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Abstract

A protein-derived cofactor is a catalytic or redox-active site in a protein that is formed by post-
translational modification of one or more amino acid residues. These post-translational
modifications are irreversible and endow the modified amino acid residues with new functional
properties. This Perspective focusses on the following advances in this area that have occurred
during recent years. The biosynthesis of the tryptophan tryptophylquinone (TTQ) cofactor is
catalyzed by a di-heme enzyme, MauG. A bis-Fe!V redox state of the hemes performs three two-
electron oxidations of specific Trp residues via long-range electron transfer. In contrast, a
flavoenzyme catalyzes the biosynthesis of the cysteine tryptophylquinone (CTQ) cofactor present
in a newly discovered family of CTQ-dependent oxidases. Another carbonyl cofactor, the pyruvoyl
cofactor found in classes of decarboxylases and reductases, is formed during an apparently
autocatalytic cleavage of a precursor protein at the N-terminus of the cleavage product. It has been
show that in at least some cases, the cleavage is facilitated by binding to an accessory protein.
Tyrosylquinonine cofactors, topaquinone (TPQ) and lysine tyrosylquinone (LTQ) are found in
copper-containing amine oxidases and lysyl oxidases, respectively. The physiological roles of
different families of these enzymes in humans has been more clearly defined and shown to have
significant implications towards human health. There has also been continued characterization of
the roles of covalently cross-linked amino acid side-chains that influence the reactivity of redox-
active metal centers in proteins. These include Cys-Tyr species in galactose oxidase and cysteine
dioxygenase, and the Met-Tyr-Trp species in the catalase-peroxidase KatG.
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The range of chemical reactions that can be catalyzed by enzymes and the diversity of
mechanisms used for catalysis continue to expand. This trend will likely continue given the
large number of open reading frames in the databases of sequenced genomes that are
annotated as proteins of unknown function. In many cases, enzymes require cofactors to
perform these remarkable tasks. Typically, cofactors are organic molecules, metals or
organometallic compounds that are acquired from the environment. In some cases, the need
for an external cofactor is circumvented by the construction of a protein-derived cofactor. A
protein-derived cofactor is a catalytic or redox-active site in a protein that is formed by post-
translational modification of one or more amino acid residues. These post-translational
modifications are irreversible and endow the modified residues with new functional
properties.

In 2007, I reviewed the status of the field of protein-derived cofactors in a “Current Topics”
published in Biochemistry. This Perspective focusses on advances that have occurred since
that time. Significant advances have been made in elucidating the mechanism of
biosynthesis of protein-derived cofactors, especially in cases where the post-translational
modifications that generate the cofactor are catalyzed by another enzyme, rather than being
autocatalytic. This is best evidenced by studies of the biosynthesis of the tryptophylquinone
cofactors, tryptophan tryptophylquinone (TTQ) and cysteine tryptophylquinone (CTQ).
There have been surprising new findings related to the mechanism of biosynthesis of the
pyruvoyl cofactor, one of the first such protein-derived cofactors to be described. There is
now evidence that the biogenesis of the cofactor is not an autocatalytic event, as was long
believed, but requires an accessory protein to facilitate the event. There has also been a clear
definition that there are two discrete classes of these enzymes; decarboxylases that possess
only the pyruvoyl cofactor and reductases that also possess a catalytic selenocysteine. There
has been progress in identifying previously unrecognized biological roles for enzymes that
used protein-derived cofactors. This has been especially true for the human enzymes that use
tyrosylquinone cofactors, topaquinone (TPQ) and lysine tyrosylquinone (LTQ). There has
also been continued characterization of the roles of covalently cross-linked amino acid side-
chains that influence the reactivity of redox-active metal centers in proteins.
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TRYPTOPHYLQUINONE COFACTORS

