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Protein-derived cofactors: chemical innovations
expanding enzyme catalysis

Angelica Graciano ® and Aimin Liu(=*

Protein-derived cofactors, formed through posttranslational modification of a single amino acid or
covalent crosslinking of amino acid side chains, represent a rapidly expanding class of catalytic moieties
that redefine enzyme functionality. Once considered rare, these cofactors are recognized across all
domains of life, with their repertoire growing from 17 to 38 types in two decades in our survey. Their
biosynthesis proceeds via diverse pathways, including oxidation, metal-assisted rearrangements, and
enzymatic modifications, yielding intricate motifs that underpin distinctive catalytic strategies. These
cofactors span paramagnetic and non-radical states, including both mono-radical and crosslinked
radical forms, sometimes accompanied by additional modifications. While their discovery has
accelerated, mechanistic understanding lags, as conventional mutagenesis disrupts cofactor assembly.
Emerging approaches, such as site-specific incorporation of non-canonical amino acids, now enable
precise interrogation of cofactor biogenesis and function, offering a viable and increasingly rigorous
means to gain mechanistic insights. Beyond redox chemistry and electron transfer, these cofactors
confer enzymes with expanded functionalities. Recent studies have unveiled new paradigms, such as
long-range remote catalysis and redox-regulated crosslinks as molecular switches. Advances in
structural biology, mass spectrometry, and biophysical spectroscopy continue to elucidate their
mechanisms. Moreover, synthetic biology and biomimetic chemistry are increasingly leveraging these
natural designs to engineer enzyme-inspired catalysts. This review integrates recent advances in
cofactor biogenesis, reactivity, metabolic regulation, and synthetic applications, highlighting the
expanding chemical landscape and growing diversity of protein-derived cofactors and their far-reaching
implications for enzymology, biocatalysis, and biotechnology.
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1. Introduction

Enzymes, the workhorses of biological systems, rely on diverse
strategies to catalyze an extraordinary range of chemical reac-
tions. While genetically encoded amino acids provide the
fundamental building blocks of proteins, nature often employs
additional chemical entities known as cofactors to expand the
catalytic repertoire of enzymes. These cofactors—comprising
metal ions, exogenous organic molecules (such as vitamins and
nucleotides), or complex structures of both endogenous and
exogenous origins—reshape the catalytic machinery and mod-
ulate catalysis and reaction outcomes. Protein-derived cofactors
are frequently encountered in oxidase, oxygenase, reductase,
dehydrogenase, carboxylase, catalase, decarboxylase, lyases,
hydratases, phosphotriesterase, racemase, sulfatase, synthetase
etc. They are crucial for a vast array of biological processes,
from challenging chemical transformations under mild condi-
tions, metabolism for energy production, and biosynthesis to
signal transduction and DNA replication. Typically, these cofac-
tors bind non-covalently to proteins, forming functional
holoenzymes.

A fascinating class of cofactors is those “homemade cofac-
tors”! or “built-in cofactors”> generated directly within pro-
through unidirectional posttranslational
modifications (PTMs) of their constituent amino acid residues
(Fig. 1). Among these PTMs, covalent crosslinking of amino
acid side chains represents a remarkable strategy for creating
specialized protein-derived cofactors. This intramolecular
crosslinking, occurring within a single polypeptide chain,
results in the formation of new covalent bonds (C-C, C-N,
C-0, or C-S) that endow the protein with unique structural and
chemical properties. This process is distinct from intermole-
cular crosslinking, which involves the formation of bonds
between separate protein molecules and is often associated
with protein aggregation or structural networks. This review
focuses specifically on cofactors generated by intramolecular
covalent crosslinking, excluding instances of intermolecular
crosslinking.

Formally known as protein-derived cofactors, these ‘“home-
made” intricate, atypical protein structural components are
formed by chemical modification of a single amino acid side
chain or by crosslinked side chains as a result of PTMs either
through direct oxidation by metal/O,- or H,0,-derived inter-
mediates or through outer sphere oxidation by highly oxidizing
exogenous cofactors or auxiliary enzymes.* These protein-
derived cofactors often present significant challenges for
prediction. Even advanced artificial intelligence (AI)-powered
computational methods, such as the latest iterations of
AlphaFold,>® currently lack the accuracy and reliability to
consistently identify or predict these cofactors.”*° Conse-
quently, high-resolution structural studies, such as X-ray crys-
tallography and cryo-electron microscopy (cryo-EM), remain
essential for elucidating their precise structures and bonding
arrangements. AlphaFold-guided molecular replacement for
solving challenging crystal structures is evolving."' Comple-
menting these techniques, crosslinked peptide fragmentation

teins covalent

This journal is © The Royal Society of Chemistry 2025

View Article Online

Chem Soc Rev

(CLPF) mass spectrometry provides a powerful approach for
identifying and validating the presence of novel crosslinks in
proteins.’>™® Recent technological advances in rapid data
collection at cryogenic temperatures to **C-NMR investigations
of *C-labeled proteins and chemical modification protocols
that can be integrated with both UV-visible and fluorescence
spectroscopy offer crucial complementary information."” These
advances have facilitated the discovery of novel protein-derived
cofactors. Emerging technologies, such as non-canonical nat-
ural and unnatural amino acid substitutions through genetic
code expansion, have enabled precise interrogation of cofactor
biogenesis and function. The resulting chemical and structural
insights are vital for understanding the mechanisms under-
lying their biosynthesis and the precise role of these cofactors.

Approximately two decades ago, Okeley and van der Donk
provided a foundational overview of protein-derived cofactors,
identifying 17 distinct types and categorizing them based on
their structural complexity.'® Since then, the field has wit-
nessed significant growth, with the discovery and characteriza-
tion of numerous new examples. Our current survey expands
this list to 38 distinct types (Fig. 1), highlighting the rapid
progress in this area. As emphasized in the work of Walsh and
others, forming these crosslinked structures can significantly
enhance a protein’s structural variability by several orders of
magnitude, enabling versatile functionalities in biological
systems.*'®* This review builds upon the previous seminal
work,"® focusing on protein-derived cofactors that have been
characterized structurally and functionally within the past two
decades. We will examine cofactors formed autocatalytically or
enzymatically by other processing proteins, exploring how
these modifications enhance existing protein functions, or
add entirely new ones (Fig. 2).

This review is organized as follows: First, we will discuss the
various types of covalent crosslinks observed in protein-derived
cofactors, categorized by the chemical nature of the bond
formed and number of amino acid residues involved. While
classifying these cofactors based on the type of bond formed
during PTMs might seem intuitive, the frequent occurrence of
multiple bond types within a single cofactor makes this
approach less practical. Therefore, we maintain a classification
based on the number of residues involved in the cofactor
structure. Next, we will delve into the biosynthetic pathways
leading to their formation, highlighting the enzymes and
mechanisms involved. Subsequently, we will explore the diverse
functional roles of these cofactors in biological systems, focus-
ing on enzymatic catalysis and other key biological processes.
Finally, we will briefly discuss emerging synthetic approaches
to mimic these cofactors and their potential applications.

2. Protein cofactors derived from
posttranslational modifications of
single amino acids

A large subclass of protein-derived cofactors arises from PTMs
of single amino acid residues within the polypeptide chain,
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Fig. 1 Thirty-eight structures of identified protein-derived cofactors and their corresponding systems from a total of 38 protein-derived cofactors.
Throughout the text, these structures will be referenced by their assigned number. *The straight arrow in 3 indicates coordination.

totaling fifteen, as shown in Table 1. These modifications,
encompassing a range of chemical transformations such
as oxidation, reduction, carboxylation, and the formation of protein functions. Twelve genetically encoded amino acid
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Fig. 2 Overview of the paths that generate posttranslationally modified amino acids. Protein-derived cofactors are either enzymatically or auto-
catalytically formed and serve to enable a function or enhance an existing function.

residues—Asp, Arg, Cys, Gly, Gln, His, Ile, Lys, Met, Ser, Trp,
and Tyr—have been identified as precursors to these modified
cofactors (Table 1), highlighting the versatility of the proteino-
genic amino acids. This section will explore these single amino
acid-derived diverse cofactors, emphasizing their structural
diversity, functional significance, and the biochemical path-
ways leading to their formation. We will divide this section into
two subsections based on the final oxidation state of the final
cofactor.

2.1. Modified single amino acid cofactors

This subsection focuses on single amino acid residues that
undergo PTMs to form non-radical cofactors. Several examples
illustrate the diverse chemical transformations involved.

2.1.1. Carboxylated lysine. During the characterization of
the beticolin 1 biosynthetic pathway, a novel non-heme iron-
dependent oxygenase, BTG13, was recently identified as the
catalyst for anthraquinone ring cleavage.*® Structural analysis
of wild-type BTG13 (Fig. 3A) reveals an unprecedented iron
coordination environment comprising four histidines and a
carboxylated lysine (Kcx) residue at position 377 (Fig. 1, 1),
which is hydrogen-bonded to His58 and Thr299.">% This
Kcx377 acts as a crucial protein-derived cofactor in the oxyge-
nase. Substitution of Lys377 with tyrosine or arginine leads to a
complete loss of catalytic activity in BTG13, demonstrating the
essential role of Kcx377 in catalysis. Further structural char-
acterization of the H58F and T299V variants reveals a perturbed
Kcx377 conformation in H58F and the absence of Kcx377 in
T299V, strongly implicating His58 and Thr299 in Kcx377
biogenesis.*> While the precise mechanism of Kcx377 for-
mation remains to be fully elucidated, these findings under-
score the critical roles of His58 and Thr299 in regulating the
process of Lys377 carboxylation and, consequently, enzyme
reactivity.

Mechanistic investigations into the C4,—C; bond cleavage of
anthraquinone catalyzed by BTG13, supported by computa-
tional studies, propose a stepwise mechanism initiated by

This journal is © The Royal Society of Chemistry 2025

hydrogen atom abstraction from C;, of the substrate by a
ferric superoxide species, Fe(u)-O,°~, generating a substrate
radical-Fe(m)-OOH intermediate.®> Subsequent homolytic
0O-0O bond cleavage and rebound of the distal oxygen to the
substrate radical forms a high-valent Fe(iv)—O species. Com-
putational studies further suggest that Kcx377 facilitates the
initial electron transfer from the iron center to dioxygen,
promoting the formation of Fe(m)-O,°", the catalytically rele-
vant species.®

2.1.2. Lysine acetylation regulates enzyme activity. Lysine
acetylation (Fig. 1, 2) is widespread across all domains of
life.%*% Although it is generally understood that lysine acetyla-
tion regulates AMP-forming acetyl-CoA synthetase (AcsA) in
bacteria and eukaryotes, the mechanism of action is yet to be
elucidated. In AcsA of Bacillus subtilis, the acetylation of Lys549
regulates its activity.®® This lysine residue is conserved in AcsA
in bacteria and eukaryotes, suggesting that regulation of
enzyme activity through lysine acetylation is evolutionarily
conserved.*’

A recently characterized protein, AcuA, functions as an
acetyltransferase, transferring an acetyl group from either
acetyl-CoA or acetyl phosphate to Lys549 on AcsA, thereby
inactivating this synthetase.’® Interestingly, this process is
reversible, and AcsA activity can be restored through the enzy-
matic deacetylation of Lys549.*° The presence of genetically
encoded regulatory mechanisms—namely, an acetyltransferase
and its corresponding deacetylase—highlights the critical need
for AcsA regulation. Given the conservation of this lysine
residue, it is speculated that other acetyl-CoA synthetases might
regulate their activity similarly, based on metabolic conditions.
These findings enhance our understanding of the AMP-forming
acetyl-CoA synthetase in cellular metabolism and present
potential therapeutic targets for interventions.

