. Shinbara, T. Katoh, Y. Goto, T. Passioura, R. Yajima, Y. Komatsu, H. 
Suga, Ribosomal Synthesis of Backbone-Cyclic Peptides Compatible with In Vitro Display. 
J. Am. Chem. Soc. 141, 2279–2287 (2019). 

8.  O. Ad, K. S. Hoffman, A. G. Cairns, A. L. Featherston, S. J. Miller, D. Söll, A. Schepartz, 
Translation of Diverse Aramid- and 1,3-Dicarbonyl-peptides by Wild Type Ribosomes in 
Vitro. ACS Cent. Sci. 5, 1289–1294 (2019). 

9.  I. J. Knudson, T. L. Dover, D. A. Dilworth, C. Paloutzian, H. Cho, A. Schepartz, S. J. 
Miller, Chemo-ribosomal synthesis of atropisomeric and macrocyclic peptides with 
embedded quinolines. ChemRxiv [Preprint] (2024). https://doi.org/10.26434/chemrxiv-
2024-kvdpq. 

10.  T. Katoh, H. Suga, Consecutive Ribosomal Incorporation of α-Aminoxy/α-Hydrazino 
Acids with l/d-Configurations into Nascent Peptide Chains. J. Am. Chem. Soc. 143, 18844–
18848 (2021). 

11.  T. Katoh, T. Sengoku, K. Hirata, K. Ogata, H. Suga, Ribosomal synthesis and de novo 
discovery of bioactive foldamer peptides containing cyclic β-amino acids. Nat. Chem. 12, 
1081–1088 (2020). 

12.  B. I. Morinaka, E. Lakis, M. Verest, M. J. Helf, T. Scalvenzi, A. L. Vagstad, J. Sims, S. 
Sunagawa, M. Gugger, J. Piel, Natural noncanonical protein splicing yields products with 
diverse β-amino acid residues. Science 359, 779–782 (2018). 

13.  D. Richter, E. Lakis, J. Piel, Site-specific bioorthogonal protein labelling by tetrazine 
ligation using endogenous β-amino acid dienophiles. Nat. Chem. 15, 1422–1430 (2023). 

14.  D. T. Nguyen, L. Zhu, D. L. Gray, T. J. Woods, C. Padhi, K. M. Flatt, D. A. Mitchell, W. 
A. van der Donk, Biosynthesis of Macrocyclic Peptides with C-Terminal β-Amino-α-keto 
Acid Groups by Three Different Metalloenzymes. ACS Cent. Sci. 10, 1022–1032 (2024). 

15.  A. Citarella, N. Micale, Peptidyl Fluoromethyl Ketones and Their Applications in 
Medicinal Chemistry. Molecules 25, 4031 (2020). 

16.  L. A. Marcaurelle, C. R. Bertozzi, Direct incorporation of unprotected ketone groups into 
peptides during solid-phase synthesis: Application to the one-step modification of peptides 
with two different biophysical probes for FRET. Tetrahedron Letters 39, 7279–7282 
(1998). 

17.  P. Marceau, C. Buré, A. F. Delmas, Efficient synthesis of C-terminal modified peptide 
ketones for chemical ligations. Bioorganic & Medicinal Chemistry Letters 15, 5442–5445 
(2005). 

18.  S. Wang, Q. Zhou, X. Chen, R.-H. Luo, Y. Li, X. Liu, L.-M. Yang, Y.-T. Zheng, P. Wang, 
Modification of N-terminal α-amine of proteins via biomimetic ortho-quinone-mediated 
oxidation. Nat Commun 12, 2257 (2021). 

19.  H. H. Wasserman, J. Parr, The Chemistry of Vicinal Tricarbonyls and Related Systems. 
Acc. Chem. Res. 37, 687–701 (2004). 

20.  L. Knorr, Einwirkung von Acetessigester auf Phenylhydrazin. Berichte der deutschen 
chemischen Gesellschaft 16, 2597–2599 (1883). 

21.  R. Fricke, C. V. Swenson, L. T. Roe, N. X. Hamlish, B. Shah, Z. Zhang, E. Ficaretta, O. 
Ad, S. Smaga, C. L. Gee, A. Chatterjee, A. Schepartz, Expanding the substrate scope of 
pyrrolysyl-transfer RNA synthetase enzymes to include non-α-amino acids in vitro and in 

https://doi.org/10.26434/chemrxiv-2024-bkzp3 ORCID: https://orcid.org/0000-0003-0773-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bkzp3
https://orcid.org/0000-0003-0773-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

15 
 

vivo. Nat. Chem. 15, 960–971 (2023). 
22.  L. T. Roe, C. K. Schissel, T. L. Dover, B. Shah, N. X. Hamlish, S. Zheng, D. A. Dilworth, 

N. Wong, Z. Zhang, A. Chatterjee, M. B. Francis, S. J. Miller, A. Schepartz, Backbone 
extension acyl rearrangements enable cellular synthesis of proteins with internal β2-peptide 
linkages. bioRxiv [Preprint] (2023). https://doi.org/10.1101/2023.10.03.560714. 