Tryptophan tryptophylquinone (TTQ)
In recent years, the complex mechanism of the enzyme-catalyzed formation of TTQ in
methylamine dehydrogenase (MADH) from Paracoccus denitrificans has been described in
detail. Biosynthesis of TTQ from two specific Trp residues requires insertion of two oxygen
atoms into the indole ring of one of the Trp residues and formation of a covalent crosslink to
the indole ring of the other? (Figure 1). It had been known for many years that this process
required a modifying enzyme, from work done by van Spanning and coworkers® 4. The
genes that encode the two MADH subunits, together with nine other genes related to
MADNH, reside in the methylamine utilization (/maw) locus in P, denitrificans. A role in TTQ
biosynthesis was demonstrated for mauG, as when this gene was knocked out, the MADH
subunits produced by the bacterium lacked both activity and the absorbance spectrum
characteristic of TTQ.# Its gene product, MauG, was recombinantly expressed, purified, and
shown to be di-heme enzyme with c-type hemes.® It was also possible to express a precursor
protein of MADH in the absence of mauG. The precursor had a Trp which was mono-
hydroxylated, but lacked the additional post-translational modifications required for TTQ
maturation.® From these results, the physiologic role of MauG was known, but questions
remained. What redox state of MauG would be generated with a sufficiently high redox
potential to perform these oxidation reactions? How could the activated hemes interact with
the substrate amino acid residues located within another protein?

The reactive intermediate of MauG that oxidizes the protein substrate was shown to be a
previously undetected high-valent iron species, a bis-Fe!V species’ in which both heme irons
are Fe!V. The crystal structure of MauG revealed that in the oxidized state, one heme is five
coordinate with an axial His ligand and the other is six-coordinate with axial His and Tyr
ligands.8 The heme irons are separated by 21 A with a Trp residue between the hemes
(Figure 2). Spectroscopic studies showed that in the diferric state the five coordinate heme is
low-spin and the six-coordinate heme is high-spin.® In the bis-Fe!V state, the two ligands to
the six-coordinate heme are retained and oxygen binds to the open site on the five-
coordinate heme (Figure 2). The two Fe!Y hemes are stabilized by a charge-resonance
transfer process that is mediated by the intervening Trp.” 9 Site-directed mutagenesis studies
identified roles of several amino acid residues in controlling the redox properties and
reactivity of this di-heme redox center,10-14

A clue as to how the hemes oxidize the specific residues on the precursor protein was
provided from a crystal structure of a complex of MauG and the TTQ-lacking precursor of
MADH (preMADH).8 Surprisingly, that structure revealed that the modified residues,
BTrp57 and BTrp108, do not make direct contact with either heme of MauG. In fact, the
distance separating the pTrp108 of preMADH and the iron of the oxygen-binding five-
coordinate heme is 40.1 A, and the closest distance to the iron of the other heme is 19.4 A
(Figure 3). While this might suggest that the complex that crystallized was not
physiologically relevant, it was shown that addition of H,O, to the crystal resulted in
formation of the mature TTQ cofactor.8 15 Thus, the reaction does occur over long distance
in this complex in this orientation. Site-directed mutagenesis and kinetic studies’6: 17
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described a process in which the bis-Fe!V hemes oxidize the residues that form TTQ on
precursor protein via long-range electron transfer, which proceeds via a hole-hopping
mechanism?6: 17 (Figure 4). The hopping is mediated by another Trp residue on the surface
of MauG at the interface with preMADH.

The overall TTQ biosynthetic reaction requires multiple two-electron oxidations of the
precursor by MauG. It was possible to characterize the intermediate radical species on the
MADH precursor that are generated during this process, including a novel di-Trp radical
species!® (Figure 5) and observe reaction intermediates /n crystallot®. The order of reaction
steps is cross-link formation between the mono-hydroxylated and unmodified Trp residues,
followed by the second hydroxylation of the cross-linked intermediate, followed by
oxidation of the quinol to the TTQ.

An unexpected finding during the studies of MauG-dependent TTQ biosynthesis was that
when the bis-Fe!V state was generated in the absence of the precursor protein substrate,
MauG damaged itself by oxidizing specific Met residues.1® This occurs through an unusual
mechanism of proton-coupled electron transferl® 20 where the source of the electron is a
Met residue and the source of the proton is solvent. The results of these studies described
how the protein controls the reactivity of radical intermediates that are centered on amino
acid residues and directs them towards catalysis rather than oxidative damage.