2.1.3. First pincer complex identified in nature. Pincer
ligands are well-established in synthetic organometallic chem-
istry, prized for their robust coordination properties and ability
to stabilize a wide range of metal oxidation states. However,

Chem. Soc. Rev., 2025, 54, 4502-4530 | 4505
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Table 1 Protein cofactors derived from posttranslational modifications of single amino acids

New chemical

Source Cofactor bonds formed Representative enzyme Biogenesis Function Ref.
Arg  Methylated Cc-C Methyl-coenzyme M reductase Enzymatic RCMT Subunit interaction 25 and 26
Asp  Didehydroaspartate C—=C Methyl-coenzyme M reductase TBD Tune enzyme structure 27
Cys  Pyruvoyl group C=0 p-Proline reductase Autocatalytic Catalysis 28
Pyruvoyl group C=0 L-Glycine reductase Autocatalytic Catalysis 29
FGly c=0 Human sulfatases Enzymatic (SUMF1 FGE) Catalysis 30-32
Sulfenic acid S-OH NADH peroxidase/oxidase Autocatalytic Catalysis 33
Nitrile hydratase Autocatalytic Catalysis 34 and 35
Sulfinic acid S-OH Nitrile hydratase Autocatalytic Catalysis
S—0
Cys-Heme C-S 3-Methyl-L-tyrosine hydroxylase Autocatalytic Catalysis 36
Methylated C-S Methyl-coenzyme M reductase Enzymatic (MA4545) Thermal stability, sub- 25-27,
strate binding 37-39
Cys®* Cys*® Class II ribonucleotide reductase Autocatalytic Regenerate AdoCbl 40
cofactor
Gln  Methylated Cc-C Methyl-coenzyme M reductase Enzymatic (QCMT) TBD 25 and 39
Gly  Thioglycine C=S Methyl-coenzyme M reductase Enzymatic YcaO and Differing opinions 25, 37 and
TfuA* based on catalysis or 38
stability
Gly* Gly* Class III ribonucleotide reductase Enzymatic (AE) Generate a transient 40
protein radical,
catalysis
Gly* Pyruvate formate lyase Enzymatic (AE) Generate a transient 40 and 41
protein radical,
catalysis
His  Methylated C-N Methyl-coenzyme M reductase TBD TBD 25, 42 and
43
His-heme C-N Cyanobacteria hemoglobin (PCC 6803 Autocatalytic Catalysis 44
and 7002)
Ile Methylated Cc-C Methyl-coenzyme M reductase TBD TBD 42 and 43
Lys  Carboxylated C-N Questin oxidase (BTG13) Autocatalytic Catalysis 45
Carbamylated C-N Rubisco Autocatalytic Bridging ligand: Mg>" 46
Urease Autocatalytic Bridging ligand: Ni** 47
Phosphotriesterase Autocatalytic Bridging ligand: Zn®>* 48
Acetylated C-N Acetyl-CoA synthetase Enzymatic Regulates activity 49 and 50
Ni-pincer-Lys C-N Lactate racemase Enzymatic (LarB, LarC,  Catalysis and/or nickel 51 and 52
and LarE) binding
Met  Oxymethionine S=0 Methyl-coenzyme M reductase TBD TBD 42 and 43
Ser Pyruvoyl group C=0 Histidine decarboxylase Autocatalytic Catalysis 53 and 54
FGly c=0 Sulfatase Enzymatic (AtsB) Catalysis 55 and 56
Trp  7-Hydroxy-Trp Cc-0 Methyl-coenzyme M reductase TBD TBD 42 and 43
6-Hydroxy-Trp C-O0 Methyl-coenzyme M reductase TBD TBD
Kyn Cc=0 Copper binding protein (MbnP) Enzymatic (MbnH) Copper binding 57
c—0 Copper-binding protein (MopE*) TBD Copper binding 58
Cc=0 Copper-repressible protein (CorA) TBD Copper binding 59
Tyr  TPQ C=0 Amine oxidases Autocatalytic Catalysis 60
Tyr®*  Tyr* Class I ribonucleotide reductase Autocatalytic Generate a transient 40
protein radical
Tyr* Photosystem II Autocatalytic Catalysis 61
Tyr® Prostaglandin H synthase Autocatalytic Catalysis 62

before the discovery of the pyridinium-3-thioamide-5-thiocar-
boxylic acid mononucleotide Ni pincer complex, (SCS)Ni(u), in
the lactate racemase of Lactobacillus plantarum (LarA),>* such
ligands were unknown in biological systems (Fig. 1, 3). LarA is a
nickel-dependent enzyme requiring three auxiliary proteins, LarB,
LarC, and Lark, for activation (Fig. 4).°”°® While the precise roles
of these proteins and the mechanism of nickel incorporation were
initially unclear, recent studies have elucidated this complex
process. Site-directed mutagenesis, coupled with structural analy-
sis, implicated Lys184 in nickel coordination or catalysis, reveal-
ing a novel posttranslational modification involving the
attachment of a nicotinic acid mononucleotide (NAMN) derivative
to its carboxyl group.

4506 | Chem. Soc. Rev, 2025, 54, 4502-4530

A comprehensive investigation of the cofactor biosynthetic
pathway jointly by Hausinger and Hu has defined the functions
of the three auxiliary proteins starting from a NAD" precursor,
nicotinic acid adenine dinucleotide (NaAD).>*> LarB initiates
cofactor assembly by carboxylating and hydrolyzing the pyri-
dine ring of NaAD to yield AMP and pyridinium-3,5-
biscarboxylic acid mononucleotide (P2CMN).*>”° Subsequent
reactions with two LarE molecules, involving sacrificial desul-
furization of Cys176, convert P2CMN to the thiocarboxylated
intermediate, P2TMN.”"7* LarC purifies with bound nickel,**
and it is a CTP-dependent nickel-inserting cyclometallase play-
ing the role in nickel insertion into P2TMN and subsequent
transfer of the completed (SCS)Ni(m) cofactor to LarA (Fig. 3B).”

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Crystal structures showing novel lysine PTM's. (A) Iron-binding
motif in BTG13 (yellow; PDB 7Y3W) is comprised of four histidine residues,
a carboxylated lysine residue, and a water molecule. Thr299 and His58
from the second coordination sphere are shown due to their implications
in regulation of Lys377 carboxylation (H-bonding shown in gray dashed
lines). (B) Active site of LarA (orange; PDB 4YNS) showing the (SCS)Ni(n)
pincer complex with Lys184 and His200 potentially playing roles in
catalysis/Ni-binding (coordination shown in gray dashed lines).

The identification of this unprecedented enzyme-generated
pincer complex essential for catalyzing the racemization of
lactate raises the possibility of similar cofactors in other
biological systems. The broad distribution of LarB, LarC, and
LarE homologs beyond organisms possessing LarA strongly
suggests the potential for additional pincer-dependent
enzymes.>"7”¢

2.1.4. Various cofactors in Methyl CoM reductases. Methyl-
coenzyme M reductase (MCR), one of the ten nickel-dependent

View Article Online
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amino acids (Fig. 1, 4-14).”° Structural studies of MCR in
Methanobacterium thermoautotrophicum have revealed a cluster
of five modified residues near the active site: S-methyl-cysteine,
5-C-(S)-methyl-arginine, 1-N-methylhistidine, 2-C-(S)-methyl-
glutamine, and thio-glycine.>®> While 5-C-(S)-methyl-arginine,
1-N-methyl-histidine, and thio-glycine are universally conserved
across methanogens, the presence of S-methyl-cysteine and 2-
C-(S)-methyl-glutamine varies among species.*

Further investigations of MCR homologs, including ethyl
CoM reductase (ECR), MCR from Methanothermobacter marbur-
gensis, and MCR from anaerobic methanotrophic archaea
(ANME-1), have unveiled a diverse repertoire of novel PTMs.
These include 6-hydroxy-tryptophan, 7-hydroxy-tryptophan,
didehydro-aspartate, S-oxy-methionine, 3-methyl-isoleucine,
and 2-N-methyl-histidine.*>** Notably, didehydro-aspartate,
was discovered in MCRs from M. marburgensis and Methano-
sarcina barkeri through peptide-sequencing and mass spectro-
metry and confirmed by a 2.15 A resolution crystal structure.?”
The formation of the double bond in didehydro-aspartate
restricts the conformational space of the side chain, reducing
the mobility of the carboxylate group and decreasing the
residue’s pK,. It is proposed that this modification fine-tunes
enzyme structure to optimize substrate-binding and catalysis.””

The distribution of these modifications varies across differ-
ent MCRs. For example, ANME-1 harbors 7-hydroxy-tryptophan
and S-oxymethionine,*® while MCR from Methanotorris formici-
cus contains 6-hydroxy-tryptophan.?' 3-Methyl-isoleucine and
2-N-methyl-histidine have been identified in the structure of

enzymes’’ catalyzing methane formation in methanogenic Candidatus Ethanoperedens thermophilum MCR.*> The non-
archaea,”® is a rich source of posttranslationally modified overlapping occurrence of 7-hydroxy-tryptophan and methylated
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Fig. 4 Proposed biogenesis mechanism of (SCS)Nif(i) pincer complex. LarB is responsible for the formation of P2CMN from NaAD in a CO,/bicarbonate
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transferring the cofactor to LarA (the straight arrow in the pincer indicates coordination).
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arginine in ANME-1 suggests potential compensatory functions
for these modifications.*® Similarly, 6-hydroxy-tryptophan may
compensate for the absence of didehydro-aspartate in MCR.%!
However, the precise roles and biosynthetic origins of many of
these PTMs remain to be fully elucidated.

Significant progress has been made in understanding the
biosynthesis of S-methyl-cysteine, 2-C-(S)-methyl-glutamine,
5-C-(S)-methyl-arginine, and thio-glycine.** Gene knockout stu-
dies on the o subunit of MCR (McrA) have shown that the ycaO-
tfuA locus is required for thio-glycine formation, where phylo-
genetic analyses showed their prevalence in methanogens.’”
Thio-glycine, present in all examined MCRs, is implicated
in stabilizing secondary protein structure near the active
site, although its formation mechanism is still under
investigation.’” A SAM-dependent methyltransferase, encoded
by mcmA, is hypothesized to be responsible for the methyl-
cysteine modification.*® Studies on MCR mutants lacking thio-
glycine and methyl-cysteine showed significant growth defects,
suggesting a synergistic interaction between these two
modifications.*® While histidine methylation is conserved in
all methanogens, the specific enzyme remains unidentified,
although a SAM-dependent methyltransferase is suspected. It is
hypothesized that this methylation positions the imidazole that
coordinates coenzyme B, CoB.**

The methylation of arginine in MCR is catalyzed by the
radical SAM methyltransferase MA4551 (Mmp10), also known
as arginine C-methyltransferase (RCMT).”® RCMT utilizes
methylcobalamin (MeCbl) as a cofactor.>>®* Booker et al. clas-
sified MaMmp10 (Mmp10 from Methanosarcina acetivorans)
as a new member of subclass B in the radical SAM methyl-
transferase family, revealing a C-terminal cobalamin-binding

View Article Online
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domain.?® EPR studies have shown that a tyrosine residue
coordinates the [4Fe-4S] cluster, enabling both radical and
nucleophilic chemistry,® similar to the initial steps of tyrosine
cleavage by HydG of the radical SAM superfamily®”®® for
cyanide production.®®®° The proposed mechanism involves
SAM binding, assisted by tyrosine displacement in the [4Fe-
4S5] cluster. The 5’-deoxyadenosyl radical abstracts a hydrogen
atom from arginine, initiating methyl transfer from MeCbl.**
The resulting Co(u) intermediate is likely reduced back to
MeCbl by a ferredoxin (Fig. 5). Similarly, glutamine methylation
in MCR is catalyzed by an enzyme of class B radical SAM
methyltransferases, glutamine C-methyltransferase (QCMT),
which utilizes a [4Fe-4S] cluster and MeCbl similarly. Studies
have shown that QCMT transfers a methyl group from SAM to
cobalamin(i), regenerating MeCbl, with 5’-deoxyadenosine
and S-adenosyl-.-homocysteine as co-products.*®°! The simila-
rities between QCMT and RCMT suggest analogous catalytic
mechanisms.

