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Dehydroamino acids: chemical multi-tools for
late-stage diversification

Jonathan W. Bogart and Albert A. Bowers @2 *

o,p-Dehydroamino acids (dhAAs) are noncanonical amino acids that are found in a wide array of natural
products and can be easily installed into peptides and proteins. dhAAs exhibit remarkable synthetic flexi-
bility, readily undergoing a number of reactions, such as polar and single-electron additions, transition
metal catalyzed cross-couplings, and cycloadditions. Because of the relatively mild conditions required
for many of these reactions, dhAAs are increasingly being used as orthogonal chemical handles for late-
stage modification of biomolecules. Still, only a fraction of the chemical reactivity of dhAAs has been
exploited in such biorthogonal applications. Herein, we provide an overview of the broad spectrum of
chemical reactivity of dhAAs, with special emphasis on recent efforts to adapt such transformations for
biomolecules such as natural products, peptides, and proteins. We also discuss examples of enzymes
from natural product biosynthetic pathways that have been found to catalyze many similar reactions;
these enzymes provide mild, regio- and stereoselective, biocatalytic alternatives for future development.
We anticipate that the continued investigation of the innate reactivity of dhAAs will furnish a diverse port-
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Introduction

a,p-Dehydroamino acids (dhAAs, Fig. 1A) are not counted
among the 20 proteinogenic amino acids yet they are abundant
in nature (Fig. 1C and D)." This seemingly simple functional
group has unique physical and chemical properties that can
significantly impact the structure and function of the bio-
molecules that contain them. Structurally, dhAAs adopt a
roughly planar conformation, with distinctive trans orien-
tations about the phi and psi torsion (Fig. 1B)."™* Overall, the
preferred trans orientation make dhAAs strong turn inducers
and promote peptide conformations that are not permitted
with typical, saturated residues.’ In general, the restricted con-
formational flexibility of dhAAs translates to peptides and
natural products with increased structural rigidity and tighter
target complementarity. Antibiotics such as the thiopeptides,
thiocillin or cyclothiazomycin (Fig. 1D, 3) rely on the rigidify-
ing effects of dhAAs, dehydroalanine (Dha) and dehydrobutyr-
ine (Dhb), for their tight target engagement and potent
activity.*” dhAAs can also increase proteolytic stability of pep-
tides and can play direct chemical roles in the activity of
natural products.® For example, the dhAA in the cyanobacterial
toxin Microcystin-LR, (Fig. 1D, 1) helps the macrocycle adopt a
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folio dhAA-based chemistries for use in chemical biology and drug discovery.

high affinity conformation for its targets, the protein phos-
phatase-1 and 2-A, but also allows electrophilic trapping of a
nucleophilic cysteine residue in the target.”'® This is only
some of the biological chemistry accessible to dhAAs.

dhAAs contain uniquely polar double bonds that are at
once electron-rich due to conjugation with the amide nitrogen
lone pair of electrons and electron-poor due to the electron-
withdrawing carbonyl. This distinctive electronic architecture
makes dhAAs competent partners for a variety of chemical
transformations. Notably, dhAAs have been implicated in
nucleophilic additions, radical additions, transition metal
catalyzed cross-coupling reactions, and cycloadditions, among
others. The synthetic potential of dhAAs is now being realized
in biological contexts due to the identification of milder and
more selective activating reagents that work at ambient tem-
perature and in aqueous media. Radical additions to dhAAs
have been particularly important in this regard because such
reactions are highly specific for dhAAs and result in new, un-
natural amino acid derivatives. Certain enzymes are also
capable of much of the same dhAA chemistry and key mecha-
nistic insights have added new biocatalysts, in particular
enzymes from natural product biosynthesis, to the toolbox
dhAA-modifying chemistries. Thus, dhAAs are proving versatile
chemical handles to incorporate designer modifications into
peptides, natural products, and proteins.'*** The chemical
diversity that can be accessed through dhAA-modification has
also spurred use in peptide display technologies and new
applications in chemical biology and drug discovery.
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(A) Push—pull electronic structure of dhAAs makes them act as electrophiles or nucleophiles under given conditions. (B) dhAAs exhibit

unusual conformational proclivity and restricted rotation relative to natural amino acids. (C) Some enzymes are armed with modified dhAAs that
act as catalytic electrophiles to perform chemistry. (D) dhAAs (highlighted in orange) are abundant in natural products from bacteria, fungi and
plants. Additional chemistry can be performed on dhAAs to install more complex functionality, such as the pyridine ring in thiopeptides like
cyclothiazomycin (3). The thioether and phenolic ether bonds (highlighted in yellow), from cyclothiazomycin A (3) and phomopsin A (4) respectively,

may also originate from dhAA modifications.

In light of the expanding application of dhAAs in chemical
biology, we have chosen here to review the fundamental chem-
istry of dhAAs with an emphasis on new, biorthogonal con-
ditions. There are a handful of very excellent and useful reviews
that provide comprehensive examples of dhAA chemistry in
synthetic methodologies and total synthesis, but as yet, few
that analyze such reactivity in the context of potential appli-
cations and challenges in chemical biology.">'® Additionally,
we cover examples of enzyme catalyzed dhAA modification
from natural product biosynthesis and primary metabolism, as
biocatalysis and synthetic biology are playing an increasingly
important role in chemical biology. A detailed description of
methods for site-selective introduction of dhAAs into proteins
and peptides is beyond the scope of this review. Many robust
strategies have been reported, including oxidation of phenyl-
selenocysteine incorporated by genetic codon expansion,'”'®
chemical modification of protein cysteine side-chains,'® and
enzymatic dehydration of serine and threonine residues,®
among others; interested readers are directed to a number of
other useful articles in this area.’®>* Ultimately, we hope this
review will help to identify new opportunities for the unique
reactivity of dhAAs to be further leveraged in the lab for eluci-
dating new biology and augmenting drug discovery efforts.