Cysteine tryptophylquinone (CTQ)

The biosynthesis of CTQ requires insertion of two oxygen atoms into the indole ring of a
Trp residue, and formation of a covalent cross-link between the indole ring and the sulfur of
a Cys residue?! (Figure 1). Given the remarkable and complex mechanism of TTQ
biosynthesis that was described for MADH, one might assume that a similar mechanism
would be common to other tryptophylquinone-dependent enzymes. Recent studies of LodA-
like proteins, however, have shown this not to be the case. These proteins comprise a
recently identified family of enzymes2? predicted from their sequence to possess CTQ.
These enzymes are interesting in light of their function. The members of this class that have
been thus far functionally characterized are amino acid oxidases. This is unusual because all
previously characterized TTQ- and CTQ-dependent enzymes are dehydrogenases.
Furthermore, these are the first amino acid oxidases to be described that use something other
than a flavin as their cofactor.23 LodA-like proteins are named after the first member of this
group to be described, LodA from Marinomonas mediterranea?* the gene product of /odA.
In contrast to the mau gene cluster, which contains several genes including mauG, only one
other gene is present in the same operon with /odA. That gene, /odB, was predicted to
encode a flavoprotein. It was shown that /odA expression in the absence of /odB produces an
inactive precursor protein with no chromophore, both in the native bacterium2> and in a
recombinant £. coliexpression system28, Active LodA was only obtained when /od/A was
co-expressed with /odB. Interestingly, the precursor of LodA that was expressed in the
absence of /odB had a mono-hydroxlated Trp residueZ®, as was observed for the precursor of
MADH that was expressed in the absence of MauG6. Thus, while the modifying enzyme
required for CTQ biosynthesis in LodA is a flavoenzyme, rather than the di-heme enzyme
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required for TTQ biosynthesis, the mono-hydroxylation of the precursor protein in the
absence of its modifying enzyme is observed in both systems.

Genes predicted to encode LodA-like proteins have been identified in several classes of
bacteria and fungi. In each case, a gene similar to /odB is present in the operon.
Phylogenetic analysis using the Integrated Microbial Genomes database performed in 2015
revealed 168 LodA-like proteins that could be clustered in five different major groups, 1-V22.
Group | LodA-like proteins are all believed to be lysine e-oxidases, as this was shown for
the proteins synthesized by M. mediterrane&” and Pseudoalteromonas tunicate?8. A LodA-
like protein from Group 11 is GoxA from M. mediterranea, which is a glycine oxidase?®. It
was shown for GoxA that production of the active enzyme with the mature CTQ cofactor
required co-expression of the goxA gene with goxB, which is analogous to /odB.28: 29 Co-
expression of goxA and goxB from Pseudoalteromonas luteoviolacea also produced a GoxA
with glycine oxidase activity30, suggesting that all Group 11 LodA-like proteins may be
glycine oxidases. Despite their similarities, it was shown that /odB and goxB cannot
substitute for each other, and each is specific for maturation of LodA and GoxA,
respectively.26

Of particular interest is the multi-functionality of the LodA-like proteins. The protein must
provide a scaffold for CTQ biosynthesis from specific Cys and Trp residues to form the
active site, and provide a pathway for electron transfer between the flavin on the modifying
enzyme and the residues that are oxidized during CTQ formation. The protein must also
provide a site for controlled oxygen-dependent reactivity of the mature CTQ. How such
versatility evolved within a single enzyme active site is of considerable interest from a
protein structure/function perspective. Each of the four LodA-like proteins characterized
thus far is an amino acid oxidase. This is unusual because all previously characterized amino
acid oxidases utilize a flavin cofactor. In fact, enzymes that function as oxidases in general,
typically require either a bound metal, organometallic cofactor or a flavin cofactor.31: 32 The
crystal structures of LodA from M. mediterranea (PDB entry 3WEU)33 and GoxA from 2,
luteoviolacea (PDB entry 6BYW)30 revealed that they possess none of these cofactors or
metals, but only the protein-derived CTQ cofactor. Furthermore, all previously characterized
TTQ and CTQ enzymes that are not LodA-like proteins are dehydrogenases, and are very
stable in their quinol states in the presence of O,.