Intriguingly, the methylation of glutamine in MCR is also
catalyzed by a class B radical SAM methyltransferase, termed
glutamine C-methyltransferase (QCMT).?° Using the putative
QCMT from Methanoculleus thermophilus, Layer et al. demon-
strated glutamine methylation in an MCR-derived peptide
substrate.>® QCMT possesses a single [4Fe-4S] cluster and
enzyme-bound MeCbl cofactor utilized during -catalysis.
UV-vis spectra and HPLC analysis indicated that SAM
was transferring a methyl group to cobalamin(i), regenerat-
ing MeCbl. A QCMT reaction with a peptide substrate
revealed the presence of two co-products, 5’-deoxya-
denosine and S-adenosyl-.-homocysteine.*® Due to the sig-
nificant similarities in QCMT and RCMT, it is assumed that
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Fig. 5 Proposed catalytic cycle of arginine C-methyltransferase (RCMT), also known as Mmpl0, to produce 5-C-(S)-methylarginine, methionine,

5’-deoxyadenosine, and S-adenosyl-L-homocysteine 8
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they catalyze similar reactions to methylate their corres-
ponding residues.

2.1.5. Kynurenine formation from tryptophan. Methano-
bactins (Mbns) are ribosomally synthesized and posttransla-
tionally modified natural products with a high affinity for Cu(i),
utilized by methanotrophs as a copper source.”> While many
proteins encoded by Mbn operons have assigned functions,
the roles of MbnP, a tryptophan-rich protein, and MbnH, a
diheme cytochrome ¢ peroxidase (CcP), remained unclear until
recently.””°> MbnH belongs to the (bCcP)/MauG family, of
which MauG catalyzes tryptophan tryptophylquinone (TTQ)
formation in pre-methylamine dehydrogenase (preMADH)”*~%°
via a free radical approach®®®” mediated by a reactive bis-Fe(1v)
intermediate®® in long-range remote catalysis (which will be
discussed in Section 3.1).°%?°71°> Notably, MbnH exhibits a
charge resonance (CR) near-infrared band upon reaction with
hydrogen peroxide, a spectroscopic signature associated with
the bis-Fe(1v) intermediate of MaugG, indicating a through-space
stabilization of the high-valent bis-Fe(v) centers.”!%%193104 5
2.09 A resolution crystal structure of MbnP", (MbnP coex-
pressed with MbnH), revealed a copper-binding site containing
histidine, methionine, solvent-derived ligand, and kynurenine
at residue 174 (Kyn174), a tryptophan-derived cofactor gener-
ated by oxygenation of a tryptophan residue (Fig. 1, 15).”’
Kyn174 is a protein-bound residue, distinct from endogenous
kynurenine that is present in the body as a metabolic inter-
mediate in the major catabolic pathway of tryptophan,'%%10>7108
Trp174, the precursor to Kyn174, is part of a conserved
WxW motif in MbnP proteins.”” Mutation of Trpl74 to
tyrosine significantly reduced copper binding, demon-
strating the importance of the kynurenine cofactor for copper
association.”” Although kynurenine is also present in the
copper-binding sites of MopE* and CorA, these proteins adopt
distinct structural folds (Fig. 6).>’>° In all three proteins, the
copper-kynurenine distance exceeds typical Cu-N bond
lengths, suggesting that kynurenine is not directly coordinated
with the copper ion.”” Further studies are needed to elucidate
the mechanism of kynurenine formation from a tryptophan
residue and the biological function of these proteins.

2.1.6. Tyrosine modification in copper amine oxidases:

2,4,5-trihydroxyphenylalanine quinone (TPQ) and lysine
A .

Met269 His203

His207

Wat

L riCu
2.9A’¢

Kyn17\4\ﬁ Kyn130

Wat
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tyrosylquinone (LTQ). Copper amine oxidases (CuAOs) are
homodimeric enzymes that catalyze the O,-dependent oxida-
tion of primary amines to aldehydes, with the concomitant
production of ammonia and H,0, through a ping-pong kinetic
mechanism.' These enzymes are widespread, participating in
diverse biological processes such as cell growth, apoptosis, and
hormone biosynthesis.'® Known as quinoproteins, CuAOs utilize
covalently linked cofactors—2,4,5-trihydroxyphenylalanine qui-
none (TPQ) (Fig. 1, 16) or lysine tyrosylquinone (LTQ) (Fig. 1,
26)—to facilitate catalysis. These quinone moieties are derived
from tyrosine residues through an autocatalytic process that
depends on copper and molecular oxygen.®*'"°

The TPQ cofactor was first identified in 1990 via biochemical
studies and later confirmed by X-ray crystallography (Fig. 7A).
Structural insights have been obtained from bacteria, plant,
and mammal CuAOs, providing a comprehensive understand-
ing of their catalytic mechanisms.'™"'"” Notably, the copper
amine oxidase from Arthrobacter globiformis (AGAO) has been
extensively studied to elucidate the stepwise formation of TPQ.
Apo-AGAO crystals which feature an unmodified tyrosine resi-
due Tyr382, were soaked in CuSO, and exposed to an oxygen-
saturated buffer to monitor TPQ (Fig. 8)."'

The first step in TPQ formation involves the binding of a
copper(n) ion to the protein, positioning it approximately 2.5 A
from the hydroxyl group of Tyr382. Upon exposure to oxygen for
10 minutes, an O atom was detected near the C3 position of the
tyrosine ring, with an occupancy of 0.5.'*® This observation
suggested the presence of a transient intermediate comprising
both the unmodified tyrosine and its partially oxidized quinone
form, referred to as dopaquinone (DPQ).""®

Prolonged exposure to oxygen for 100 minutes revealed
another intermediate lacking the characteristic 480 nm absorp-
tion peak of fully mature TPQ. This intermediate exhibited two
oxygen atoms near the C2 and C5 positions of the tyrosine ring,
consistent with the reduced form of TPQ (TPQ.q).'*® Since
mature TPQ contains oxygen atoms at the C2, C4, and C5
positions, the previously observed oxygen at C3 in DPQ likely
corresponds to C5 in TPQ,.q, implying a 180° rotation of the
quinone ring during maturation.

The final step involves the oxidation of TPQ.q by a second
molecule of molecular oxygen, yielding the fully mature

. Wat
His132 His114gy

His64

Fig. 6 Active sites of copper-binding proteins containing kynurenine. (A) The copper ion in MbnP" (light green; PDB 7L6G) is coordinated in a
tetrahedral geometry by a methionine, histidine, kynurenine, and a water molecule. (B) The copper ion in MopE* (turquoise; PDB 2VOV) is coordinated by
two histidine residues, kynurenine and a water molecule. (C) CorA's copper ion (pink; PDB 4BZ4) is also coordinated by two histidine residues,

kynurenine, and a water molecule.
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Fig. 7 Crystal structures of cofactors in present in quinoproteins. (A) Amine oxidase of A. globiformis with mature TPQ cofactor (yellow; PDB 1IVX). The
copper center is coordinated in a distorted square-pyramidal geometry by two water molecules and three histidine residues. (B) Wild-type MauG in
complex with pre-MADH crystals aged 130 days, showing the crosslink between B-Trp57 and B-Trp108 (green; PDB 4FAl). (C) CTQ in the y-subunit of
QHNDH from Pseudomonas putida (blue; PDB 1JMX). Cys7, Cys27, and Cys41l of the y-subunit are involved in thioether crosslinks with Asp or Glu

residues that surround the CTQ cofactor.
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Fig. 8 Proposed mechanism of formation of TPQ in AGAO.*® Crystal structures for apo-AGAO, Cu"-AGAO, DPQ, TPQueq, and TPQ., have been
characterized and published with PDB codes 1AVK, 1IVU, 1IVV, 1IVW, and 1IVX, respectively.

oxidized form of TPQ (TPQ,,) and H,0,."'*'* This sequential
mechanism highlights the intricate interplay between copper
coordination, tyrosine oxidation, and ring conformational
changes during TPQ biogenesis.

By contrast, LTQ biogenesis involves a crosslink between
lysine and tyrosine residues, forming a distinct quinone cofac-
tor, which will be further discussed in Section 3.3. Although
less studied than TPQ, LTQ plays a similarly essential role in
enabling CuAO catalysis and warrants further exploration to
delineate its formation and function in enzymatic systems.

The catalytic mechanism of CuAOs has been studied, reveal-
ing a two-step process comprising a reductive half-reaction and
an oxidative half-reaction (Fig. 9). In the reductive phase, the
primary amine substrate is oxidized to an aldehyde, while TPQ
is reduced. The oxidative half-reaction regenerates TPQ, releas-
ing NH; and H,0, as byproducts.'*°

4510 | Chem. Soc. Rev., 2025, 54, 4502-4530

A recent study provided new insights into the dynamic
conformational changes during catalysis through in crystallo
thermodynamic analysis of noncryocooled AGAO crystals."*®
TPQ exists in two major conformations: the “off-copper” state,
where it is distant from the copper(u) ion, and “on-copper”
state, where it coordinates with the metal center and is cataly-
tically active. During the reductive half-reaction, TPQ is reduced
by the substrate to its aminoresorcinol form (TPQ,,;) which
resides in the off-copper state. This form is in equilibrium with
the on-copper semiquinone radical (TPQy)."*°

Murakawa and colleagues ingeniously employed the humid
air and glue-coating (HAG) method, commonly used in non-
cryogenic crystallography, to investigate the temperature-
dependent behavior of TPQ. Using anaerobically substrate-
soaked AGAO crystals, they demonstrate that increasing
temperature facilitates the transition from TPQum, to TPQ.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Proposed catalytic mechanism of CuAOs. Steps 1-4 belong to the reductive half-reaction and the remaining steps are the oxidative half-
reaction.’?° TPQy,, fully oxidized TPQ; TPQssp, TPQ substrate Schiff-base; TPQpsb, TPQ product Schiff-base; TPQam, TPQ aminoresorcinol form; TPQgq,
TPQ semiquinone radical, the “on-copper” catalytically active conformation, TPQ semiquinone form; TPQjmng TPQ iminoguinone form.

This transition was further corroborated by single-crystal
UV-vis  spectroscopy, providing direct evidence of
temperature-mediated conformational equilibrium.’® These
findings emphasize the sophisticated interplay of cofactor
conformation, substrate interactions, and environmental con-
ditions in CuAO catalysis, offering deeper insights into the
mechanistic versatility of protein-derived cofactors.

2.2. One oxidation state up: single amino acid residues
harboring paramagnetic free radicals as cofactors

Free radicals on amino acid residues represent a unique class
of protein-derived cofactors, serving as catalytic driving forces
in diverse enzymatic systems. This section explores the biogen-
esis, stabilization, and functional roles of these radicals.

2.2.1. Stable tyrosyl radical. The discovery of a stable
tyrosyl radical in Escherichia coli ribonucleotide reductase
(RNR) revolutionized the understanding of free radicals in
enzymology, demonstrating that radicals can be both highly
stable and integral to catalysis. First identified in the R2
subunit in 1972 as a built-in organic radical required for
enzyme activity with a sharp absorbance at 410 nm and a
doublet splitting EPR signal at g = 2.0047,"*" a stable tyrosyl
free radical cofactor in the protein was discovered,*****
expanding the field of radical enzymology.'*"*® The tyrosyl
radical has remarkable stability, persisting for days at room
temperature if the protein remains intact.'*

This radical is formed during protein synthesis via an
autocatalytic process involving a diiron cluster. Oxygen reacts
with the diiron center to form a mixed-valence Fe(ur)-O-Fe(1v)
intermediate,*”™**° which oxidizes a nearby tyrosine residue,
yielding the tyrosyl radical while reducing the diiron cluster to
the diferric state. The hydrophobic pocket surrounding the
diiron center and the local electrostatic environment provide
a protective environment that stabilizes the radical.**>*3*

This journal is © The Royal Society of Chemistry 2025

The catalytic role of the tyrosyl radical becomes evident
upon interaction with the R1 subunit. When R1 binds its
substrate, a ribonucleotide diphosphate, the two subunits form
a complex,'®? enabling the transfer of oxidizing power from the
R2 subunit’s tyrosyl radical through a hydrogen-bonded net-
work to the active site in R1. This generates a cysteine thiol
radical that initiates substrate reduction.'**'** Following each
turnover, the tyrosyl radical is regenerated, demonstrating its
role as a true catalytic cofactor.””