Polar additions

The combined electronic contributions of nitrogen and carbo-
nyl substituents results in some complex reactivity between
dhAAs and nucleophiles. Under sparingly acidic conditions

with pi-aromatic nucleophiles and haloacids, the electron-rich
character can dominate, leading preferentially to nucleophilic
substitutions at the a-position of the dhAA (Fig. 2A).>* This
dhAA reaction manifold has been used sparingly in select total
syntheses and methodologies.”*® Conjugate addition of
diverse nucleophiles, which results from the electron-poor
character of dhAAs and proceeds under mildly basic con-
ditions, leads to substitution at the p-carbon and allow access
to unnatural amino acid derivatives. Thus, conjugate additions
to dhAAs are versatile and valuable transformations that have
been used widely in the literature and are finding new appli-
cations in late stage modifications of proteins, peptides, and
dhAA-containing natural products.®>%2¢7%¢

dhAAs readily undergo Friedel-Crafts type arylation reac-
tions to give predominantly a-substituted products. Early
reports showed that under dilute acidic conditions with halo-
acids, such as HBr and HCI, p-protonation can precede
a-halogenation with dhAAs to give an a-halo amino acid.”?
Alternatively, under Friedel-Crafts conditions with heat,
in the presence of w-aryl nucelophiles,
anisole, direct a-arylation can be achieved.’”° This chemistry
has been exploited in several cases to prepare diverse
a-heteroaromatic amino acids as anticonvulsants or selectively
substituted diketopiperazines, en route to epipolythiodioxo-
piperazines.>>>* Although a detailed mechanistic analysis of
this chemistry has not yet been reported, it seems that the
a-alkylation may in fact be a reaction manifold under thermo-
dynamic control, as separate reports, used less forcing Friedel-
Crafts conditions to access to the p-arylated product. Friedel-
Crafts p-arylation of dhAAs has been used to make clavicipitic

such as indole or
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Heck and Rh-catalyzed couplings. Hydrogenation not shown.

Fig. 2 Common dhAA modifying chemistries include (A) nucleophilic additions, (B) radical additions, (C) cycloadditions and (D) metal-catalyzed
cross-couplings. Representative or simplified mechanisms, general reaction conditions, substrate scope and additional notes are presented for each.
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Reaction Partners & Conditions

1. Nucleophile: halogens,?*?* carbon, %
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Peptides/Natural Products

Substrate Scope
Although the scope is
rather limited thioacetic
acid, alkyl thiols, and
carbon-based m-aryl
nucleophiles like pyrrole,
indole and anisole react.

Substrate Scope

Thiols & Amines: alkyl
chains with charged,
polar, electron rich and
poor groups, sugars, di-
and triazoles, oximes.

Substrate Scope
Primary, secondary and
tertiary C-sp® radicals, a-
or B-substituted heteroat-
oms. Tolerant to a wide
range of functional and
protecting groups.

Substrate Scope
[3+2]: Diazos, ylides,
azomethine, nitrones and
nitriloxides can all act as
1,3 dipoles.

[4+2]: Electron deficient
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Substrate Scope
Tolerant to indoles with
substitutions on C2,C3,
C5 and C6. Yields suffer
with electron poor
indoles. Tolerant of many
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Substrate Scope
Electron-poor and rich
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Alkyl, aryl and cyclic
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Substrate Scope
Electron poor and rich,
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and heteroaromatic aryl
groups and boronic acids.
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Dhas over Dhbs.""
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bulky B-substitutions to
yield B,B-diaryl AAs."”
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acid and Fischer indole fragments.*®*°™*> Despite the limited

uses of this chemistry, the value in new ao,a-disubstituted
amino acids bares potential for future applications.

As opposed to the aromatic substitution chemistry, conju-
gate additions to dhAAs with carbon, nitrogen, and sulfur
nucleophiles have been very well studied (Fig. 2A). As early as
1965, Zahn and colleagues reported the conjugate addition of
lysine to N-acetyldehydroalanine ethyl ester in presence of
sodium hydroxide.***” Since then, the reaction has been used
extensively to make a variety of substituted alanine derivatives.
The most extensive work on substrate scope was done by
Ferreira and coworkers, who compared conversions for reac-
tion of N,N-diacyl] dhAAs with thiols, dicarbonyl carbon
nucleophiles, amines, and heterocycles under mild basic
conditions.*®**° As expected, the reaction efficiency corre-
lates with the strength of the nucleophile, although steric
effects also play an important role, with primary amines
(3-15 hours) for example reacting faster than secondary
amines (up to 192 hours). Similarly, thiols react much faster
than amines in the presence of organic bases such as triethyl-
amine. Broadly, these findings have been further supported by
recent computational work.?® In a particularly practical study,
Ueda and coworkers showed that the conjugate addition of
amines and thiols to dhAAs is greatly accelerated in water.>® In
this case, the reaction between a model dhAA and benzylamine
failed in DMF or THF after 48 hours, while the same reaction
in methanol gives 77% yield after 120 hours and 91% after
only 15 hours in water. The authors provide several expla-
nations for the dramatic rate increase including reinforced
hydrophobic interactions between reactants and/or stabili-
zation of an activated complex through solvation or hydrogen
bonding. They developed the scope of these reaction con-
ditions with select amines and thiols, demonstrating how con-
jugate addition to dhAAs could be particularly well-suited for
protein modification.

One remaining challenge for dhAA conjugate addition
chemistry is the lack of stereoselectivity. Several groups have
been working to address this shortcoming. Some of the most
promising results in this regard have come from chiral
thiourea catalysts, which were used to direct stereoselective
conjugate additions between dhAAs and azalactones to access
a,y-diamino diacids.”® The thiourea catalyst is proposed to
coordinate and activate each component by (1) acting as a base
to promote enolization of the azalactone and (2) acting as a
Bronsted acid to activate the dhAA p-carbon, while (3) only
allowing attack from one face of the dhAA. While control over
stereochemistry is impressive, it is highly sensitive to substi-
tutions on the amine. Still, the development of a general
strategy to control stereochemistry would be highly impactful
because of the immediate future applications.

Given the robustness of conjugate additions to dhAAs in
aqueous conditions, this chemistry has found wide application
in peptide and protein modification."®*>?%*> Optimized con-
ditions for dhAAs in proteins have now been developed for
thiols, as well as a range of nitrogen-nucleophiles such as
amines, heterocycles, hydroxylamines and hydrazines.”*>®

Overall, this chemistry allows site selective installation of un-
natural amino acids and mimics of protein post translational
modification (PTMs). Conjugate addition to dhAAs is increas-
ingly preferred over other protein modifying techniques such
as isothiocyanates and click chemistries because it results in
less “unnatural scarring” and the chemical diversity that can
be achieved far surpasses that of other modification tech-
niques."’ These features have given rise to numerous
applications.