The results obtained thus far for LodA-like proteins raise interesting questions. What
features of the active sites of the LodA-like proteins allow them to function as oxidases
rather than dehydrogenases? What exactly is the mechanism of oxidation of the quinol by
0,? The overall crystal structure of LodA33 (Figure 6A) looks nothing like that of the TTQ-
bearing MADH34 (Figure 3). In LodA, there is much less interaction between the identical
subunits, which appear to be interacting via long antiparallel beta strand extensions. Despite
the differences in the overall structures, features of the active site structure are conserved.
The relative positions of the TTQ/CTQ and an Asp residue that is conserved in all
tryptophylquinone enzymes are structurally conserved (Figure 6B). The other potentially
reactive residue, Asp in MADH and Cys in LodA, also are conserved in position. Thus far,
steady-state kinetic studies of the reactions catalyzed by LodA from M. mediterrane2" and
GoxAs from M. mediterranea?® and P. luteoviolacea’© have been reported and site-directed
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mutagenesis studies have identified roles for specific residues in influencing CTQ
biosynthesis, kinetic parameters of the mature enzymes and the extent of cooperativity
toward the amino acid substrate2®: 35,

The post-translational modifications to form CTQ in LodA and GoxA each require a
flavoenzyme (LodB or GoxB). For each of these it has been shown that the initial
hydroxylation of the Trp occurs prior to the post-translational modifications that are
catalyzed by the LodB and GoxB.2% Despite the many distinctions between the LodA-like
proteins and TTQ-dependent enzymes, they share this feature. A long-standing question
initially raised during studies of the biosynthesis of TTQ in MADH38 is how this seemingly
impossible reaction occurs; the auto-catalytic hydroxylation of a specific tryptophan residue
of a precursor protein at a specific position on the indole side chain. Study of an D512A
variant of LodA provided a clue as to how this may happen.3” The majority of the purified
protein was the completely unmodified form without the initial hydroxylation, but a small
fraction contained active protein with CTQ. Metal analysis revealed that the active form
contained weakly-bound copper. The unmodified protein contained no copper but a variety
of other metals. This led to the hypothesis that copper is required for the initial
hydroxylation of the unmodified precursor, and is expelled from the active site after mature
CTQ is formed. The presence of Asp512 likely dictates the selectivity for Cu binding in the
unmodified protein. In the D512A LodA, the selectivity is lost so many different metals
could bind, and only in the small fraction that randomly bound Cu did the hydroxylation
occur allowing the subsequent LodB-dependent post-translational modifications during
expression of the protein. The position of this Asp is conserved in all TTQ and CTQ
enzymes that have been structurally characterized.?1: 30. 33, 34, 38, 39 The proposed
mechanism involves a Cu3*-OH intermediate that oxidizes the Trp. While this proposed
organometallic intermediate mechanism is uncommon, it has been reported that Cu3*-OH
can stabilize intermediates with an aromatic ring via such an organometallic complex#C. The
intermediate was proposed to be stabilized by a Cys sulfur, which could be the Cys that later
becomes part of CTQ, as it was shown for LodA that mutation of this residue yielded a
precursor that lacked any post-translational modifications.26

PROTEIN-DERIVED CARBONYL COFACTORS

Pyruvoyl cofactor

Contrary to its name, the pyruvoyl cofactor#! is not derived from external pyruvate. It is
formed by post-translational modification of an internal amino acid residue that occurs
during cleavage of an inactive precursor protein that yields a two-subunit active enzyme.
Enzymes that possess a pyruvoyl cofactor may be divided into two classes. One class is
comprised of decarboxylases from bacterial and eukaryotic sources. This includes a variety
of metabolic enzymes, such as aspartate decarboxylase,*2 phosphatidylserine
decarboxylases,*3 44 S-adenosylmethionine decarboxylase,*® and histidine decarboxylase.4®
The other class contains reductases such as glycine reductase?’ and D-proline reductase,*8
which are found in Clostridium difficile, as well as other pathogenic bacteria. While each
class uses the pyruvoyl cofactor for catalysis, they have major structural distinctions. The
decarboxylases are comprised of two subunits that are derived from the single precursor
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protein, and require only the pyruvoyl cofactor for catalysis. The reductases have two
analogous subunits derived from a precursor, but also have an additional subunit encoded by
another gene. This additional subunit possesses a selenocysteine residue, which is also
required for catalysis by the reductases.