Beyond RNRs, tyrosyl radicals as protein-derived cofactors
play significant roles in other systems, such as photosystem II
(PSII) and prostaglandin H synthase (PGHS)."*® In PSII, two
tyrosyl radicals, Y,* and Yp°®, contribute distinct functions in
water-splitting catalysis. Y,* mediates electron transfer to P680"
in the photosynthetic electron transport chain, rapidly reduced
back to tyrosine and oxidized to the radical state. Conversely,
Yp® is exceptionally stable, persisting for minutes to hours, and
is believed to assist in assembling and stabilizing the oxygen-
evolving complex."*”"*® Computational studies have revealed
that Yp*’s stability is linked to a water-mediated proton transfer
pathway within its hydrophobic environment, explaining its
slower oxidation kinetics.">> PGHS is a heme-dependent
bifunctional enzyme, a tyrosyl radical plays an active role in
the cyclooxygenase activity that initiates prostaglandin
biosynthesis.’**'** The radical is generated during catalysis
and accumulates alongside product formation, signifying its
central role in the reaction mechanism. These examples under-
score the versatility and adaptability of tyrosyl radicals as
catalytic cofactors in diverse enzymatic systems.

2.2.2. Stable glycyl radical. Glycyl radicals are critical to the
catalytic activity of enzymes involved in anaerobic metabolism,
such as pyruvate formate lyase (PFL) and anaerobic RNRs (class
III RNRs)."*7'*® These radicals are generated by activating
enzymes (termed activases) containing Fe-S clusters, which

Chem. Soc. Rev., 2025, 54, 4502-4530 | 4511
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produce a 5’-deoxyadenosyl radical from S-adenosyl
methionine."*® A Zn(Cys), center is present in the catalytic
subunit of anaerobic RNR, and its absence through mutation
is shown to inactivate the enzyme as the result of their inability
to generate the catalytically essential glycyl radical although the
mechanism of which requires further investigation."”® This
radical abstracts a hydrogen atom from a glycine residue,
creating a catalytically active glycyl radical.*>*™*** Glycyl radicals
in these enzymes have demonstrated permanent stability under
strict anaerobic conditions."*”**® However, glycyl radicals are
extremely oxygen-sensitive, resulting in peptide cleavage at the
radical site and enzyme inactivation upon exposure.*"**®'%* In
PFL and class III RNR, the glycyl radical is transferred to a
cysteine residue, generating a catalytic thiyl radical essential for
pyruvate cleavage or nucleotide diphosphate reduction.**'>*15

Other enzymes containing glycyl radicals include glycerol
dehydratase, benzylsuccinate synthase, and hydroxyphenylace-
tate decarboxylase.'® Collectively termed glycyl radical
enzymes (GREs), they share a common mechanism of radical
transfer to cysteine residues for catalytic activity. Stabilization
and precise transfer mechanisms of glycyl radicals remain
active areas of research.

2.2.3. Transient thiyl and tryptophanyl radicals. It is deba-
table whether transient amino acid radicals mediating catalysis
should be formally classified as protein-derived cofactors.
While they are crucial for enzyme function and are generated
within the protein itself, their transient nature distinguishes
them from more stable protein-derived cofactors like perma-
nently stable tyrosyl radicals in RNR or PSII. Therefore, while
these radicals are important for enzyme catalysis and should be
discussed, they may not always be explicitly listed alongside
other, more stable protein-derived cofactors in a comprehen-
sive overview such as Fig. 1.

Thiyl radicals are essential to the catalytic mechanisms
of RNRs, which play a central role in DNA synthesis. All
RNR classes employ a transient thiyl radical to initiate nucleo-
tide reduction, with variations in its generation mechan-
144156163 g kinetically and spectroscopically study the
elusive thiyl radical, researchers have utilized selenocysteine
substitution.'®* With its lower pK, and reduction potential,
selenocysteine enhances radical stabilization, facilitating detec-

tion and advancing the understanding of thiyl radicals in
165

isms.

enzymatic catalysis.

Tryptophan radical cations are exemplified by cytochrome
¢ peroxidase (CcP), a heme-dependent enzyme that catalyzes the
oxidation of Fe(u)-cytochrome ¢ to Fe(m)-cytochrome ¢ while
reducing H,0, to water."®® The key intermediate is Trp191°*,"®’
which facilitates long-range electron transfer to its substrate,
cytochrome ¢.'*®*7'7° structural and spectroscopic studies reveal
that protein environments, such as solvent accessibility and
proximal charges, critically influence the stability of Trp**.'”"
For example, the presence of a nearby cation-binding site in
ascorbate peroxidase (APX) leads to the stabilization of a
porphyrin m-cation radical instead of a Trp**."”>'”® However,
in Leishmania major CcP (LmP), a Trp*" radical forms despite

the presence of a similar cation-binding site, suggesting that

4512 | Chem. Soc. Rev., 2025, 54, 4502-4530
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solvent environment differences may play a significant role.'”
Recent computational studies have investigated the factors
governing Trp*" stabilization, highlighting the roles of protein
structure and solvent interactions.'”®> Despite substantial pro-
gress, questions remain about why CcP favors a Trp*" over a
porphyrin radical and how this radical is reduced during
catalysis.

3. Protein cofactors derived from the
covalent crosslink of two amino acids

Covalent crosslinking between two amino acid residues forms a
unique class of protein-derived cofactors, which play crucial
roles in enhancing enzyme catalysis by creating specialized
active sites with new redox centers. Among these cofactors,
eight distinct types have been characterized to date, including
Cys-His, Cys-Lys, Cys-Tyr, Cys-Trp, His-Tyr, Lys-Tyr, oxyge-
nated Trp-Trp, and the radical form of (Cys-Tyr)® (Table 2).
These crosslinked cofactors exhibit unique structural and
functional properties, often arising through intricate biosyn-
thetic pathways. This section examines these cofactors in
detail, with a focus on their structural features, catalytic roles,
and the underlying mechanisms of their formation.

3.1. Tryptophan modification in amine dehydrogenases:
tryptophan tryptophylquinone (TTQ)

The protein-derived cofactors accommodated by quinoproteins
are among the most well-studied in terms of mechanisms of
formation. Currently, five amino acid crosslinked cofactors
with quinone moieties have been identified as redox centers in
enzymes.*” These are:

e Cysteine tryptophylquinone (CTQ, Fig. 1, 25) in quinohe-
moprotein amine dehydrogenase (QHNDH),%%"10:183,197,200,201
1-lysine g-oxidase (LodA),*** and glycine oxidase (GoxA).'®®

e Lysine tyrosylquinone (LTQ, Fig. 1, 26) in lysyl oxidase."'°

e Pyrroloquinoline quinone (PQQ, 37 in Fig. 1, 37)*® in
alcohol dehydrogenases and aminoadipic 6-semialdehyde
dehydrogenase.>**>%

¢ 2,4 5-Trihydroxyphenylalanine quinone (TPQ, Fig. 1, 16) in
amine oxidases.*

e Tryptophan tryptophylquinone (TTQ, Fig. 1, 24) in methyl-
amine dehydrogenase.'®” ™'

Among them, the biogenesis of TTQ is well studied. This
quinone cofactor formed through the crosslinking and subse-
quent oxygenation of two tryptophan components (Fig. 1, 24).
TTQ is the hallmark cofactor of methylamine dehydrogenase
(MADH), an enzyme that catalyzes the oxidation of methyla-
mine to formaldehyde and ammonia."®” TTQ serves as a prime
example of how protein-derived cofactors confer remarkable
catalytic capabilities, enhancing substrate specificity and turn-
over efficiency. The formation of TTQ involves a sophisticated
posttranslational modification pathway, mediated by the
diheme enzyme MauG.>°%>%7

MauG must handle a large substrate with specificity. The
biogenesis of TTQ is accomplished in a 119 kDa cofactor-free

This journal is © The Royal Society of Chemistry 2025
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Table 2 Protein cofactors derived from the covalent crosslink of two amino acids

New chemical

Source Cofactor bonds formed Representative enzyme Biogenesis Function Ref.
Cys-His  Cys-His C-S Tyrosinase Autocatalytic TBD 23 and 176-178
Cys-His Hemocyanin Autocatalytic TBD 23, 179 and 180
Cys-His Catechol oxidase Autocatalytic TBD 23 and 181
Cys-Lys  NOS bridge N-O-S Transaldolase Autocatalytic Allosteric redox switch 182
Cys-Trp  CTQ C-S Quinohemoprotein amine Enzymatic (QhpG, QhpA) Catalysis 183
dehydrogenase (QHNDH)
L-Lysine-g-oxidase (LodA) Enzymatic (LodB) Catalysis 184
Glycine oxidase (GoxA) Enzymatic (GoxB) Catalysis 185
(Cys-Tyr)* (Cys-Tyr)* C-S Galactose oxidase Autocatalytic Catalysis 186 and 187
Cys-Tyr Cys-Tyr C-S Cysteine dioxygenase Autocatalytic Catalytic Amplifier 188
Cys-Tyr Cysteamine dioxygenase Autocatalytic Catalytic Amplifier 12
Cys-Tyr Copper radical oxidase (GIxA) Autocatalytic Catalysis 189
Cys-Tyr Sulfite reductase (NirA) Autocatalytic Catalysis 190
Cys-Tyr Putative zinc protease (BF4112)  Autocatalytic Catalysis (putative) 15
Cys-Tyr Cytochrome c¢ nitrite reductase Autocatalytic Catalysis 191
(TVNiR)
His-Tyr  His-Tyr (a) aromatic C-N Cytochrome ¢ oxidase Autocatalytic Copper binding 192-194
His-Tyr (b) Cp-N Catalase TBD TBD 195 and 196
Lys-Tyr LTQ C-N Lysyl oxidase Autocatalytic Catalysis 110
Trp-Trp  TTQ c-C Methylamine dehydrogenase Enzymatic (MauG) Catalysis 197-199

(MADH)

precursor protein, preMADH, containing two tryptophan resi-
dues at positions critical for cofactor assembly.”®> MauG cata-
lyzes the oxidative maturation of these residues into TTQ via a
six-electron oxidation process (Fig. 10).°”'°> The oxidant in this
system, H,O,, interacts with the deeply buried hemes of MaugG,
initiating a cascade of high-energy intermediates.

Upon binding H,0,, the distal heme of MauG undergoes
oxidation to form an Fe=O0 species coupled with a porphyrin
radical. The oxidizing equivalent is then transferred to the
proximal heme, generating a bis-Fe(rv) intermediate.’® This
bis-Fe(iv) species is remarkably stable in the absence of pre-
MADH, persisting for hours due to a biological charge reso-
nance (CR) stabilization mechanism.**'°° This stabilization is
characterized by a near-infrared (NIR) absorption band with
maxima at 950-960 nm, a phenomenon rarely observed in
biological systems. Unlike the short-lived ferryl intermediates
that typically oxidize small-molecular substrates, the excep-
tional stability of bis-Fe(wv) in 43 kDa MauG enables the inter-
mediate to oxidize a large substrate of 119 kDa preMADH on its

b/s-Fe IV)  bis-Fe(lll

BTrp; ﬁ@ g
N\ NH
BTrps7 :—

preMADH

bis-Fe(lV)

™ oog" W g

specific two tryptophan residues (one is an already hydroxy-
lated 7-OH-Trp) through long-range remote catalysis.’®*"*

The bis-Fe(iv) intermediate serves as the catalytic linchpin
for oxidizing the tryptophan residues in preMADH.’® Despite
the physical separation (~40 A) between MauG’s catalytic
center and the substrate tryptophans, the oxidation proceeds
through a long-range electron transfer mechanism.'> This
transfer is facilitated by a network of aromatic residues in
MauG and involves a hole-hopping pathway via a surface-
exposed tryptophan residue.'®" The oxidative modification of
preMADH occurs across an approximately 40 A interface
between the H,0,-binding site in MauG and the TTQ formation
site in preMADH, producing a diradical of Trp® and (Trp-OH)*
for crosslinking,”® exemplifying the efficiency of biological
electron transfer mechanisms.