One important application of thiol conjugate addition to
dhAAs has been to explore biophysical impacts of protein
PTMs. In a pair of proof-of-concept publications, groups lead
separately by Davis*® and Schultz**> demonstrated site-specific
incorporation of common PTMs via dehydroalanine handles.
The former described the functionalization of a model
protein, subtilisin (a serine protease), via a conjugate addition
with a focused library of thiol nucleophiles after mild and site-
selective installation of the dhAA.*® Thiols were specifically
chosen to mimic the most common PTMs and included
sodium thiophosphate, glycocysteine derivatives, glutathione,
mono- di- and tri-methylamine ethane thiols and farnesyl
thiol; all thiols readily reacted with the dhAA-bearing protein,
exhibiting >95% conversion in 90 minutes in dilute and
slightly basic phosphate buffer at 4 °C. Similarly, the Schultz
group introduced an acetylated lysine mimic along with mono-,
di- and trimethyl-lysine analogs into histone H3 under com-
parable reaction conditions.>* To provide more evidence that
the acetylated lysine PTM mimic is a good functional represen-
tation of the natural modification the authors showed that
histone deacetylase (HDAC) 3 is capable of removing the
acetyl group. The Davis group later went one step further
with modified H3 proteins, incorporating several K9 PTM
mimics (methylations and acetylation) and a phosphoserine
10 mimic.”® All modifications could be recognized and con-
firmed by primary antibodies to the natural PTMs and the
phosphoserine mimic could be recognized by a chromatin
“reader” protein. Together these data verify this technology
could be used to identify and assess interaction of both
“reader” and “eraser” chromatin-modifiers despite giving dia-
stereomeric mixtures.

The facile incorporation of thiol nucleophiles into dhAAs
can also be used to study enzyme function and design. For
instance, ubiquitin-based dhAA probes have been used exten-
sively to profile the families of enzymes involved in the modifi-
cation of protein ubiquitinylation states. Brik and coworkers
exploited the reactivity of dhAAs by developing it into an elec-
trophilic trap to capture deubiquitinases by their catalytic
cysteines.>® In this way, di-ubiquitin (di-Ub) probes bearing
reactive dhAAs near different cleavage sites were prepared and
could be used to pull-down and profile the specificity of deubi-
quitinating enzymes. Similarly, introduction of a reactive dhAA
“warhead” on the C-terminus of a ubiquitin probe could
be used to sequentially trap E1, E2 and E3 enzymes.*®
Alternatively, dhAA conjugate additions allow new mechanistic
insights by providing novel isosteres of active site residues.
Thus, aza-Michael additions with simple azoles granted access
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to isosteres of key histidines (44 and 47) in the active site of
pantothenate synthetase (PanC).*® Subsequent kinetic analyses
of these iso-histidine mutants emphasized the importance of
these residues in activation of ATP through key binding inter-
actions. Since histidine is a common catalytic residue, this
approach could have profound impact across many important
enzyme families. Lastly, Pearson and coworkers have used
thiol-dhAA conjugate addition to alter substrate specificity and
produce novel activity in the aldolase, N-acetylneuraminic acid
lyase (NAL).>” By individually introducing a dhAA into 12 posi-
tions in the active site of NAL and individually modifying
them with 13 thiol nucleophiles, the authors produced a
library of 156 mutant NALs. Subsequent kinetic assays revealed
an NAL mutant bearing a 2,3-dihydroxypropyl cysteine that
exhibited a 10-fold increase in k.,¢/Ky, relative to wild type for
processing an otherwise poorly accepted substrate (erythrose).
Crystallographic data of the more active mutant allowed the
authors to rationalize the activity based on transition state
stabilization.

Cumulatively, these examples of protein modification
demonstrate key advantages over other protein modification
techniques. Libraries of mutant proteins can be efficiently pro-
duced with a single enzyme preparation, whereas a technique
like amber codon suppression requires the expression and
purification of each mutant individually, often times with a
significant sacrifice in yield. Additionally, new mutants require
involved artificial evolution experiments. Chemical muta-
genesis is also capable of a wide range of protein mutants which
allows the researcher to propose more focused hypotheses.
Conjugate additions into dhAAs have proven to be a powerful
strategy to synthesize new unnatural amino acids and incor-
porate unnatural functionality into proteins as cargo, probes,
and catalytic residues.

Radical additions

Given the olefinic character of dhAAs, it is not surprising that
they can undergo facile addition of alkyl radicals.'>"®
Importantly, these radical additions give access to new C-C
bonds, which are not readily available by polar conjugate
additions (Fig. 2B). Addition occurs almost exclusively at the
less substituted, exo-methylene carbon and proceeds through
an intermediate o-radical. The latter is stabilized by a capto-
dative effect between the a-nitrogen and carbonyl and can readily
be quenched to give B-substituted a-amino acids. Thus, dhAAs
are exceptional SOMO-philes and react with alkyl radicals
generated under a variety of conditions, including common
radical initiators such as AIBN, BEt;, and iodosobenzene,
frequently with Bu;SnH as a propagator.®>>® Because many of
these initiator/propagator pairs require heating in toluene
and can be strongly reactive, radical additions have limited
application to complex biomolecules. However, Luche and co-
workers uncovered water-compatible conditions for radical
addition to dhAAs by generating the alkyl radicals from the
parent alkyl halides by reduction with zinc and copper, an

adaptation of the Giese reaction, suggesting its potentially
broad applicability.”®®' Additional radical-based, water-com-
patible conditions were recently described reacting dhAAs
with aryldiazodium salts in continuous flow to furnish
a-hydroxyarylalanine derivatives.®*

The seminal Luche conditions have been used to breathe
new life into radical additions to dhAAs with applications in
protein and peptide modification as well as DNA-encoded
libraries (DELs).®*® Independent reports by Davis and Park
showed that alkyl radicals prepared by zinc reduction of alkyl
halides under optimized conditions could chemoselectively
add into dhAAs in complex proteins and peptides.®*®® These
groups were able to achieve >90% yields in as little as
30 minutes, using a range of primary, secondary and tertiary
alkyl halides. Importantly, the addition of NaBH, effectively
suppressed oxidative cleavage and di-substitution side reac-
tions resulting from the long-lived radical species.®® These
reaction conditions displayed a remarkable level of functional
group tolerance and were used to introduce an impressive
array of natural and unnatural amino acid side chains into pro-
teins. In particular, the authors demonstrated chemical modi-
fication at multiple sites of eight different proteins (tallying
>50 synthetic variants), which exhibit diverse secondary struc-
tures and protein types. Although these radical additions still
lacked stereoselectivity, the approach allowed the authors to
glean fundamental insights into the functional roles of PTMs
on histones and kinases. In a related method, the Baran and
Blackmond labs, in conjunction with researchers at Pfizer
described a radical addition into dhAAs via zinc-catalyzed
radical decomposition of an activated ester that could be per-
formed in the presence of nucleic acids (with the intent for
use with DELs).®* Although dhAAs were not used as the
primary radical acceptor, 17 of the over 70 analogs made used
dhAAs, revealing an exceptionally high functional group toler-
ance. The zero-order rate behavior of the substrates allowed
the reaction to be performed in dilute aqueous conditions
making it imminently translatable to applications on DELSs
and perhaps proteins as well.