It has long been assumed that processing of the pre-proteins of pyruvoyl enzymes to
generate the a and B subunits with the pyruvoyl cofactor at the N-terminus of the a subunit
was an autocatalytic event.4? The reaction mechanism for the cleavage of the pre-protein and
formation of the pyruvoyl cofactor is well established (Figure 7). The side-chain hydroxyl
group of a specific serine residue supplies an oxygen that becomes part of the C-terminus of
the B-chain. Ammonia is released and the remainder of the Ser is transformed into the
pyruvoyl group at the N terminus of the a.-chain. The initial reaction step forms a cyclic
oxyoxazolidine intermediate, which then forms an ester intermediate.>? The ester undergoes
B-elimination releasing the B-chain and leaving dehydroalanine at the N-terminus of the a-
chain. After addition of water and loss of ammonia, the pyruvoyl cofactor is formed at the
end of the a-chain in the mature enzyme. The importance of this specific Ser was confirmed
by site-directed mutagenesis of this residue in the S-adenosylmethionine decarboxylase pro-
enzyme. Conversion of this Ser to Ala prevented the processing and the formation of active
enzyme.®! This made it possible to determine the crystal structure of the unprocessed pro-
enzyme.>2

Recently, multiple groups presented evidence for the requirement of a previously
unrecognized accessory protein for processing of the pre-proteins of the decarboxylase
members of this class of enzymes.>3-56 The most compelling evidence was obtained for
PanD, an aspartate a-decarboxylase that is present in the pantothenate biosynthesis pathway.
53,57 A crystal structure was presented of a complex of the uncleaved precursor of PanD
with its accessory protein, PanZ. Activation of this complex also requires Coenzyme A, the
cofactor that is derived from pantothenate. Formation of this complex was shown to stabilize
a conformation of PanD in which the serine hydroxyl group is in close proximity to the
adjacent carbonyl group, thus facilitating the formation of the initial oxyoxazolidine
intermediate.

In contrast to the pyruvoyl-dependent decarboxylases, the site of internal cleavage and
modification of these reductases is believed to be a Cys rather than a Ser.4”: 48 A chemical
reaction mechanism similar to that in Figure 7 could be imagined with a Cys side chain, but
this has not yet been proven. Further distinction of the reductases is the presence of another
selenocysteine-bearing residue in the mature active reductase. The physiological roles of the
reductases are also quite different from the decarboxylases. C. difficile has been classified as
a Stickland fermentor.8 This refers to bacteria that catalyze the coupled oxidation and
reduction of amino acids (Stickland reactions) during their fermentation. D-proline reductase
and glycine reductase are key enzymes in this metabolic process for their respective amino
acid substrate.58: 59 It was shown that C. difficile thrives in culture using glycine or D-
proline as an electron acceptor.0 Thus, these enzymes likely allow C. difficile to thrive in
the colon, an abundant source of these amino acids.®1 A study of C. difficile gene expression
in animals revealed that the genes encoding D-proline reductase are differentially up-
regulated during colonization.62 Recently, it was shown that if incorporation of selenium
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into selenoproteins in C. difficile is blocked, this leads to defects in growth in proline-rich
medium.83

4-Methylideneimidazole-5-one (MIO)

MIO weas first discovered in the crystal structures of two ammonia lyases; phenylalanine
ammonia-lyase® and histidine ammonia lyase.85 MI1O was subsequently found in the
structure of SgcC4 L-tyrosine 2,3-aminomutase.56 MIO is formed through autocatalytic
post-translational modification of a sequence of three consecutive amino acid residues: Ala,
Ser and Gly (Figure 8).57: 68 The process involves peptide cyclization and dehydration
reactions. Alternative mechanisms have been proposed for catalysis by MI1O-dependent
enzymes.® In each mechanism, the reactions are initiated by covalent adduct formation
between MIO and the amino acid substrate. These enzymes have attracted a great deal of
interest for applications in biocatalysis in biotechnology and medicine.”®