Each TTQ assembly cycle involves the consumption of one
H,0, molecule, repeating three times to deliver the six required
oxidizing equivalents. During each cycle, MauG’s bis-Fe(wv)
intermediate oxidizes one target tryptophan residue in

"
bis-Fe(lll)

bis-Fe(IV)  bis-Fe(lll)

MADH (TTQ)

Fig. 10 Proposed biogenesis mechanism of TTQ in MADH.°® TTQ maturation in MauG-preMADH crystals with slow release of H,O, of the
cryoprotectant illustrates TTQ formation, showing that the crosslink between the two Trp residues occurs prior to the addition of a second oxygen
atom. The PDB codes for aged crystal structures are 4FA4, 4FA5, 4FA9, 4FAN, 4FAV, and 4FAL, in ascending order.
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preMADH. The modifications include hydroxylation, crosslink
formation, and further oxidation to achieve the mature TTQ
structure.’® This cumulative oxidative process transforms pre-
MADH into catalytically active MADH, equipped with a fully
formed TTQ cofactor (Fig. 7B).

3.2. Cysteine tryptophylquinone (CTQ)

CTQ is a quinone cofactor derived from the crosslinking
of cysteine and tryptophan residues (Fig. 1, 25).”°° It has
been identified in various enzymes, including quinohemopro-
tein amine dehydrogenase (QHNDH)'® 1-lysine e-oxidase
(LodA),**? and glycine oxidase (GoxA),"®® where it plays a crucial
role in the oxidation of primary amines or amino acids to their
corresponding aldehydes or keto acids. These enzymatic reac-
tions are significant in energy metabolism and catabolism,
demonstrating the versatility and catalytic efficiency of CTQ-
containing enzymes.

QHNDH is a diheme enzyme that catalyzes the oxidation of
primary amines to aldehydes, with energy generation as a
byproduct. Its CTQ cofactor is formed during a multistep
biosynthetic process involving several auxiliary proteins. The
flavoprotein monooxygenase QhpG plays a central role in
catalyzing the final oxidation step to form the mature CTQ
(Fig. 7C) from the precursor peptide encoded by the ghpC gene,
which forms the y-subunit of QHNDH. However, this final step
is preceded by sequential modifications orchestrated by QhpD
and QhpE.>*’

QhpD mediates the formation of three Cys-to-Asp/Glu
thioether bonds within the QhpC polypeptide, a step critical
for stabilizing the cofactor’s nascent structure. Structural stu-
dies revealed that QhpG preferentially binds to a QhpCD binary
complex, facilitating efficient CTQ formation. This hierarchical
assembly and multienzyme coordination are reminiscent of
TTQ biogenesis in methylamine dehydrogenase (MADH), which
similarly involves a diheme enzyme (MauG) to oxidize precur-
sor tryptophan residues.

In 1-lysine e-oxidase (LodA) and glycine oxidase (GoxA), CTQ
synthesis occurs via distinct pathways. Unlike the diheme
protein-dependent biogenesis seen in QHNDH, LodA and GoxA
rely on flavoproteins, LodB and GoxB, respectively, to generate
their cofactors.'®*18%202210 Thege differences suggest unique
evolutionary adaptations and mechanistic diversity among
CTQ-bearing enzymes. Comparative studies have highlighted
variations in the roles and structural contexts of CTQ within
these systems, emphasizing the need for further research to
delineate the precise biogenesis and catalytic mechanisms
across different enzyme classes.

CTQ exemplifies the biochemical ingenuity of quinone
cofactors in enzymology, showcasing the versatility of protein-
derived modifications in facilitating challenging redox reac-
tions. Its formation and function differ across enzyme families,
illustrating how protein environments and accessory proteins
adapt to specific biochemical needs. For a comprehensive
overview of quinone cofactors, readers are directed to the
detailed review by Klinman and Bonnot, which delves into
the biogenesis and functionality of these remarkable molecular
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motifs.>” The formation and stabilization of these crosslinked
quinone cofactors underscore the evolutionary creativity of
enzymes in harnessing free radical chemistry and long-range
electron transfer for catalysis. As research advances, further
insights into the structural determinants and dynamic path-
ways governing CTQ and TTQ biogenesis will continue to
inspire biomimetic and synthetic applications.

3.3. Lysine tyrosylquinone (LTQ)

The quinone moiety of LTQ is also derived from a tyrosine
residue. However, in addition to the tyrosine modification,
there is also a crosslink between the quinone tyrosine and
the side chain nitrogen of a lysine residue (Fig. 1, 26). LTQ was
first identified and characterized through the biochemical
investigation of a peptide from bovine aorta lysyl oxidase
(LOX), a protein responsible for the posttranslational modifica-
tion of elastin and collagen in the metabolism of connective
tissue.”'° Reminiscent of TPQ, the formation of LTQ is also a
copper and oxygen-dependent autocatalytic process, and is
required for catalysis. Due to its membership in the CuAO
family, it is assumed that the mechanism of formation of LTQ
is similar to that of TPQ, but with the addition of the lysine
nitrogen into the orthoquinone intermediate.* A 2.4 A resolu-
tion crystal structure of human lysyl oxidase-like 2 (hLOXL2)
has a zinc ion occupying the copper-binding site, which pre-
vented LTQ formation but the LTQ forming residues were
observed 16.6 A away from each other, suggesting that the
published structure is in a precursor state to LTQ formation.*'*
The structure of the mature LOXL2 containing the LTQ cofactor
is predicted through molecular modeling and simulations.>'?
However, a crystal or cryo-EM structure of LOX with a mature
LTQ cofactor has yet to be determined experimentally.

3.4. Cys-Lys crosslink with a NOS bridge in transaldolase

Transaldolase, a pivotal enzyme in the pentose phosphate
pathway across all domains of life, has garnered significant
attention as a potential drug target. Recent studies by Tittman
and colleagues on the transaldolase enzyme of Neisseria gon-
norhoeae (NgTAL) has revealed an unprecedented redox-
regulated mechanism mediated by a unique protein-derived
cofactor (Fig. 1, 27)."®* This discovery underscores the enzyme’s
potential as a therapeutic target for combating gonorrhea, a
sexually transmitted disease of global concern.

The study demonstrates that NgTAL’s enzymatic activity is
modulated by redox conditions. Site-directed mutagenesis of its
three cysteine residues revealed that none of these form dis-
ulfide bonds, yet the loss of redox regulation upon substitution
of Cys38 pointed to its critical role. Structural characterization
of the oxidized and reduced states of NgTAL provided further
insights. In the reduced state, NgTAL exhibits catalytic activity,
while in the oxidized state, activity is abolished. Crystallo-
graphic analyses of the oxidized form unveiled a novel covalent
crosslink between Cys38 and Lys8, bridged by an additional
oxygen atom—forming an NOS (nitrogen-oxygen-sulfur) bridge
(Fig. 11B). This crosslink is absent in the reduced state (PDB
3CLM), wherein molecular oxygen is observed near Cys38,

This journal is © The Royal Society of Chemistry 2025
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suggesting its role in initiating the oxidation that leads to the
formation of the NOS bridge."*>

The NOS bridge distinguishes itself from other protein-
derived cofactors by its reversibility, enabling it to function as
an allosteric redox switch. Under oxidizing conditions, the
formation of the NOS bridge disrupts enzymatic activity,
whereas reducing conditions restore the enzyme’s functionality
by breaking the crosslink. This reversible mechanism provides
an elegant means of modulating enzyme activity in response to
cellular redox states.

Computational studies shed light on the plausible mecha-
nism of NOS bridge formation. The favored pathway involves
the oxidation of the cysteine thiol by reactive oxygen species
(ROS) to generate sulfenic acid, while the lysine amine under-
goes oxidation to form hydroxylamine or an amine oxide.*'* A
condensation reaction between sulfenic acid and hydroxyla-
mine, accompanied by water elimination, results in the for-
mation of the NOS bridge. This mechanism not only highlights
the versatility of oxidative modifications in enzyme regulation
but also adds to the growing repertoire of protein-derived
cofactors with unique functional and structural properties.
Similarly, cysteinesulfenic acid, Cys-(S)-OH, and derivatives
stabilized by elements of protein structure as novel protein
cofactors in enzyme catalysis and redox regulation have been
appreciated.'”?37%°

3.5. Cys-Tyr crosslinks

Cys-Tyr crosslinks are versatile protein-derived cofactors that
differ in their functional roles depending on their structural
context. While radical-containing Cys-Tyr cofactors are directly
involved in catalysis as the catalytic driving force to provide an
oxidizing equivalent to the bound substrate (Fig. 1, 29), radical-
free Cys-Tyr crosslinks (Fig. 1, 28) often serve to amplify

ROS/O, o. ROS/O, o
Lys/\ltng Hs cys ys/\N s cys Lys/\N s cys
H O-g
NOS bridge \—Cys
SONOS bridge
Cys38
Lys8
NO® bridge ONOES bridge

Fig. 11 (A) General cofactor biogenesis mechanism of NOS/SONOS
bridge.?'® Crystal structures of NOS/SONOS redox switches. (B) Oxidized
NgTAL, showing the NOS bridge formed by the crosslink of Lys8 and
Cys38 (turquoise; PDB 6ZX4). (C) MP™ of SARS-CoV-2 in complex with
inhibitor MPI8, possessing a SONOS bridge formed by the crosslink of
Cys44, Lys6l, and Cys22 (gray; PDB 7UUA).
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catalytic efficiency.'>*"® These crosslinks are integral to the
activity of a range of enzymes, including thiol dioxygenases and
reductases, underscoring their importance in diverse biochem-
ical processes.

3.5.1. Cys-Tyr in thiol dioxygenases: catalytic amplification
in thiol metabolism and oxygen sensing. Cysteine dioxygenase
(CDO) and cysteamine dioxygenase (ADO) are the only known
mammalian thiol dioxygenases. They utilize a mononuclear
nonheme iron center to catalyze oxygen insertion into sulfur-
containing substrates. CDO converts r-cysteine to cysteine
sulfinic acid, playing a crucial role in thiol metabolism and
redox homeostasis. Similarly, ADO catalyzes the dioxygenation
of cysteamine and N-terminal cysteine-containing proteins,
such as regulators of G-protein signaling (RGS4 and RGS5) in
the N-degron pathway and interleukin-32.>'®>*° Thus, these
enzymes play critical roles in thiol metabolism and redox
regulations.**"?*

The Cys-Tyr crosslink was first observed in the mouse CDO
crystal structure,'®® and later in rat and human CDO structures
(Fig. 12A)."*** This crosslink is not essential for catalysis but
enhances catalytic efficiency by approximately 20-fold. Initially,
Tyr157 was believed to initiate cofactor formation;*** however,
recent structural and computational studies indicate that Cys93
undergoes the initial oxidation."**** The protein-derived cofac-
tor is “untouchable” by traditional site-directed mutagenesis,
as such mutations disable cofactor synthesis.