23.  J. Dadová, S. R. Galan, B. G. Davis, Synthesis of modified proteins via functionalization of 
dehydroalanine. Current Opinion in Chemical Biology 46, 71–81 (2018). 

24.  X.-P. Fu, Y. Yuan, A. Jha, N. Levin, A. M. Giltrap, J. Ren, D. Mamalis, S. Mohammed, B. 
G. Davis, Stereoretentive Post-Translational Protein Editing. ACS Cent. Sci. 9, 405–416 
(2023). 

25.  L. M. Repka, J. R. Chekan, S. K. Nair, W. A. van der Donk, Mechanistic Understanding of 
Lanthipeptide Biosynthetic Enzymes. Chem. Rev. 117, 5457–5520 (2017). 

26.  J. M. Gavaret, J. Nunez, H. J. Cahnmann, Formation of dehydroalanine residues during 
thyroid hormone synthesis in thyroglobulin. J Biol Chem 255, 5281–5285 (1980). 

27.  N. M. Okeley, Y. Zhu, W. A. van der Donk, Facile Chemoselective Synthesis of 
Dehydroalanine-Containing Peptides. Org. Lett. 2, 3603–3606 (2000). 

28.  H. Weiner, W. N. White, D. G. Hoare, D. E. Koshland, The formation of 
anhydrochymotrypsin by removing the elements of water from the serine at the active site. 
J Am Chem Soc 88, 3851–3859 (1966). 

29.  T. J. Holmes, R. G. Lawton, Cysteine modification and cleavage of proteins with 2-methyl-
N1-benzenesulfony-N4-bromoacetylquinonediimide. J Am Chem Soc 99, 1984–1986 
(1977). 

30.  J. M. Chalker, S. B. Gunnoo, O. Boutureira, S. C. Gerstberger, M. Fernández-González, G. 
J. L. Bernardes, L. Griffin, H. Hailu, C. J. Schofield, B. G. Davis, Methods for converting 
cysteine to dehydroalanine on peptides and proteins. Chemical Science 2, 1666–1676 
(2011). 

31.  M. Liu, M. Sovrovic, H. Suga, S. A. K. Jongkees, Phosphine addition to dehydroalanine for 
peptide modification. Org. Biomol. Chem. 20, 3081–3085 (2022). 

32.  P. A. Bartlett, P. M. Chouinard, Stereocontrolled synthesis of (E)- and (Z)-3-
deuteriophosphoenolpyruvate. J. Org. Chem. 48, 3854–3855 (1983). 

33.  E. S. Berezina, V. O. Koz’minykh, N. M. Igidov, S. S. Shirinkina, E. N. Koz’minykh, R. R. 
Makhmudov, E. V. Bukanova, Acylpyruvic Acids Amides and Hydrazides: VIII. Synthesis 
of Pivaloylpyruvamides and Their Reactions with Benzylamine and Arylamines. Russian 
Journal of Organic Chemistry 37, 539–546 (2001). 

34.  P. E. Dawson, T. W. Muir, I. Clark-Lewis, S. B. H. Kent, Synthesis of Proteins by Native 
Chemical Ligation. Science 266, 776–779 (1994). 

35.  N. H. Shah, T. W. Muir, Inteins: Nature’s Gift to Protein Chemists. Chem Sci 5, 446–461 
(2014). 

36.  D. W. Aswad, M. V. Paranandi, B. T. Schurter, Isoaspartate in peptides and proteins: 
formation, significance, and analysis. Journal of Pharmaceutical and Biomedical Analysis 
21, 1129–1136 (2000). 

37.  R. Subirós-Funosas, A. El-Faham, F. Albericio, Aspartimide formation in peptide 
chemistry: occurrence, prevention strategies and the role of N-hydroxylamines. 
Tetrahedron 67, 8595–8606 (2011). 

38.  A. M. Soohoo, D. P. Cogan, K. L. Brodsky, C. Khosla, Structure and Mechanisms of 
Assembly-Line Polyketide Synthases. Annu Rev Biochem, doi: 10.1146/annurev-biochem-
080923-043654 (2024). 

39.  G. Kretzschmar, V. Kraft, T. Olpp, K. Rossen, Process for the production of benzofurans 

https://doi.org/10.26434/chemrxiv-2024-bkzp3 ORCID: https://orcid.org/0000-0003-0773-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bkzp3
https://orcid.org/0000-0003-0773-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

16 
 

(2010). https://patents.google.com/patent/WO2010136500A1/en?oq=WO+2010136500. 
40.  C. Agami, F. Couty, G. Evano, Claisen Rearrangements of Allylic and Propargylic 

Alcohols Prepared by an N-Boc-2-acyloxazolidine Methodology − Application to the 
Synthesis of Original Chiral Building Blocks. European Journal of Organic Chemistry 
2002, 29–38 (2002). 