TYROSYLQUINONE COFACTORS
2,4,5-Trihydroxyphenylalanine-quinone (topaquinone or TPQ)

TPQ has been found in copper-containing amine oxidases from bacterial, mammalian and
plant sources.”! The formation of TPQ requires the insertion of two oxygen atoms into the
phenyl ring of a Tyr residue’2 (Figure 9). The mechanism of TPQ biosynthesis, which is
summarized in Figure 10, was established some time ago as an autocatlytic event that
requires copper and O,.73~"7 Copper binds near the Tyr that becomes TPQ. Deprotonation of
the tyrosine yields a charge-transfer complex between the tyrosinate and Cu?*, which is in
resonance stabilization with a Cu*-tyrosyl radical complex. Reaction of this species with O,
yields superoxide, which forms a copper-coordinated peroxide intermediate that breaks
down to form a dopaquinone (4,5-dihydroxyphenylalanine quinone) intermediate. It is then
believed that the side-chain of the dopaguinone rotates 180° around its Cg—~C,, bond, > 78
followed by addition of hydroxide. Then oxidation by another O, yields TPQ. An interesting
feature of the TPQ-dependent enzymes is that the copper required for TPQ biosynthesis
remains bound at the active site and participates in catalysis. The role in catalysis appears to
be stabilization of transient intermediates in the oxidative half-reaction.”® Thus, copper
serves dual roles in cofactor biosynthesis and catalysis.

In recent years, the physiological roles of TPQ-containing copper amine oxidases in humans
have been more clearly defined.80 Three classes of these enzymes have been described. The
class 1 enzymes are referred to as diamine oxidases, and are responsible for the metabolism
of histamine.8! They are expressed in and secreted from the kidney, and are sometimes
referred to as kidney amine oxidases. They are present in high concentrations in the
digestive tract and are highly expressed in the placenta. Low levels in the placenta have been
associated with high-risk pregnancies.82 Decreased metabolic capacity of this oxidase has
also been associated with hypersensitivity to non-steroidal anti-inflamatory drugs.83 The
class 2 enzyme are sometimes called retina-specific amine oxidases. That is because activity
has only been reported in the retina, although the gene appears to be expressed in other
issues. The class 3 enzymes have held many names including, plasma amine oxidase and
semicarbazide sensitive amine oxidase. They are now referred to as vascular adhesion
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protein or VAP-1.84 These are membrane-bound proteins that are expressed in many tissues.
They are released into the serum after cleavage of the protein by a protease. Elevated serum
levels of this soluble form have been associated with a variety of medical conditions,
including type 185 and type 1186 diabetes, hemorrhagic stroke,87 liver disease88 and kidney
disease.89 These and other such findings have implicated these TPQ-dependent enzymes as
potential biomarkers and therapeutic targets for a variety of disorders.

Lysine Tyrosylquinone (LTQ)

LTQ was originally described as the protein-derived cofactor of mammalian lysyl oxidase
(LOX), which is required for the formation of connective tissue. LOX catalyzes the post-
translational modification of elastin and collagen.?0 It oxidizes peptidy! Lys residues to
peptidyl a-aminoadipic 8-semialdehyde, the first step in the formation of cross-links that
insolubilize these proteins. As with the TPQ enzymes, copper is also present in the active
site.

LTQ is formed by post-translational modifications in which one atom of oxygen is
incorporated into the phenyl ring of a Tyr, and a covalent bond is formed between the C5
carbon of the tyrosine ring and the side-chain nitrogen of a Lys residue®! (Figure 9). This
bond is formed at the same position at which the second oxygen atom is added to complete
the biosynthesis of TPQ. The exact mechanism of LTQ biogenesis has not yet been
characterized, but there is evidence® to suggest that the LTQ mechanism biosynthesis is
similar to that described above for TPQ. In this case, the dopaquinone intermediate reacts
with the amino nitrogen of a Lys side-chain rather than hydroxide.