By introducing non-proteinogenic unnatural amino acids to
specifically substitute the cofactor-bearing residues through
genetic code expansion, the Cys-Tyr crosslink mechanism in
human CDO has become better understood.***>* Subsequent
studies in human ADO' and galactose oxidase'® have contrib-
uted to this understanding and showcased that this non-
canonical amino acid substitution is a powerful approach to
studying protein-derived crosslink cofactors. The ternary
complex structure of a genetically modified variant with 3,5-
difluoro-i-tyrosine 157 (F,-Tyr157) CDO bound to substrate
cysteine and an O, structural surrogate nitric oxide (*NO) at
1.96 A resolution revealed that *NO is equidistant (3.1 A) from
both Cys93 and Tyr157 residues, with F,-Tyr157 additionally
hydrogen-bonded to the substrate’s carboxyl group.>*® This
interaction suggests that Cys93 is the preferred site of initial
oxidation.'*??®

Mechanistically, substrate binding to the ferrous iron center
generates an iron-bound superoxide radical, which oxidizes
Cys93 to produce a thiyl radical. Tyr157 is subsequently oxi-
dized by this thiyl radical, forming the Cys-Tyr crosslink
(Fig. 13).>*®> CDO plays a central role in thiol metabolism with
its substrate level fluctuating in cells in a large range depending
on the metabolic states of fed, fasting, and starvation, it is
proposed that the Cys-Tyr cofactor is formed after hundreds of
turnovers to amplify the catalytic efficiency in the presence of
excess substrate.*® This cofactor formation was first reported
in 2006, establishing CDO as a model system for studying thiol
dioxygenases.

In 2018, ADO was discovered to harbor a Cys-Tyr cofactor
through mass spectrometry and '’F-NMR spectroscopy,
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Fig. 12 Cys—Tyr cofactor in mammalian thiol dioxygenases. (A) Cysteine-
bound F,-Tyr157 hCDO (lime green; PDB 6BPV). (B) Cofactor-free Ni-ADO
(salmon; PDB 7REI) is hexa-coordinated by three histidine residues, and
three water molecules. Cofactor formation requires iron, cysteamine, and
molecular oxygen therefore the crosslink is not expected in the Ni-bound
crystal structure, but the crosslink has been detected via mass-spec in
previous work.

representing a variation of this motif (Fig. 12B)."> Unlike CDO,
ADO’s cofactor residues, Cys220 and Tyr222, are located adja-
cent to each other in the protein sequence, allowing the cross-
link to form without inducing significant structural changes.
This proximity confers structural flexibility, enabling ADO to
accept substrates of varying sizes, from small thiol metabolites
like cysteamine to larger N-cysteine peptides. The presence of
the Cys220-Tyr222 crosslink increases the catalytic rate of ADO
by more than 10-fold'* through a concerted dioxygen transfer
mechanism.>*’

Importantly, ADO exhibits dual functionality in thiol meta-
bolism and oxygen sensing, leveraging its Cys-Tyr cofactor for
catalytic enhancement only in thiol metabolism. The cofactor is

View Article Online

Review Article

not needed for oxygen sensing. Since the oxygenation of large
protein substrates does not require a catalytic rate boost as
cysteamine does during various metabolic states, the Cys-Tyr
cofactor is not always synthesized in ADO.?'”*'° Additionally,
Cys220 and Tyr222 sit in a dynamic loop that likely moves away
from the catalytic iron center when the target residue of a
protein substrate arrives.*'” This trait makes the Cys-Tyr cross-
link less frequently encountered in ADO and challenging to
observe. It has been detected by protein mass spectrometry for
the wild-type enzyme and shows approximately 50% occupancy
for crosslinked and uncrosslinked forms in the F,-Tyr222
human ADO variant.'” Like LTQ,”"" a crystal or cryo-EM struc-
ture of ADO with a mature Cys-Tyr cofactor remains unavail-
able to date, even though its uncrosslinked cofactorless
structure is available for both human®'” and mouse®'®* ADO
proteins.

3.5.2 Cys-Tyr in reductive and nitrosative stress responses.
Beyond thiol dioxygenases, Cys-Tyr crosslinks have been iden-
tified in sulfite reductase, cytochrome c nitrite reductase, and
putative zinc protease BF4112.">'® These enzymes exemplify
the broader functional spectrum of Cys-Tyr crosslinks, from
catalytic amplification to electron transfer and structural
stabilization. In sulfite reductase, the Cys-Tyr crosslink stabi-
lizes the enzyme’s active site, facilitating electron transfer
during the reduction of sulfite to hydrogen sulfide. Similarly,
cytochrome c nitrite reductase utilizes this crosslink for nitrite
reduction under nitrosative stress, showcasing the adaptability
of this cofactor across diverse reaction mechanisms.

The unique properties of Cys-Tyr crosslinks, particularly
their ability to amplify enzymatic efficiency and stabilize cata-
Iytic intermediates, make them a recurring motif in enzyme
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Fig. 13 Proposed mechanism of formation of Cys—Tyr crosslink in CDO.22° Upon substrate binding to the Fe(i) center, an iron-bound superoxide radical
is generated. The radical oxidizes Cys93, forming a thiyl radical and iron-bound hydroperoxide. The thiyl radical oxidizes Tyr157, generating the Cys—Tyr
crosslink, and a transient-state radical species in Tyrl57. C—H bond cleavage is driven by the formation of a ketone species after deprotonation of the

hydroxyl group in the iron-bound hydroperoxide.
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Tyr495

Fig. 14 Active sites of GAO and F,-Tyr272 GAO showing the (Cys—Tyr)*
cofactor. (A) Active site of GAO (purple; PDB 6XLT) shows the crosslink
between Tyr272 and Cys228, with the copper ion coordinated in square
pyramidal geometry by two histidines, Tyr495, and cofactor-bearing
Tyr272. (B) Active site of F,-Tyr272 GAO (teal; PDB 6XLS) retaining a
monofluorinated (Cys—Tyr)* cofactor through the oxidative C-F bond
cleavage during autocatalytic cofactor formation.*®

evolution. Continued exploration of these crosslinks promises
to uncover new insights into their functional roles and mecha-
nistic diversity in biological systems.

3.6. Stable (Cys-Tyr)* cofactor in copper-radical oxidases

The (Cys-Tyr)* cofactor represents a remarkable example of a
stable yet catalytically potent crosslinked radical cofactor dis-
tinct from those derived from a single amino acid such as glycyl
or tyrosyl radicals in RNR and PS II. It is a copper ligand in a
superfamily of copper-radical oxidases oxidizing a variety of
diverse carbohydrates.”*®**° Permanently stabilized within the
enzyme’s active site, this tyrosyl radical (Tyr*),"****° covalently
linked to a cysteine residue via a thioether bond,>'®” is akin to
the tyrosyl radical in RNR. However, its reactivity is finely tuned
to serve as the catalytic driving force for the specific substrates
of its host enzyme. This duality of stability and reactivity
distinguishes the (Cys-Tyr)* cofactor from the radical-free
Cys-Tyr crosslinks discussed earlier.

In copper-dependent galactose oxidase (GAO), the (Cys-Tyr)*
cofactor is central to the enzyme’s ability to catalyze the
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two-electron oxidation of a wide range of primary alcohols to
their corresponding aldehydes, coupled with the reduction of
molecular oxygen to hydrogen peroxide.>?*%*317233 This reac-
tion is facilitated by the synergy between the (Cys-Tyr)* radical
and the Cu(u) ion, a unique coupling that enables two-electron
redox chemistry with a single copper center.>?>?31:233234 The
(Cys-Tyr)® radical is a metal ligand and permanently stabilized
through antiferromagnetic coupling with the Cu(u) ion, making
it EPR-silent, as confirmed by Whittaker and Whittaker using
X-ray absorption near-edge spectroscopy (XANES).>**>*> The
antiferromagnetic coupling renders both paramagnetic centers,
Cu(n), and the (Cys-Tyr)* ligand, spectroscopically silent in EPR
experiments. However, the hidden Cu(u) center becomes EPR-
active when the (Cys-Tyr)* radical is neutralized by a radical
scavenger, hydroxyurea, and hidden again upon one-electron
oxidation by K;Fe(CN)s."?

The radical cofactor is formed by the covalent linkage of
Cys228 and Tyr272 through an autocatalytic, irreversible post-
translational modification.”****! The crystal structure of GAO
revealed that the sulfur atom of Cys228 forms a thioether bond
with the C. of Tyr272, a crosslink essential for catalytic
function."® This configuration supports the radical’s stability
while allowing it to participate in substrate oxidation.

Mutagenesis studies have reinforced the importance of the
cofactor. Substitution of Cys228 with glycine (C228G) abolished
cofactor formation and reduced catalytic efficiency by approxi-
mately 1000-fold, underscoring the critical role of the sulfur
atom in stabilizing the Tyr* radical.*****” Synthetic model
studies have provided additional mechanistic insights, demon-
strating that thioether substitutions lower the phenol’s pkK,
and reduction potential, facilitating radical formation and
stabilization.>**

Recent advances in genetic code expansion have offered new
perspectives on the cofactor’s properties and formation.**®
Substitution of Tyr272 with F,-Tyr retained cofactor formation
but reduced catalytic efficiency to 12% of the wild-type enzyme.
Structural studies of F,-Tyr GAO revealed the formation of a
monofluorinated radical cofactor via C-F bond -cleavage,
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Fig. 15 Proposed biogenesis mechanism of the (Cys—Tyr)® in F>-Tyr272 GAO.
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illustrating how electronic modifications influence the radical’s
reactivity and stability (Fig. 14).*2%°

The proposed cofactor maturation mechanism involves a
copper-bound superoxide radical oxidizing the thiol group of
Cys228, forming a copper-bound hydroperoxide intermediate
and a thiyl radical. This thiyl radical then oxidizes Tyr272 (or
F,-Tyr272), resulting in the formation of the thioether bond and
the mature (Cys-Tyr)* cofactor (Fig. 15)."*%°

In addition to GAO, the (Cys-Tyr)® cofactor is found in
glyoxal oxidase (GLOX) and other copper radical oxidases,
where it drives diverse catalytic reactions tailored to their
specific substrates.”*®**>?3! Its evolutionary significance and
versatility underscore its importance as a powerful and highly
specialized catalytic tool in enzymatic chemistry.

4. Protein cofactors derived from
covalent crosslink of three or more
amino acids

This section highlights protein-derived cofactors formed by the
covalent crosslinking of three or more distinct amino acid
residues. These trimeric or more crosslinks represent some of
the most complex and functionally diverse modifications found
in nature. By enhancing catalytic efficiency, stabilizing active
sites, and introducing novel functionalities, these cofactors
play critical roles in the biochemical processes of their host
proteins. To date, four distinct trimeric crosslinked cofactors
have been identified: Cys-Lys-Cys, Gly-Ala-Ser, Met-Tyr-Trp,
and Ser-Tyr-Gly (Table 3). Additionally, the redox PQQ
cofactor (Fig. 1, 37) is formed from five amino acid residues
Glu-Val-Thr-Leu-Tyr with further posttranslational oxidations.
Below, we examine their structure, function, and synthesis
mechanisms.

4.1. Cys-Lys-Cys crosslink with a SONOS bridge

The Cys-Lys—-Cys cofactor represents a fascinating chemical
feature involving a sulfur-oxygen-nitrogen-oxygen-sulfur
(SONOS) bridge (Fig. 1, 33). Initially identified in the main
protease (MP™) of SARS-CoV-2, this structure has garnered
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significant attention due to its role in the pathogenesis and
replication of the virus, making it a prime drug target in
COVID-19 research.”'*?*°

Crystal soaking experiments revealed Y-shaped crosslinks
between Cys22, Cys44, and Lys61 in MP™ (Fig. 11C). Computa-
tional studies suggest that the SONOS bridge forms through a
series of oxidation reactions, likely mediated by reactive oxygen
species (ROS).>™* A thio-(hydro)peroxy acid intermediate has
been identified as a plausible precursor to both NOS and
SONOS bridges, with homolytic dissociation leading to NOS
formation. However, the exact pathway for SONOS formation
remains under investigation.

The regulatory role of SONOS and NOS bridges in MP™
exemplifies their functional versatility. The reversible for-
mation and dissolution of these crosslinks appear to act as
redox switches, modulating enzymatic activity in response to
oxidative stress. Further structural and mechanistic studies are
crucial for understanding the formation and potential thera-
peutic exploitation of these cofactors.

4.2. Ser-Tyr-Gly crosslink in green fluorescent protein

The Ser-Tyr-Gly crosslink forms the fluorescent chromophore
at the core of green fluorescent protein (GFP), a widely used tool
in molecular and cellular biology.>**> GFP’s chromophore is
generated by the autocatalytic cyclization and oxidation of the
Ser65 (or Thr65), Tyr66, and Gly67 residues within a tightly
folded B-barrel structure (Fig. 1, 34).