Visible light can provide an alternative and potentially
milder entrance into alkyl and acyl radicals.®®"®® Importantly,
the redox potentials of many photoredox catalysts (Ir, Ru, Cu,
etc.) can be tuned with metal ligands to provide greater
functional group selectivity. This translates to reactions with
typically high functional group tolerance that can generally
be done in aqueous solution at ambient temperatures, with
benchtop-stable reagents. The Dixon and Jui labs have both
leveraged visible light photoredox chemistries to initiate
nucleophilic radical attack on dhAAs in complex peptide
substrates.®®””" In both cases, the reactions were performed at
room temperature, employed blue light and iridium based cat-
alysts. Preliminary results suggest that these reactions could
also be performed in aqueous media.”””! Dixon described
photoredox conditions for preparing nucleophilic a-amino
radicals from normally electrophilic imines generated in situ,
and coupling them with dhAAs to create 1,3-diamines.®’
Interestingly, when the imine was substituted for the parent
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aldehyde, the resultant ketyl radicals also underwent addition
to the dhAA to produce 1,3-aminoalcohols in excellent yields.
Additionally, a derivative bearing a boronic acid pinacol ester
derivative proved to be a capable substrate allowing the possi-
bility for further downstream derivatization. Similarly, the Jui
lab used the Ir[dF(CF;3)ppyl.dtbbpy-PFs catalyst to generate
a-amino and pyridyl radicals from alkyl amines and 3-bromo-
pyridines respectively.”””" These radicals can be reacted with
dhAAs to form unnatural (e.g. p-heteroaryl) amino acids and
conjugate complex bioactive payloads such as dextromethor-
phan and strychnine onto peptides. Reactions using the
pyridyl radicals proved particularly robust, proceeding in 93%
yield when open to air and performed in bourbon as solvent.”®
Notably, this radical conjugate addition was tolerant of amines
substituted with indole, phenol, sodium propionate, and imid-
azole, as useful isosteres for tryptophan, tyrosine, carboxylates,
and histidine, respectively. The reaction’s robust nature and
broad substrate scope make it a promising strategy for trans-
lation into more complex settings (e.g. natural products, pro-
teins, nucleic acids).

Clearly, based on these new reports, the scope of many of
these radical additions to dhAAs can be quite broad with
exceptional functional group tolerance. The main barrier to
developing these chemistries was the identification of bio-
molecule-compatible radical initiators. Likely, there will be
many new uses for this chemistry. One remaining hurdle, as
with polar conjugate additions, is stereoselectivity, although
there are promising preliminary reports. Jui could obtain
>95% diastereomeric excess (de) with a chiral auxiliary in their
work and early work by Sibi showed good stereoinduction
when using chiral bisoxazoline ligands with a magnesium
catalyst.”®”" Still, new advances will be needed to extend these
results to more complex substrates. Furthermore, heteroatom
centered radicals may complement the C-centered ones used
in these reports, to provide access to new and unique func-
tional derivatives.

Cycloadditions

The unique, push-pull electronic structures of dhAAs also
allows them to participate in a variety of cycloaddition
reactions.">'®”>77® Together, the competing electronic forces
of the n-donating nitrogen substituent and electron-withdraw-
ing carbonyl polarize the dhAA exo-methylene and compress
the HOMO-LUMO gap, allowing it to serve as a 2z partner to a
variety of electron rich 3z and 4z elements, as well as
nucleophilic carbenes (Fig. 2C).””"®* In contrast to conjugate
addition chemistry, these cycloadditions provide access to
a,a-disubstituted amino acid products, which have unique
conformational properties. Alternatively, extended conjugation
with the amide nitrogen and/or carbonyl also allows dhAAs to
act as pseudo-1,3-dipoles for [3 + 2] cycloadditions or aza-
dienes in [4 + 2] cycloadditions.®* ®® Importantly, N-acyl substi-
tuents can have a pronounced effect on which of these roles
(2m, 3w, or 4n) dhAAs play in a reaction and their product pro-

files.®® Recent work has focused on all three modes of reactiv-
ity, providing new routes to complex fused ring structures and
leading to more mild and selective reaction conditions that
could be relevant to peptide, protein, and natural product
contexts.

dhAAs have perhaps been best investigated as dienophiles
or 2z synthons. Here, dhAAs typically give regioselectivity con-
sistent with an electrophilic o-carbon and nucleophilic
B-carbon, although select conditions provide mixed regio-
isomers. For example, the simple dhAA methyl 2-acetamido-
acrylate reacts readily with Danishefsky’s diene under mild
conditions to yield the «-alkoxy cyclohexene products
(Fig. 2Ci).*"* In related cycloadditions, electron-withdrawing
groups on the N-acyl substituent accentuate the activity of the
B-carbon, allowing reactions to proceed more smoothly at
lower temperatures and shorter reaction times.”>°! 2x reactivity
can also be enhanced by coordination with a metal catalyst. In
a novel example, Hirano and co-workers used a rhodium/
bisphosphine complex to react dhAAs with 1,6-diynes via the
bidentate coordinate with an in situ generated metallacyclo-
pentadiene.”” The catalyst provided excellent stereoselectivity
in this net [2 + 2 + 2] cycloaddition reaction. This type of 2=
reactivity can also extend to nucleophilic carbenes and ylides
to yield 1-amino-2-cyclopropane carboxylic acids (ACCAs),
although yields and conditions seem to vary widely.®>%%3
Thus, stereoselective cyclopropanations of dhAAs with sulfur
and phosphorus-based ylides have been described, as have
reactions with rhodium and iron carbenes.”®®>°*"%® Neither
electron-withdrawing nor electron-donating groups had a sig-
nificant influence on yields, however electron-deficient ylides
displayed poor reactivity and required more forceful con-
ditions.”® Similarly, dhAAs can undergo [3 + 2] cycloadditions
with azomethine ylides and other 1,3-dipoles, such as nitrones
and nitrileoxides (Fig. 2Ci).”**>”® These reactions proceed
smoothly at room temperature however, reaction conditions
are often dictated by those necessary to generate the 1,3-
dipole. Of note, the Raines group could achieve clean and
quick 1,3 polar cycloadditions between dhAAs and electron-
rich diazoacetamides in water/acetonitrile solvent systems.®?
Under more forcing conditions, certain versions of this reac-
tion undergo a loss of nitrogen gas to give the cyclopropane
product, but here the reaction can be stopped at the intermedi-
ate pyrrazolines. This reaction successfully labels dhAAs in the
lantibiotic nisin in a crude mixture of denatured proteins,
suggesting a broad scope of application in natural product
derivatization.®?