In recent years it has been determined that LOX is just one of a family of human proteins
that includes four additional lysyl oxidase-like proteins (LOXL1, LOXL2, LOXL3 and
LOXL4).80 Although these are secreted proteins, intracellular functions of the LOX family
have been identified, notably as transcription regulators. Some of these enzymes have been
shown to localize in the nucleus and use histones as substrates suggesting an epigenetic role.
93 Altered levels of expression of LOX family proteins have been linked to multiple types of
cancers as well as other adverse medical conditions.80 Stiffening of the extracellular matrix
caused by the activity of LOX proteins has been associated with cancer®: 95 and medical
conditions including pulmonary fibrosis.%6

CROSS-LINKED AMINO ACIDS IN METALLOPROTEINS

Cys-Tyr cofactor

The crystal structure of galactose oxidase®’ revealed that the active site contained Cys and
Tyr which were cross-linked by a thioether bond between the side chains. A copper, which
was coordinated by two His residues, was also coordinated to the oxygen on the Tyr side
chain. Formation of this cross-link was shown to be autocatalytic, requiring only copper and
0,. Furthermore, the reaction was far more efficient when Cul* was used.®8 A proposed
mechanism is summarized in Figure 11. It begins with Cul* initially coordinated with the
unmodified Tyr. Reaction of Cul* with O, yields Cu?* coordinated to superoxide, which
abstracts a hydrogen atom from a nearby Cys to generate a thiyl free radical. This adds to
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the aromatic ring of Tyr to form the cross-link while the copper remains coordinated with
the modified Tyr. This species may also be converted to a Cu2*-phenoxy radical. An
analogous Cys-Tyr-copper cofactor is also present in glyoxal oxidase® from fungi and
yeast. A similar Cys-Tyr cross-linked species has been identified in the active site of the
mammalian enzyme, cysteine dioxygenase. In contrast to galactose oxidase, iron rather than
copper is present in the active site.19° The non-cross-linked enzyme has low initial activity
and that enzyme activity increases with crosslink formation.191 It has been proposed that the
Cys—Tyr cross-link formation properly positions the Tyr—OH for binding the cysteine
substrate for catalysis.102 The cross-link may also increase activity by controlling
deleterious interactions involving the thiolate of the un-cross-linked Cys.103

Met-Tyr-Trp cofactor

KatG is a bi-functional catalase-peroxidase found in Mycobacterium tuberculosis, as well as
other bacteria. The crystal structures of KatGs from M. tuberculosis 1% and other bacteria,
105, 106 revealed the presence of three covalently cross-linked amino acid residues located on
the distal side of the active-site heme. The covalent bonds are between Trp, Tyr and Met
residues, with both cross-links to the aromatic rings of the tyrosine. The overall structure of
KatG is similar to those of the large family of Class | peroxidases.10” However, the Met-Tyr-
Trp crosslink is only seen in KatG and site-directed mutagenesis studies demonstrated that
the cross-link is needed for the catalatic activity, but not for peroxidatic activity.108
Furthermore, the structure of KatG contains a large loop, not present in the peroxidase,
which is essential for catalase activity.109 110 |t is believed that heme is required to generate
the cross-linked amino acids during the maturation of the active site.11! The cross-linked
amino acids in addition to the heme are then for its catalatic activity.

Tyr-His cross-link

A His that is cross-linked to a Tyr provides one of the copper ligands in the bi-nuclear Cug
of the Cug-heme,s center of cytochrome c oxidase.112 113 There are three classes of proton-
pumping heme-copper oxygen reductases in nature; aas-type oxidases, bas-type oxidases,
and cbbs-type oxidases.114 The Tyr-His cross-link is believed to be common to each of the
three distinct families.115

Cys-His cross-link

The crystal structure of catechol oxidase revealed that one of the His ligands coordinating
the coppers of the di-nuclear Cua-Cug metal site is covalently cross-linked to a Cys via a
thioether bond!16 . Similarly, a Cys-His cross-link is observed in the di-nuclear metal site of
Octopus hemocyanin.11” An interesting aspect of these findings is that the functions of the
metal sites are different in these two proteins. Unlike the oxidase, hemocyanin functions as
an O, transporter.