Unlike many cofactors, the formation of GFP’s chromophore
is spontaneous and requires no external enzymes. However,
molecular oxygen is essential, as is precise protein folding to
orient the residues for cyclization. The resultant chromophore
exhibits a unique conjugated structure that absorbs blue light
and emits green fluorescence (Fig. 16).

Mechanistic parallels have been drawn between the GFP
chromophore and the methylene imidazolone (MIO) cofactor in
histidase enzymes,**® suggesting a shared evolutionary origin
(Fig. 1, 35).>" Despite extensive use, the detailed mechanism of
GFP chromophore biosynthesis remains elusive. Ongoing stu-
dies aim to elucidate these pathways, which may enable the
engineering of fluorescent proteins with novel properties.

Table 3 Cofactors derived from covalent crosslink of three or more amino acids

New chemical

Source Cofactor bonds formed Representative enzyme Biogenesis Function Ref.
Cys-Lys-Cys SONOS bridge S-O-N-O-S Main protease Autocatalytic Allosteric redox switch 213 and 240
Gly-Ala-Ser MIO C-N Histidase Autocatalytic Catalysis 241
MIO C-N Phenylalanine ammonia Autocatalytic Catalysis 242
lyase
MIO C-N Tyrosine ammonia lyase Autocatalytic Catalysis 243
Met'-Tyr-Trp M'YW C-C, C-S Catalase-peroxidase (KatG)  Autocatalytic Enable catalase activity 244
Met'-Tyr-Trp-OOH M'YW-OOH C-C, C-S, C-O Catalase-peroxidase (KatG)  Autocatalytic Modulates catalase- 244
peroxidase functions
Ser-Tyr-Gly Ser-Tyr-Gly ~ C-N Green fluorescent protein Autocatalytic Fluorescence emission 245
Glu-Val-Thr-Leu-Tyr PQQ Cc-C Alcohol dehydrogenase, Enzymatic: PqqE, Catalysis 203-205
C- aminoadipic 6-semialdehyde PqqD, PqqF, PqqB,
C=0 dehydrogenase and PqqC
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Fig. 16 Crystal structure of GFP cofactor formed by the cyclization and
oxidation of Thr65, Tyr66, and Gly67 (pink; PDB 1EMA).

4.3. Met'-Tyr-Trp cofactor in catalase-peroxidase

In the catalase-peroxidase enzyme (KatG), the Met'-Tyr-Trp
(MYW) cofactor is a trimeric crosslink critical for its bifunc-
tional activity. KatG is a well-known enzyme, largely due to
Mycobacterium tuberculosis KatG is an essential utility for acti-
vating the frontline antitubercular prodrug isoniazid (INH) and
detoxifying reactive oxygen species such as H,0,, contributing
to the pathogen’s survival and virulence.>*” This bifunctional
enzyme has emerged as a promising target in tuberculosis drug
development, with chemical modification of the MYW cofactor
rendering the bacterium more susceptible to peroxide-
mediated immune clearance and simultaneously enhancing
peroxidase activity to improve INH activation.>*®

The MYW cofactor, first characterized in Haloarcula maris-
mortui KatG by X-crystallography, is autocatalytically formed
during protein maturation.**® Spectroscopic studies suggest
that an Fe(iv)J=O porphyrin cation radical oxidizes Met, Tyr,
and Trp residues to generate the crosslinked structure.>”*>*!
This cofactor endows KatG with an exceptional single-function
catalase-like activity, synergistically enhancing H,0O, detoxifica-
tion by several orders of magnitude while retaining its innate
peroxidase functionality.”>">*?

It has been proven through EPR coupled with isotope
labeling that MYW becomes a transient MYW* free radical after
H,0, binds to the adjacent heme and becomes activated, and a
cofactor radical-based catalase mechanism is thus proposed.>?
The MYW cofactor spares one of the oxidizing equivalents and
located next to the Fe(iv)—O0, enabling strong coupling for 2e™
oxidation chemistry against subsequent H,O, for catalase
activity. Otherwise, the oxidizing equivalents from H,O, are
directed outside the heme center of KatG via aromatic residues
to support 1e” oxidation of organic substrates (i.e., peroxidase
activity).>>>

Interestingly, two forms of the MYW cofactor exist in nature:
MYW (catalase-active) and MYW-OOH (catalase-inhibitory)
(Fig. 1, 36a and 36b).>**>*° Studies of the solution state of as-
isolated M. tuberculosis KatG indicate that the MYW-OOH
cofactor can act as a molecular switch, toggling between
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active MYW and inactive MYW-OOH states depending on its
environment conditions for the chemical structure of the
trimeric cofactor, such as temperature and hydrogen peroxide
levels.>®* This dual functionality underscores the evolutionary
significance of the MYW cofactor in balancing oxidative
defense and metabolic processes.

4.4. Pyrroloquinoline quinone (PQQ) cofactor in
dehydrogenases

The crosslinked protein cofactor PQQ (Fig. 1, 37) found in
alcohol dehydrogenases and aminoadipic 6-semialdehyde
dehydrogenase,>** 2% possesses two remarkably unique
features. First, it is the only known protein cofactor derived
from more than three amino acid residues. Second, it is the
only one that does not remain covalently bound to the parent
protein. The synthesis of PQQ starts from a tyrosine residue
and subsequently involves crosslinking and further chemical
modifications of glutamate, valine, threonine, and leucine
residues (Fig. 17).4”**” This complex process is facilitated by
a series of auxiliary proteins: PqqE, PqqD, PqqF, PqgB, and
PqqC. During the post-translational modifications (PTMs), this
quinone cofactor loses the peptide connection but remains
bound at the active site of the protein.”

5. Covalent crosslinks between heme
and protein residues in
metalloenzymes

Covalent linkages between heme and protein residues play
crucial roles in the function and stability of heme-dependent
enzymes. One well-known example is heme ¢, which is always
covalently attached to two cysteine (Cys) residues of the asso-
ciated protein. Its attachment occurs through thioether bonds
formed between the vinyl side chains of the heme and the
cysteine residues in the protein, creating a protein cofactor with
the structure Cys-heme-Cys, which could be #38 if it were
included in Fig. 1. While electron transfer is the primary
function, heme ¢ also plays other roles, such as in apoptosis
and serving as a catalytic site in some enzymes. Due to its
prevalence, heme c is not typically included in the protein-
derived cofactor category.

These crosslinks, formed between heme substituents (such
as vinyl groups) and amino acid side chains (like cysteine or
histidine), can significantly impact catalysis and heme reten-
tion. In addition to heme c, a recent discovery shows that SfmD,
a monooxygenase involved in saframycin A biosynthesis, con-
tains a mono-covalently linked Cys-Heme.*® SfmD possesses an
autocatalytically generated thioether crosslink between the
heme 4-vinyl group and Cys317 (Fig. 1, 17). This covalent bond
is essential for catalytic activity, as demonstrated by the com-
plete loss of activity upon mutation of Cys317 to serine or
alanine. The observation of Cys-heme in the crystal structure of
an oxygenase in SfmD is surprising, as all other characterized
members of the same superfamily, known as heme-dependent
aromatic oxygenase (HDAO), contain a heme b without
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Fig. 17 Enzymatic synthesis PQQ consists of nine steps including crosslink and chemical modifications of five amino acid residues.®’

crosslink and thioether bond attachment.>*® This unique link-
age enables dynamic rotation of the heme plane during sub-
strate binding while maintaining heme retention at the active
site. Such substantial heme center dynamics are warranted in
this enzyme, as the heme has two axial histidine ligands; one of
these dissociates during catalysis upon substrate binding and
then re-coordinates to the heme iron at the end of the catalytic
cycle (Fig. 18A). This dynamic coordination adds a significant
trigger for enhancing the oxidation power of the heme. Given
that this enzyme can also utilize 1-Tyr as an alternative sub-
strate, albeit with lower efficiency compared to its native
substrate, 3-methyl-L-Tyr, this unusual heme cofactor with a
single covalent crosslink to a cysteine residue and an additional
mobile distal histidine ligand may be crucial for preventing
misfire and 1-Tyr depletion.

The formation of this Cys-heme crosslink has been partially
replicated in sperm whale myoglobin by introducing a cysteine
residue near the heme 4-vinyl group under reducing condi-
tions, further validating the feasibility of this type of
modification.”®* Another distinct type of covalent heme-
protein crosslink involves a histidine residue and the heme
group. This unprecedented histidine-heme bond was discov-
ered in hemoglobins from the cyanobacteria Synechocystis sp.
PCC 6803 and Synechococcus sp. PCC 7002 (GIbN). In these
proteins, the crosslink forms between the heme 2-vinyl group
and a histidine residue (Fig. 1, 18). Site-directed mutagenesis
and NMR studies have confirmed the functional role of this

4520 | Chem. Soc. Rev., 2025, 54, 4502-4530

crosslink, particularly in catalysis.***** This discovery has
spurred research into exploiting this type of linkage for protein
engineering. Introducing a histidine residue near a heme vinyl
group has been shown to improve heme retention. This strategy
has been successfully applied to myoglobin and Chlamydomo-
nas hemoglobin by mimicking the crosslink observed in
cyanobacteria.>***** Reminiscent of SfmD, GIbN also has a
bis-His coordination with the heme and shows oxygenation
activity. GIbN is capable of *NO dioxygenase activity, where the
His-heme crosslink enables *NO reduction to HNO.>** The
proposed biogenesis mechanism of this modification involves
the nucleophilic attack of a neutral histidine residue to a C,
carbocation (Fig. 18B).>*°

6. Modern approaches revitalize
crosslinked cofactor studies

While the discovery of protein-derived crosslinked cofactors
initially sparked significant interest, the field has experienced
limited progress in the past two decades. The inherent, irrever-
sible nature of these crosslinks, forming only once per protein
molecule, renders traditional mutagenesis approaches ineffec-
tive. This “untouchable” characteristic, coupled with the fre-
quent absence of spectroscopic signatures, has hindered
studies of their biogenesis and catalytic roles. Relying solely
on mass spectrometry or structural determination for crosslink
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Fig. 18 Crosslinks to heme moieties in SfmD and GIbN. (A) SfmD has a unique Cys—heme crosslink at the 4-vinyl group used for catalysis, two
conformations are shown. Initially, there is bis-His coordination and presence of the crosslink (left, navy blue; PDB 6VDQ), upon addition of 3-Me-L-Tyr,
ascorbate, and oxygen, His274 disassociates (right, navy blue; PDB 6VE0).%® (B) GIbN has a His—heme crosslink at the 2-vinyl group also used for catalysis.
Like SfmD, it presents bis-His coordination (left, green; PDB 4MAX).2%° The right side shows the proposed biogenesis mechanism of the His—heme
crosslink in GlbN where the 2-vinyl group is protonated at the Cg position to yield a C,, carbocation. The carbocation then undergoes a nucleophilic

attack by His117, producing the mature crosslink.26°

detection is impractical for routine analyses. Moreover, the
stochastic, post-catalytic formation of these cofactors, occur-
ring after an undefined number of catalytic cycles, further
complicates mechanistic investigations. Consequently, the
field has stagnated, demanding new strategies to unlock the
secrets of crosslinked cofactor synthesis and function.

Recently, an innovative approach employing site-specific
non-canonical amino acid (ncAA) substitution has emerged
as a powerful tool for reviving the crosslink cofactor field.'**
By replacing cofactor-bearing residues with ncAAs, such
as unnatural amino acid 3,5-difluoro-i-tyrosine, or 1-3,4-
dihydroxyphenylalanine (-DOPA) from over 500 naturally
occurring amino acids, the studies can maintain the essential
chemical character of the target while introducing specific
functional modifications. This method bypasses the limitations
imposed by the irreversible crosslinks.