With some help, dhAAs can participate in cycloadditions as
3n components. Isolated reports from Reisman and Stoltz dis-
closed chemistry that makes indolines from dhAAs via pro-
posed [3 + 2] cycloadditions.®*#>9971%! [n the former, a SnCl,/
BINOL Lewis acid catalyst was employed to activate dhAAs
toward nucleophilic addition by C3 of the indole. Subsequent
collapse of the amide nitrogen onto the C2 imine and enantio-
selective protonation gave pyrroloindolines (Fig. 2Cii) -
common components of many natural products.** A recent
variation of this chemistry using a ZrCl,-BINOL complex
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extended the accessible diversity of polycyclic indoles through
an aza-Prins reaction between dhAAs and indoles function-
alized with pendant alkenes.'® In contrast, the Stoltz work
exploited the potent reactivity of in situ generated arynes with
Boc-protected dhAAs to forge mono-, di-, and tri-substituted
indolines.®> These examples highlight the opportunity to use
the reactivity of the p-carbon of dhAAs as a means to access
the amide nitrogen through proximity. Further exploration of
this chemistry may yield alternative ways to derivatize dhAAs
in peptide contexts.

In select cases dhAAs can also act as 4n components in
formal [4 + 2] cycloadditions. For instance, Stoltz showed that
dhAAs with acetyl rather than carbamoyl protecting groups
react with arynes to yield isoquinolines via a proposed [4 + 2]
reaction (Fig. 2Ciii).®* The change in reactivity is presumably
due to the reduced nucleophilicity of the amide nitrogen and
increased electrophilicity of the carbonyl. Although yields were
fairly modest the substrate scope proved to be quite broad.
Additionally, the reagents needed to generate arynes somewhat
limits applications in late stage derivatizations. In related
chemistry, Moody and coworkers use dhAAs as both the 2x
and 4n components in a unique formal [4 + 2] cycloaddition.®®
In this case, the dhAA amide carbonyl was converted to the
imidate ester via O-alkylation to provide the 4m component
and intense heat or microwave irradiation were required to
push the reaction. Still, a similar mechanism to the Stoltz
chemistry can be invoked, suggesting that this reaction mani-
fold may be broadly accessible to dhAAs.

Overall, dhAAs are flexible cycloaddition partners, enabling
clean formation of a variety of novel heterocycles and amino
acid derivatives from a single functional group. Given that
cycloadditions often occur with relatively fast kinetics and that
most dipoles and dienes are unreactive with peptide side-
chains and other biomolecules, there may be significant
opportunity yet for dhAAs as cycloaddition handles in bio-
molecules. Still, few of these conditions have been adapted for
reaction in aqueous environments. This could bring about
new orthogonal reactions to diversify peptides, proteins and
nucleic acid-based display technologies with complex fused
ring systems, common in natural products and drugs alike.

Transition metal catalyzed reactions

Modern transition metal catalysts that control tightly co-
ordinated transition states (tuned by designer ligands) offer
unique reactivity and a high degree of stereoselectivity that are
often hard to achieve with the naked radical and polar
additions described above.'”*'%> dhAAs have proven compe-
tent substrates for a number of transition metal catalyzed
modifications and increasingly, these reactions are being
adapted for stereoselective modification of biomolecules and
natural products (Fig. 2D).'>'*1°%1%7 Indeed, dhAAs were some
of the first substrates for the Nobel prize-winning catalysts
developed by Knowles and Noyori.'”®"* Since then, dhAAs
have been widely exploited as olefins for metal catalyzed trans-

fer hydrogenations''* '

such as Pd-catalyzed Suzuki,"'”""**7'?> Sonogashira,
Heck-type couplings'**'**'** and perhaps most effectively,
Rh-catalyzed conjugate additions.'®*!0®197:1447118 Thege reac-
tions provide significant stereocontrol and can often be con-
ducted in aqueous buffer, leading to new routes for late stage
diversification of dhAAs."*"'>°

dhAAs are readily reduced by rhodium catalysts armed with
a variety of chiral, electron-donating phosphine ligands."" For
example, in one of the very first applications, William
Knowles, while working at Monsanto, employed a [Rh((R,R)-
DIPAMP)] complex in the enantioselective hydrogenation of a
p-aryl-substituted a-(acylamino)acrylate derivative, en route to
1-3,4-dihydroxyphenylalanine (i-DOPA).""" Numerous advance-
ments have been made on these initial conditions and cata-
lysts and new chiral rhodium complexes perform exceptionally
well in terms of efficiency (i.e. turnover number or frequency),
enantioselectivity (i.e. enantiomeric excess [ee]) and solvent
profiles, being used extensively in early stages of natural
product total synthesis and industrial process develop-
ment."'®'> The stereoselective rhodium-catalyzed reduction
of B-aryl dhAAs has become an industry standard for entrance
into chiral amino acid synthons in large scale production of
drugs like Levetiracetam (Keppra),'”® Indiniavir (Crixivan),">*
and Sitagliptin (Januvia)."'®'*>'3® Given the already extensive
scope and application of this chemistry, it makes sense that it
might eventually be applied to late stage modification of
dhAAs in larger natural product scaffolds and polypeptides. In
a pioneering example of the potential for this chemistry, Dong
and co-workers recently applied transfer hydrogenation to the
stereoselective reduction of a suite of four dehydropheyl-
alanines in a cyclopentapeptide in protic solvents.’>” Combined
experimental and theoretical work suggests that the catalyst
binds and sequentially reduces successive residues in a
C-N direction. The initial 1,3-bis(diphenylphosphino)propane
(dppp) ligand used provided alternating o- and i-stereo-
chemistry at the four centers, but appropriate choice of chiral
ligand could override this stereocontrol to provide the all-p
stereoisomer. The Dong work suggests that similar levels of
stereocontrol may be obtained with these robust catalysts and
larger and still more complex peptide substrates.

In addition to hydrogenations, Rh-catalyzed conjugate
additions have been developed into reliable and functional
group tolerant methods for preparing C-C bonds between
arylboronic acids and dhAAs with excellent
stereocontrol,'0%107:1447146.148 ‘Baged on the seminal work of
Hayashi, the catalytic cycle is generally accepted to occur in
three major steps: (1) the organoboron reagent undergoes
transmetalation with the ligand-complexed hydroxyrhodium to
generate an aryl-rhodium species; (2) the electron-deficient
alkene then inserts into the aryl-Rh bond to give an oxa-
n-allylrhodium intermediate; (3) hydrolysis of this unstable
intermediate protonates the enolate, releasing and regenerat-
ing the hydroxyrhodium catalyst."*'*® A number of groups
have investigated stereoselective Rh-catalyzed 1,4 conjugate
additions to dhAAs,'0%107:1447146,148 1mportantly, dhAAs react