CONCLUSIONS

The characterization of protein-derived cofactors challenges the tenets of protein evolution.
In the cases where modifying enzymes and accessory proteins are required to generate the
protein-derived cofactor, it seems unlikely that the enzyme we see today is not the product of
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a linear evolutionary process. It is more likely that the protein initially evolved for some
other role, until it acquired a structure susceptible to the observed post-translational
modifications. The modifications then endowed the protein with a new functionality, which
was the first step in a new line of evolution to produce the enzyme that we see today. This
also raises questions as to the evolution of the modifying enzymes, such as MauG and LodB.
It seems likely that they originally evolved for some function other than the irreversible
modification of specific amino acid residues within another protein. Given the huge number
of open reading frames with no known function in sequenced genomes, it is expected that
some of these encode enzymes with protein-derived cofactors and modifying enzymes that
catalyze their formation. Uncovering them will require expression of the proteins to discover
what they actually look like and do. Genome mining and modeling of protein structure from
predicted sequences have become valuable tools for analysis of genome sequences.
However, there is no way predict the presence of a yet uncharacterized protein-derived
cofactor from a protein sequence. This will require discovery-based science, which has the
potential to yield unimaginable results. Prior to the characterization of the protein-derived
cofactors described herein, and their mechanisms of biosynthesis, no one would have
predicted their existence. The characterization of protein-derived cofactors also has
implications for protein engineering. This knowledge could provide strategies for the design
and modification of sequences of existing proteins to generate protein-derived cofactors that
create a new redox or catalytic center within a protein. This would introduce a new function
as well as circumvent the need for an exogenous cofactor. Continued characterization of
protein-derived cofactors promises to unveil novel mechanisms of catalysis by both the
cofactors and the enzymes that catalyze their formation.
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CTQ cysteine tryptophylquinone

QHNDH  quinohemoprotein amine dehydrogenase

LOX lysyl oxidase

LTQ lysine tyrosylquinone MADH, methylamine dehydrogenase
MIO 4-methylideneimidazole-5-one

TPQ topaquinone

TTQ tryptophan tryptophylquinone
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Figure 2.
The hemes of MauG. The structure of MauG (PDB entry 3L4M) is in gray with the two

hemes and intervening Trp93 in stick. In the inset is a representation of the bis-Fe!V diheme
system.
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Figure 3.
The structure of the complex of preMADH and MauG. The structure is composed of two

MADH a subunits (blue), two MADH B subunits (green) and two MauG molecules (red).
The hemes and residues BTrp57 and BTrpl108 (preTTQ) are black and in stick. This was
drawn using the coordinates in PDB entry 3L4M.
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Figure 4.
Electron transfer required for oxidation of preMADH by bis-Fe!V MauG. The orientation of

the residues are as they are in the structure (PDB entry 3L4M). Residues BTrp57 and
BTrp108 that form TTQ (preTTQ) are shown on the left and all other residues are from
preMADH. The proposed hole-hopping segments are indicated by the curved arrows. The
charge resonance stabilization of the two Fe!V hemes is indicated by the double arrow line.
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Figureb.
The overall reaction of TTQ formation from preTTQ. The initial two-electron oxidation

proceeds through a di-radical intermediate as shown. After cross-link formation, two
additional two-electron oxidations occur. The post-translational modifications are shown in
red.
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Figure 6.
Structure of LodA. A. The structure of LodA (PDB entry 3WEU) with two identical

subunits colored red and blue. B. The tryptophylquinone cofactor and nearby residues in the
active sites of LodA and MADH (PDB entry 2BBK) are superimposed.
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Figure7.
Reaction mechanism of pre-protein cleavage and pyruvoyl cofactor generation.
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Figure8.
Formation of MIO.
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Figure11.
Autocatalytic biosynthesis of the Cys-Tyr cofactor
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