The ncAA-incorporation and site-specific cofactor substi-
tution is an innovative, viable and rigorous approach to gain

This journal is © The Royal Society of Chemistry 2025

new insights into cofactor assembly and the catalytic
properties of an enzyme. The ncAA incorporation strategy
utilizes engineered tRNA/aminoacyl-tRNA-synthetase (aaRS)
pairs and amber codon suppression to introduce desired
amino acids during translation. The development of robust
PEVOL vectors and commercially available ncAA systems has
significantly enhanced this technology. This method consists
of: (1) a plasmid that expresses aaRS pair which has been
evolved to incorporate a specific ncAA, and (2) a plasmid of
the gene of interest with a modified codon at the desired
site (usually substituted with an amber stop codon) that
will be recognized by the cognate charged tRNA (Fig. 19).
This method allows for the ncAA to be incorporated
using native protein translation machinery. After years of
resilient research, the pEVOL vector was developed to
enhance non-canonical amino acid incorporation in E. coli,
with at least 34 plasmids coding for different ncAAs commer-
cially available.?®’
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Fig. 19 Cartoon diagram of genetic incorporation of non-canonical
amino acids into proteins.

Protein-derived cofactor studies greatly benefit from the
ongoing development of aaRS/tRNAcya pairs that expand the
toolbox to accurately and precisely probe mechanisms of for-
mation, kinetics, and structural changes. Applications in bac-
terial RNR,*****” thiol dioxygenases (CDO/ADO),">'****> and
oxidases (GAO)."*?*® These studies provided experimental evi-
dence to support a new Cys-Tyr crosslink in ADO, direct
evidence for the involvement of two tyrosine residues in radical
propagation in RNR I, and evidence to support a concerted O-O
transfer instead of a stepwise O-atom transfer proposed for
CDO catalytic pathway, etc.

Continued development and expansion of ncAA incorporation
techniques will be crucial for advancing our understanding of
protein-derived cofactors. This approach offers a promising avenue
for capturing catalytic intermediates, enabling novel reactions, and
enhancing existing functions in a broad range of biological systems
beyond those harboring crosslinked cofactors.”*®

7. Bridging synthetic applications and
mechanistic understanding

Many of the protein-derived cofactors discussed are essential for
catalytic activity, either directly or indirectly. This opens two major
avenues of discovery: (1) synthesizing mechanistic probes to chal-
lenge a system and gain a mechanistic understanding of the
cofactors for their role in catalysis, and (2) synthesizing inhibitors
to prevent the formation of essential cofactors in undesired sys-
tems. Moreover, using synthetic models, either directly or through
incorporation with proteins, has garnered attention, such as in the
efforts led by Hayashi and colleagues.”®"%2%9->7>

7.1 Development of biomimetic systems

Quinones have applications in organic synthesis, catalysis, and
industry due to their unique redox properties. They readily
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undergo reversible two-electron reductions, and their ability to
present multiple oxidation states (quinone, semiquinone, and
hydroquinone) allows for versatile reaction outcomes.?”* Qui-
nones resembling those present in the cofactors of CuUAOs and
other quinoproteins have been generated to investigate
quinone-catalyzed oxidations of organic substrates and com-
pare them to quinones with high reduction potentials.””* Using
PQQ as a model, phenanthroline-derived quinones were
synthesized and challenged with primary and secondary
amines. The reaction products supported the hypothesis of a
transamination mechanism.>”> This mechanistic study focused
on exploring how quinone moieties are reduced by their
substrates. The quinones available in biological systems that
operate at ambient conditions serve as a window to investigate
how other naturally occurring quinones catalyze their desig-
nated reactions. These quinones are commonly seen in fungi-
cides, allelochemicals, and siderophores.”””

Functional models of the SCS Ni(u) pincer complex found in
LarA, also called the NPN cofactor, have been generated to
study the cofactor’s role in the catalytic mechanism.””®>”® One
of the previous models for the NPN cofactor contained thioa-
mide groups at the C2 and C3 positions, and catalyzed alcohol
dehydrogenation irreversibly with no racemization, opposite of
the canonic mechanism of LarA.>’® A further optimized model
which replaced the thioamide groups with thiocarboxylates is
more structurally similar to the NPN cofactor and displayed
lactate racemization, serving as a better-suited mechanistic
probe.””” Combined computational and experimental studies
highlight two possible pathways, but the more favorable one
involves the reversible proton-coupled hydride transfer to C1 of
the NPN cofactor.>”” These studies demonstrate the importance
of using protein-derived cofactors as model systems when
designing new metal-based catalysts and/or pincer ligands, in
this case, for alcohol dehydrogenation reactions.>”®

GAO is a well-rounded enzyme that has gained a lot of
attention due to its ability for C-H and, recently found, C-F
bond functionalization under ambient conditions."® A substan-
tial amount of work has been done to generate GAO model
compounds that are capable of C-sp>~H oxidations with equal
or greater activity/selectivity.>**>7°2%% Many of these GAO bio-
mimetic systems attempt to mimic the enzyme active site or the
tyrosyl radical to catalyze the same chemistry. These systems
are also incorporated into the use of biosensors given that
galactose quantification is highly relevant in the dairy/fermen-
tation industries. Methods using GAO as a biosensor date back
to 1977,%%* and continue to be optimized in the present day.>**

7.2 Biocatalysis

Protein-derived cofactors have expanded the toolbox for enzy-
matic reactions, offering unique catalytic properties such as
regio- and stereoselectivity. A prominent example is found in
alcohol oxidation/dehydrogenation reactions. Copper-radical
oxidases (CROs) such as galactose oxidase and glyoxal oxidases
are a subset of enzymes that catalyze the two-electron oxidation
of primary alcohols, concomitant with the reduction of mole-
cular oxygen to hydrogen peroxide, without using external
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organic cofactors since they have a built-in Cys-Tyr radical
cofactor that aids in catalysis.>*® On the contrary, alcohol
dehydrogenases (ADHs) and alcohol oxidases (AOXs) both
require external cofactors that are either NAD'-based or FAD-
based for catalysis.”®® The broad substrate range accepted by
CROs and their ability to only require molecular oxygen for
catalysis has highlighted their potential applications as envir-
onmentally friendly biocatalysts for industrial, bioengineering,
and biotechnological purposes.”®”:>%®

8. Structural variations and function
diversity

Protein-derived cofactors are remarkable products of posttran-
slational modifications that transform mundane amino acid
residues into unique catalytic or structural moieties. These
cofactors introduce novel functions such as redox switching,
catalytic rate/efficiency amplification, adding a new function or
converting a precursor protein to a functionally active enzyme,
vastly expanding the functional repertoire of proteins. Even
cofactors derived from identical amino acids can display dis-
tinct functions based on their position and conformations
within their host enzymes. The evolution of these cofactors
reflects nature’s ability to optimize proteins for increasingly
complex biological roles.

A striking example of structural variation in a protein-
derived cofactor is the two unique cofactor forms in KatG,
MYW and MYW-OOH (Fig. 20). Previous crystallography studies
identified an indole-N-linked hydroperoxyl group MYW-OOH
cofactor, and recently this MYW-OOH form was extensively
studied in solution and compared to the active MYW form.>**
The MYW-OOH cofactor was first identified in crystal structures
of KatG expressed at 25 °C, while the MYW form predominates
in KatG expressed at 37 °C. Resonance Raman (rR), electron
paramagnetic resonance (EPR), mass spectrometry, and X-ray
crystallographic studies confirmed the reversible interconver-
sion between these forms.

A B
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A5 ¥ A
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Fig. 20 Heme pocket of M. tuberculosis KatG with focus on MYW cross-
link and His108, a catalytically relevant distal residue. (A) MYW form of
KatG's cofactor that supports catalase activity (cyan; PDB 8W1X) shows a
putative O, molecule, presumably a decomposed product of the hydro-
peroxyl moiety. (B) Natural MYW-OOH form of KatG's cofactor that
presents limited catalase activity (cyan; PDB 8W1W).2%*
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Structural variation is also evident in the Lys-Cys-NOS
cofactor of Neisseria gonorrhoeae transaldolase (NgTAL),
which functions as a reversible redox switch. In its oxidized
state, the cofactor contains a sulfur-oxygen-nitrogen-oxy-
gen-sulfur (NOS) bridge, detectable via sulfur K-edge X-ray
absorption spectroscopy (XAS).>®*® Upon reduction, the NOS
bridge is absent, and NgTAL becomes catalytically active,
reverting to inactivity over time as the oxidized form reforms.
Unlike most protein-derived cofactors, which enhance cata-
lytic efficiency, the NOS bridge decreases NgTAL’s catalytic
activity. Computational studies indicate that the high-energy
nature of the NOS bridge supports its reversibility, allowing
the enzyme to cycle between active and inactive states. These
features make the NOS cofactor an intriguing target for
studies in protein engineering and drug discovery, particu-
larly for applications requiring redox-controlled enzymatic
switches.

The structural plasticity of protein-derived cofactors high-
lights their adaptability in response to environmental or cellu-
lar cues. Variations in cofactor structure often directly influence
enzymatic activity, substrate specificity, or regulatory mechan-
isms, underscoring the evolutionary ingenuity of these mod-
ifications. As seen with the MYW and NOS cofactors, structural
variants may serve as molecular switches, toggling between
states to regulate biological functions dynamically.

9. Summary and perspective

This review has explored the fascinating world of amino acid
modifications and crosslinking in proteins, emphasizing the
structural and functional diversity of protein-derived cofactors
and their transformative role in enzymology. Originating from
PTMs, these cofactors reveal a hidden layer of protein complex-
ity, enabling enzymes to perform functions that extend beyond
the capabilities of unmodified amino acid residues. In parti-
cular, the amino acid residue crosslinking process isn’t just
about molecular intricacies—it’s about the creation of novel
redox centers that significantly impact enzyme functionality.
This burgeoning field has unveiled a new level of protein
complexity, as evidenced by the discovery of protein-derived
cofactors. Since the foundational work of Okeley and van der
Donk two decades ago, which summarized 17 distinct cofac-
tors, the field has expanded significantly, now encompassing
38 unique types (42 when free radical forms are counted),
categorized into three major groups: single amino acid-
derived cofactors, two-residue crosslinked cofactors, and tri-
meric crosslinked cofactors.

A recurring theme in cofactor biogenesis is the involvement
of metal centers. Protein-bound metals such as iron and copper
often facilitate the complex chemical transformations neces-
sary for cofactor formation, acting as catalytic mediators in
autocatalytic or enzymatically driven pathways. While not all
cofactors require metal centers, most characterized cases dis-
play the integral role of metalloproteins in enzymatic catalysis
and the generation of protein-derived cofactors.
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The discovery of these protein-derived cofactors underscores
the versatility and ingenuity of nature’s enzymatic toolbox.
Beyond enhancing catalytic efficiency, protein-derived cofactors
drive the evolution of novel biochemical pathways and regula-
tory mechanisms. Advances in structural biology, including
X-ray crystallography, cryo-electron microscopy, and emerging
biophysical techniques, have been instrumental in identifying
and characterizing these cofactors, paving the way for future
discoveries.

Despite these advances, significant challenges remain. The
lack of predictive methods for identifying PTMs and the limited
understanding of cofactor formation pathways highlight the
need for further research. Protein-derived cofactors remain the
most challenging aspect of protein structure-function relation-
ships, for even the most advanced AI models. Research
advances in this area will help generative AI grow stronger
and more accurate in predicting protein structure and func-
tions. Further studies will connect and integrate bioinfor-
matics, structural biology, and metalloenzyme chemistry to
elucidate the rules governing cofactor formation and function.

It is important to note that twenty-two genetically coded
amino acids aren’t enough for catalysis. At least 38 protein-
derived cofactors play critical roles in enhancing or even
introducing new catalytic activities in enzymes. As the field
progresses, the study of protein-derived cofactors promises to
yield new insights into enzymology, protein evolution, novel
catalytic functions, and bioengineering. These insights will
deepen our understanding of fundamental biological pro-
cesses, and offer innovative strategies for applications in bio-
technology, drug discovery, and synthetic biology.
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