and C-C bond forming reactions,
126-128 and
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under similar conditions to the more typical enone-based reac-
tion partners, despite the different electronic and steric substi-
tution pattern.'®® For example, early work demonstrated that
Rh-catalyzed conjugate additions to dhAAs could be carried
out in dioxanes : water mixtures at elevated temperatures and
that stereoselectivity could be achieved with Karady-Beckwith
chiral auxiliaries, similar to radical additions.’®® More recent
work by Genet and Darses has provided additional mechanis-
tic insight and heightened stereoselectivity."*”'** This group
showed that potassium trifluoroorganoborates react smoothly
with simple dhAAs in the presence of [Rh(cod),][PFs] and
chiral ligands to give unnatural isosteres of aromatic amino
acids in toluene at 110 °C for 20 hours. They further revealed
that a cryptic p-hydride transfer from the amide-nitrogen to
the a-carbon via the metal center is both rate limiting and
stereodetermining. Based on this insight, the use of more elec-
tron-deficient phosphine ligands increased yields and stereo-
selectivity substantially (>91% ee). This example emphasizes
how the unique and innate structure and reactivity of dhAAs
can be exploited for greater regio- and stereocontrol.

Still more contemporary work has moved this rhodium
chemistry into more complex peptide and natural products ter-
ritory. Separately, Willis and Frost used Rh(acac)(C,H,), or
[RhCI(C,H,),], catalysts and BINAP-based ligands to modify
dhAAs in di- and tripeptides.'?®*#>146148 A yariety of boronic
acids were tolerated and reactions could be performed on pep-
tides with unprotected tryptophans, tyrosines and thioethers
in good yields and selectivity.'®'*® Miller demonstrated the
extreme versatility of this chemistry by developing conditions
that allow the site- and stereoselective functionalization of the
complex natural product thiostrepton.’®” Although standard
conditions involving prolonged heating were incompatible
with the sensitive functional groups on thiostrepton, the group
found that reactions could be run at room temperature by
increasing catalyst loading to 50 mol%, without degrading the
natural product. Of the four dhAAs present in thiostrepton,
these conditions proved highly selective for Dha 16. This is dis-
tinct from the chemoselectivity of uncatalyzed conjugate
additions with thiol nucleophiles which typically favor term-
inal Dha 17.'®" Further development of this chemistry may
allow site selective modification of other dhAAs within
complex natural products that are difficult to modify other-
wise. Interestingly, while the substrate scope was similar to
prior work, the stereoselectivity proved highly dependent on
Na and K salts, although the basis of this selectivity is
unknown.

dhAAs also undergo a number of common Pd-catalyzed
olefin chemistries, including Suzuki, Sonogashira, and Heck-
type coupling reactions. Only a handful of examples of Suzuki
or Sonogoshira couplings have been reported and these are of
limited scope due to the need for the p-halogenated dhAA
coupling partner to the boronic acids or alkynes,
respectively.’*”'*°712% However, the Heck reaction has been
used rather extensively to modify small molecule
dhAAs."*>"?°' In contrast to the rhodium-catalyzed conju-
gate additions described above, the Heck products still contain

the double bond (Fig. 2D), but with new substituents at the
B-carbon, making Heck-type cross-couplings viable strategies
to synthesize new alkyl and aryl dhAAs. A number of examples
have been reported in the literature, often providing, selec-
tively, the Z-product with the new substituent trans to the
dhAA carbonyl group.'® The Heck chemistry can be performed
in tandem with heteroannulation to allow access to isoquino-
lines, 131162 pyrroles,'®*'%* and oxazoles.'® Due to the solu-
bility needs of the catalyst and elevated reaction temperatures,
these reactions have mostly been limited to small molecule
dhAAs being modified in organic solvents. Recently, Roelfes
and co-workers reported on the development of an EDTA
(ethylenediaminetetraacetic acid)-based complex to allow
palladium-mediated cross coupling of arylboronic acids with
dhAAs in peptides and proteins.'** Although the catalyst gives
a mixture of the Heck-type olefin product and a conjugate
addition product, the authors demonstrated good tolerance of
aqueous buffer and examples of robust modification of the
natural product Nisin (Fig. 1C, 2), as well as a dhAA-bearing
version of the small protein SUMO (small ubiquitin-like modi-
fier). In this case, concerns about stereoselectivity of the conju-
gate addition product are secondary to the overall regio-
selectivity of the reaction, but Pd-based catalysts are well
known for allowing excellent stereocontrol with ligand
optimization.

Cumulatively, it is clear that with careful choice of metal
catalyst, chiral ligands, and other conditions, robust, con-
trolled conjugate additions into complex molecule dhAAs can
be achieved. Although significant progress has been made in
making reaction conditions milder, the high temperatures,
organic solvents, prolonged reaction times and limitation to
aryl conjugates are less than ideal for use in a protein context.
However, the interesting stereoselective proton transfer dhAAs
may offer opportunities to expand its orthogonality.'*” Perhaps
a ligand/Rh complex that promotes internal hydride transfer
significantly faster than water may (1) allow it to be performed
in water and (2) increase the reaction rate enough that high
temperatures are not needed, making it useful in a wider
range of chemical biology-oriented applications. Additionally,
extending this chemistry beyond C-C bond formation would
be advantageous. Copper-catalyzed hydroboration and hydro-
silylation of dhAAs have been recently described.'®® "% These
modifications are particularly useful in a pharmaceutical
context because they can be derivatized further to access valu-
able noncanonical amino acids and often afford greater
bioavailability."®”*%°

Enzymatic modification

Many of the dhAA chemistries described above have also been
found in enzymatic contexts (Fig. 3). Some of the most well
studied and recent examples of enzymatic dhAA modification
are from metabolism and peptide natural product biosynthetic
pathways. One way that dhAAs are used heavily is as reactive
handles for enzymatic diversification in ribosomally syn-
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Enzymatic dhAA-Modifying Chemistries
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Fig. 3 dhAAs also undergo enzymatic modification. (A) Enzymes involved in lantibiotic biosynthesis catalyze conjugate additions using S, C, and N
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LP =
p-amino acids, as in the cancer drug, Taxol.

leader peptide, B = base. (C) Amino acid ammonium-lyases and aminomutases use a modified dhAA to breakdown amino acids and generate


https://doi.org/10.1039/c8ob03155j

thesized and post-translationally modified peptide (or RiPPs)
natural products.'”® RiPP enzymes perform chemistry on pre-
cursor peptide substrates by recognizing an N-terminal leader
peptide and modifying a diverse array of typically C-terminal
core peptides."””" RiPP enzymes have been found to perform
numerous reactions on dhAAs, including stereoselective conju-
gate addition of cysteine thiols, lysine amines, select examples
of a-enolate carbanions, conjugate reductions, novel intra-
molecular cycloadditions, and even non-natural carbene chem-
istries. Additionally, several enzymes use dhAAs as catalytic
residues to perform chemistry in amino acid metabolism.'”
Thus, dhAAs can be either modified by enzymes or used by
enzymes to modify other molecules.