41.  H. J. Reich, S. Wollowitz, J. E. Trend, F. Chow, D. F. Wendelborn, Syn elimination of 
alkyl selenoxides. Side reactions involving selenenic acids. Structural and solvent effects of 
rates. J. Org. Chem. 43, 1697–1705 (1978). 

42.  J. Wang, S. M. Schiller, P. G. Schultz, A Biosynthetic Route to Dehydroalanine-Containing 
Proteins. Angewandte Chemie 119, 6973–6975 (2007). 

43.  T. Kobayashi, T. Yanagisawa, K. Sakamoto, S. Yokoyama, Recognition of non-alpha-
amino substrates by pyrrolysyl-tRNA synthetase. J Mol Biol 385, 1352–1360 (2009). 

44.  Y. Shimizu, A. Inoue, Y. Tomari, T. Suzuki, T. Yokogawa, K. Nishikawa, T. Ueda, Cell-
free translation reconstituted with purified components. Nat Biotechnol 19, 751–755 
(2001). 

45.  M. V. Rodnina, M. Beringer, W. Wintermeyer, Mechanism of peptide bond formation on 
the ribosome. Q Rev Biophys 39, 203–225 (2006). 

46.  G. Bhardwaj, J. O’Connor, S. Rettie, Y.-H. Huang, T. A. Ramelot, V. K. Mulligan, G. G. 
Alpkilic, J. Palmer, A. K. Bera, M. J. Bick, M. Di Piazza, X. Li, P. Hosseinzadeh, T. W. 
Craven, R. Tejero, A. Lauko, R. Choi, C. Glynn, L. Dong, R. Griffin, W. C. van Voorhis, J. 
Rodriguez, L. Stewart, G. T. Montelione, D. Craik, D. Baker, Accurate de novo design of 
membrane-traversing macrocycles. Cell 185, 3520-3532.e26 (2022). 

47.  M. A. Abdalla, L. J. McGaw, Natural Cyclic Peptides as an Attractive Modality for 
Therapeutics: A Mini Review. Molecules 23, 2080 (2018). 

48.  J. R. Frost, C. C. G. Scully, A. K. Yudin, Oxadiazole grafts in peptide macrocycles. Nature 
Chem 8, 1105–1111 (2016). 

49.  P. J. Salveson, A. P. Moyer, M. Y. Said, G. Gӧkçe, X. Li, A. Kang, H. Nguyen, A. K. Bera, 
P. M. Levine, G. Bhardwaj, D. Baker, Expansive discovery of chemically diverse structured 
macrocyclic oligoamides. Science 384, 420–428 (2024). 

50.  T. Katoh, Y. Iwane, H. Suga, tRNA engineering for manipulating genetic code. RNA Biol 15, 
453–460 (2017). 

 
 
Acknowledgements: We thank H. Celik, R. Giovine, and Pines Magnetic Resonance Center’s 
Core NMR Facility (PMRC Core) for spectroscopic assistance. The instrument used in this work 
was in part supported by NIH S10OD024998. We thank C. Swenson and P. Landre for preliminary 
tRNA acylation studies. We thank K. Durkin and D. Small and the Molecular Graphics and 
Computation Facility (MGCF) for computation assistance, supported by NIH S10OD023532. We 
also thank S. Miller, I. Knudson, K. D’Angelo, and members of the Schepartz and Miller labs for 
helpful discussions. Funding: This work was supported by the NSF Center for Genetically 
Encoded Materials (C-GEM), CHE-2002182. C.K.S. was supported by the Miller Institute for 
Basic Research in Science, University of California, Berkeley. H.R.M. was supported by the NSF 
Graduate Research Fellowship Program under Grant No. DGE 2146752. Author contributions: 
C.K.S. and A.S. conceived and designed the project. C.K.S. performed the chemical synthesis and 
rearrangement studies. C.K.S., H.R.M., and I.J.G. performed the biochemical experiments. M.B.F. 
and H.K. performed computational experiments. C.K.S. and A.S. wrote the manuscript with input 

https://doi.org/10.26434/chemrxiv-2024-bkzp3 ORCID: https://orcid.org/0000-0003-0773-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bkzp3
https://orcid.org/0000-0003-0773-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

17 
 

from all authors. Competing interests: C.K.S. and A.S. have submitted a patent application 
related to this work. Data availability: Experimental procedures, spectroscopic and 
chromatographic data, NMR spectra, and computational data are available in the supplementary 
materials. Additional data in this study are available from the authors upon request. 
 
 
Supplementary Materials 
Materials and Methods 
References 
SM section 1: supplementary figures 
SM section 2: supplementary tables 
SM section 3: NMR spectra 
SM section 4: LC-HRMS Chromatograms 
Data File 1: Coordinates for Optimized Structures Used in Computations  

https://doi.org/10.26434/chemrxiv-2024-bkzp3 ORCID: https://orcid.org/0000-0003-0773-5168 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bkzp3
https://orcid.org/0000-0003-0773-5168
https://creativecommons.org/licenses/by-nc-nd/4.0/