In the biosynthesis of lanthipeptides, dhAAs can undergo
enzyme-catalyzed intramolecular 1,4-conjugate additions
using sulfur, carbon and nitrogen nucleophiles (Fig. 3A).%
There are four major types of enzymes that catalyze the for-
mation of these dhAA-based crosslinks. Types-I, II and IV
exhibit cyclase domains that employ an active-site zinc to acti-
vate cysteine thiols and promote nucleophilic attack on the
dhAA.» In contrast to many of the polar conjugate additions
discussed above, these enzymes catalyze such chemistry with
exquisite regio- and stereoselective control."””* For example,
NisC, a type-I lanthipeptide cyclase, installs five thioether
bridges (one lanthionine, derived from dha, and four methyl-
lanthionines from dhbs) in the antibiotic Nisin (Fig. 1C, 2)
with specific ring topology and stereochemistry, thus forming
a single lanthipeptide natural product out of nearly a million
possibilities."”*'”> Despite exhibiting such exceptional regio-
and stereoselectivity, lanthipeptide cyclases also display
impressive substrate promiscuity. The type-II cyclase ProcM,
from the prochlorosin biosynthetic pathway, has 29 natural
substrates and installs distinct yet specific ring topologies and
stereochemistries on each them, yielding 29 discrete natural
products.’”® Type-III cyclases also install thioether crosslinks,
however, they extend the reaction by “catching” the enolate
generated by thiol addition and employing it in a second con-
jugate addition with another dhAA (Fig. 3Ai); stereoselective
protonation furnishes the so-called ‘labionin’ crosslink.'””*”®
Nitrogen-based conjugate addition of dhAAs has also been
observed in nature. A recent report showed that the enzyme
DurN, is responsible for the installation of an unusual lysinoa-
lanine bridge in duramycin biosynthesis (Fig. 3Aii)."”°
Mutational and structural data supports a substrate-assisted
mechanism of catalysis, whereby another unnatural residue
within duramycin itself, f-hydroxyl aspartic acid, activates the
amine and coordinates stereoselective enolate protonation.

Two other enzyme families found in lanthipeptide biosyn-
thetic pathways can stereoselectively reduce dhAAs to form
p-amino acids: LtnJ, PenN, NpnJ and Sac] are representative
members of a class of NADPH-dependent hydrogenases and
Las], BsjJ] and CrnJ of a flavin-dependent oxidoreductase
group.®'8%81 Both enzyme families effect conjugate reduction
with hydride supplied by either an NADPH or flavin cofactor;
stereoselective protonation then yields the p-amino acid pro-
ducts. All of these enzymes seem to act in a leader peptide

independent manner and often reduce dhAAs that are located
away from charged or polar groups and steric congestion such
as thioether or other bridges.® While no crystal structures of
these enzymes have been solved, extensive mutagenesis on
Ltn] from lacticin 3147 biosynthesis has begun to reveal
important aspects of its stereoselectivity.'®> In particular, Ltn]
K359A mutant loses stereoselectivity, leading authors to specu-
late that this residue may act to stabilize the negative charge
on the a-carbon or act as a proton source. Notably, CrnJ and
BsjJ, from the biosynthetic pathways of carnolysin and bicereu-
cin, respectively, have been shown to reduce Dhbs in addition
to Dhas.'8%1%4

dhAAs can also undergo enzyme-catalyzed cycloadditions,
as in thiopeptide biosynthesis.'®>™*%® In this case, they serve as
both 2x and 4n components in an intramolecular aza-[4 + 2]
cycloaddition to furnish a tri-substituted pyridine ring
(Fig. 3B)."® The mechanism is thought to involve tautomeriza-
tion of a C-terminal amide bond, adjacent to a Dha, to give an
imidic acid as the formal 47 component; this group can pre-
sumably then undergo cycloaddition with an N-terminal Dha.
Subsequent elimination of water and aromatization yields the
final pyridine core."”®"** This reaction is entirely-enzyme
dependent, and through this process the substrate is simul-
taneously macrocyclized and cleaved from its leader peptide,
releasing a mature thiopeptide.'® To date, four pyridine
synthases from thiopeptide biosynthetic pathways, TcIM (thio-
cillin), TbtD (thiomuracin), PbtD (GE2270), and LazC (lacta-
zole) have been shown to independently -catalyze this
reaction.'®®93719% Structures of ThtD and PbtD reveal a novel
leader peptide binding site; however, it is not yet clear how
pyridine synthases activate the substrate for cyclization.'*®
Pyridine synthases exhibit broad substrate promiscuity and are
capable of cyclizing substrates with a wide variety of different
macrocycle sizes and core sequences.®”8%197729% A very recent
report showcases the exceptional promiscuity of pyridine
synthases by demonstrating TbtD catalyzes an intermolecular
aza-[4 + 2] cycloaddition between isolated 2z and 4n com-
ponents.”® still, other classes of thiopeptides harbor distinct
nitrogen-containing cores that originate from dhAAs and the
enzymes responsible for installing these modifications may
prove to be a rich source of novel dhAA chemistry.'8>7188

Recently, enzymes have been used to achieve stereoselective
cyclopropanation of dhAAs, analogous to the synthetic cyclo-
propanations. Although there are few natural examples of
enzyme-catalyzed carbene insertions, engineered heme-depen-
dent cytochromes P450 have been shown to cyclopropanate
aryl olefins with iron carbenes generated from electron-
deficient diazo compounds, such as ethyldiazoacetate.*** >
dhAAs provide natural handles for this kind of unnatural
chemistry. Thus, two P450s, TbhtJ1 and J2 from the biosyn-
thesis of the thiopeptide thiomuracin, were engineered to
carry out the cyclopropanation of dhAAs embedded in thio-
peptide scaffolds to yield ACCA derivatives.”’® Interestingly,
because these enzymes already carry out site- and stereo-
selective oxidations of thiopeptide substrates, cyclopropana-
tions were also regio- and stereoselective with only moderately
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modified versions of their native substrates. Similar Rh-cata-
lyzed reactions on thiopeptide scaffolds yielded only trace
amounts of cycloproponated product. Redirecting natural oxi-
dation chemistries towards orthogonal handles such as dhAAs
could prove a broad strategy for late-stage natural product
modification.

Lastly, nature has employed dhAAs to perform chemistry in
enzyme active sites. A modified and particularly electrophilic
dhAA, 4-methylidene-imidazole-50ne (MIO), acts as a catalytic
residue during amino acid metabolism and natural product
biosynthesis (Fig. 1C)."”*?°**'° Two main mechanisms have
been proposed for the MIO-catalyzed breakdown of amino
acids by ammonium lyase enzymes (Fig. 3C)."”>*°>*'! In the
first, MIO undergoes a nucleophilic attack by the amine of the
amino acid. p-Elimination of the amine cleaves the amino acid
and collapse of the enolate releases ammonia and reforms the
dhAA. Alternatively, amino acids like tyrosine (or phenyl-
alanine) may proceed by a Friedel-Crafts type mechanism,
whereby the &-carbon performs the attack on the MIO.
Abstraction of the f-proton followed by collapse of the enolate,
eliminates ammonia and releases p-coumaric acid and MIO.
Nearly identical chemistry is performed by the closely-related
enzyme family of MIO-dependent aminomutases, however
instead of releasing ammonia, the MIO-amine adduct per-
forms a conjugate addition on the newly formed alkene fol-
lowed by stereoselective protonation. Collapse of the MIO-
enolate releases a p-amino acid.>'**'* Aminomutases are
important enzymes involved in the biosynthesis of several
natural products including C-1027,2** taxol**® and the poly-
ketide andrimid.>'® Additionally, these enzymes have been used
to stereoselectively generate unnatural o- and p-amino acids,
suggesting that they may yet find still other uses.*'”>*°

The above examples demonstrate that there are enzymatic
counterparts to many dhAA synthetic chemistries. The same
polar conjugate addition chemistry that has proven to be so
useful in chemical biology is catalyzed by a large family of
lanthipeptide cyclyases, however enzymes have the added
benefit of chemo- and stereoselectivity. Similarly, the Stoltz
[4 + 2] chemistry is analogous to the chemistry performed by
pyridine synthases, although the generation of arynes requires
much harsher conditions. The mild conditions required by
pyridine synthases and other dhAA-modifying enzymes could
make them suitable biocatalysts for broad application in
chemical biology and drug discovery. The biosynthesis of RiPP
natural products is already rich with dhAA modifying enzymes,
however these types of enzymes may still be more widespread.
For example, the fungal natural product phomopsin A contains
several unique dhAAs (Fig. 1D, 4), yet none of the enzymes in
its biosynthetic gene cluster resemble known dhAA-installing
enzymes.*?**?*! Moreover, the presence of dehydroisoleucine
makes it conceivable that the aryl-ether may result from conju-
gate addition of the m-oxygen into another dehydroisoleucine.
Continued exploration of the natural products made by other
biosynthetic pathways, such as non-ribosomal peptide synthe-
tases (NRPS) and polyketide synthases (PKS) may lead to new
dhAA modifying enzymes. For instance, since dhAAs are

known radical acceptors and radical chemistry is so prevalent
in nature, enzymes capable of modifying dhAAs through
radical mechanisms may also exist.***?*** These enzymes may
provide next generation biocatalysts to mildly install exotic
functionality through the flexible dhAA handles.

Conclusion

In summary, dhAAs are versatile amino acids. The unique
push-pull electronic architecture of dhAAs can be leveraged in
many chemical transformations, including conjugate
additions, cycloadditions, transfer hydrogenations, radical
reactions and metal-mediated cross-couplings, allowing access
to unnatural amino acid derivatives and complex ring systems.
Continued exploration of this innate reactivity is turning
dhAAs into robust chemical handles for peptide, protein, and
natural product modification."™* For example, early work
demonstrated that dhAAs were susceptible to regioselective
radical additions, but only under harsh conditions with strong
activating reagents, such as AIBN/Bu;SnH. As discussed in this
review, the use of new, more functional group tolerant activa-
tors by Davis, Park and others has expanded the applicability
of radical-dhAA chemistry which can now be performed on
complex natural products and proteins and in the presence of
nucleic acid tags. Similarly, dhAA-cross couplings were, until
recently, considered an “unanswered challenge” in peptide
and protein modification, but are succumbing to new, more
water-soluble catalysts and other reactions are beginning to
follow suit.>** Although there are still significant hurdles in
chemical modification of dhAAs, it clearly provides a powerful
toolbox for late stage chemical diversification.

In retrospect, the chemical potential of dhAAs has already
been on display for a long time in the structures and biosyn-
thetic pathways of numerous complex natural products. dhAA-
modifying enzymes from natural product biosynthesis present
significant opportunities for biorthogonal tailoring. Such
enzymes already function under mild conditions, in aqueous
media, and display exceptional chemo-, regio- and stereo-
selectivity on complex substrates. Moreover, enzymes can be
engineered to install non-native functionality while retaining
their natural substrate specificity, as shown with TbtJ1 and J2.
However, this activity comes at a price and many of these
enzymes can be slow or exhibit low turnover numbers, necessi-
tating some degree of further optimization for large-scale
use.””>?*” still, with the rapidly increasing number of
sequenced genomes, new dhAA-modifying enzymes are close
at hand.?*® The structures of natural products like phomopsin
A,?*%??! cyclothiazomycin A***?*° and theonellamide F>*' may
already hint at new dhAA-modifying chemistries. For example,
biosynthetic evidence suggests that a rare tertiary thioether
bridge in cyclothiazomycin A (Fig. 1D, 3) might arise from a
novel enzyme-catalyzed rearrangement following attack at a
dhAA. Similarly, the phenolic ether in phomopsins may derive
from a radical addition to a dhAA, a chemical transformation
not previously seen in natural product biosynthesis. These and
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other new biocatalysts may be waiting in the genomes of many
newly sequenced organisms.

Importantly, the versatility of dhAA-modifications provides
remarkable new tools for research both in basic biology and
drug discovery efforts.'' 336232233 por instance, the chemical
modification of dhAAs provides reliable routes for the selective
introduction of mimics of protein post-translational modifi-
cation (PTMs), such as methylation, acetylation, and phos-
phorylation in order to interrogate the chemical cross-talk
mediated by these modifications.’®**°> New reactions will
allow the detailed investigation of structure-activity relation-
ships related to these PTMs. Also, these chemistries can and
have been used to enhance phage,>**** yeast,>*® mRNA
display,>****® and DNA-encoded libraries.®® dhAA-modifying
enzymes from RiPP biosynthetic pathways seem to be
especially useful in this regard because their innate substrate
plasticity allows them to make vast libraries of complex natural
product-like compounds. In a recent example, authors were
able to pull out nanomolar integrin binders from large
libraries of peptides displayed on yeast or phage and modified
by enzyme catalyzed conjugate additions of cysteine thiols to
dhAAs.>*®  Cumulatively, dhAA modification chemistries
appear poised to address major biological questions and
uncover new therapeutic molecules.
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