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ABSTRACT
Galactose oxidase and amine oxidase contain a cofactor which is generated by post-
translational chemical modification to the corresponding amino acid side chains near the
copper active center. Such cofactors provide proteins unusual catalytic ability that canonical
amino acids cannot exert as well as their structural stability, and thereby are called as protein-
derived cofactors. These cofactors and modifications are mostly derived from aromatic amino
acid residues, especially Tyr, Trp, and His. Current information about unusual cofactors derived
from two of those, heteroaromatic residues (Trp and His) is summarized, especially chemical
properties and maturation process of the cross-links between cysteine and heteroaromatic
amino acids (His–Cys and Trp–Cys cross-links).

Abbreviations: FMN: flavin mononucleotide; FAD: flavin adenine nucleotide; RNA: ribonucleic
acid; PDC: protein-derived cofactor; GFP: green fluorescent protein; MIO: 3,5-dihydro-5-methy-
lidene-4-imidazol-4-one; LTQ: lysyl tyrosylquinone; CTQ: cysteine tryptophylquinone; TTQ:
tryptophan tryptophylquinone; E.coli: Escherichia coli; WT: wild type.
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Post-translational modification denotes the covalent and
generally enzymatic modification of proteins. After ribo-
somal translation of mRNA into polypeptide chains,
proteins may then frequently undergo a variety of the
post-translational modification to form the mature pro-
tein product. They are pivotal for structure and several
downstream functions because they involve the addition
of the functional groups, for instance, glycosylation, ubi-
quitination, and isoprenylation [1]. In some cases, cofac-
tors also are covalently attached to proteins via post-
translational modification. Among them, five types of
covalent flavinylation have been identified up to the
present [2]. There are several modification manners,
6-S-cysteinyl-FMN in trimethylamine dehydrogenase
[3] and histamine dehydrogenase [4,5], 8-S-cysteinyl-
FMN in monoamine oxidase B [6], 8α-N1-histidyl FAD
in cholesterol oxidase [7], 8α-N3-histidyl FAD in vanillyl
alcohol oxidase [8], 8α-O-tyrosyl FAD in p-cresol
methylhydroxylase [9], and 8α-N1-histidyl-6-S-cysteinyl-
FAD in glucooligosaccharide oxidase [10]. Interestingly,
these flavinylations have been shown to be an autocata-
lytic process [11,12]. Furthermore, there are enormous
reports about the modification with smaller chemical
groups such as phosphorylation, acetylation, formyla-
tion, methylation, and hydroxylation [1].

Disulfide bond is the most common and widely pre-
valent of all known post-translational modifications, but
it’s clearly different from those described above in terms
of the formation of the cross-link between amino acid

side chains [13]. Over the last two decades, a large num-
ber of unusual post-translational modifications contain-
ing such cross-links have been discovered in ribosomally
synthesized peptides thanks to mass spectrometric tech-
niques combined with biochemical methods. Such pep-
tides have recently been well overviewed and
summarized by van der Donk et al. [14]. Unusual post-
translational modifications are not just confined to small
peptide and, in the case of proteins, high-resolution
X-ray crystal structures have allowed us to identify
these modifications as comprehensively reviewed by
many researchers [15–23]. To our best knowledge,
more than 20 kinds of the post-translationally modified
cross-links were newly discovered in the natural proteins
so far.

In order to obtain biological functionality, nature
appears to attempt to exploit all sorts of chemical
bonds, thioether, thioester, ether, ester, sulphenyl
amide, sulfilimine, amide, amine, carbon–carbon, and
their combinations as previously described in the litera-
tures (Figure 1) [15–23]. In most cases, these cross-links
provide the special functions to the protein as well as
both intra and intermolecular structural stability. The
examples include the fluorescence chromophore
(4-(p-hydroxybenzylidene)-imidazolidin-5-one) of the
green fluorescent protein (GFP) [24], the colorimetric
chromophore (bis-LTQ) of the ranasmurfin [25],
3,5-dihydro-5-methylidene-4-imidazol-4-one (MIO)
[26], quinonoid redox cofactors and Tyr–Cys. The
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MIO, CTQ [27,28], TTQ [29] and Tyr–Cys [30] are
directly involved in the catalytic cycles of histidine (phe-
nylalanine) ammonia lyase, amine oxidases, amine dehy-
drogenase, and galactose oxidase as the redox prosthetic
groups, respectively. Thus, they are referred to as pro-
tein-derived cofactors (PDC).

Since Tyr–Cys (Figure 1(a)) has been identified in
several kinds of proteins to date, thus one may con-
sider that the Tyr–Cys bond is not unusual anymore.
A covalent bond is formed autocatalytically between
the Cε atom of tyrosine and the Sγ atom of nearby
cysteine in copper-dependent galactose oxidase [30]
and glyoxal oxidase [31], eukaryotic iron-dependent
cysteine dioxygenases [32], heme-containing sulfite
reductase from Mycobacterium tuberculosis [33], and
cytochrome c nitrite reductase from Thioalkalivibrio
nitratireducens [34]. The covalently bound tyrosine
and cysteine are located in the active sites of these
enzymes and are important for their functions. In
the case of galactose oxidase, formation of the Tyr
radical is necessary for substrate oxidation. This radi-
cal is stabilized both by the Tyr–Cys bond itself and by

the π-π stacking interaction with a nearby Trp residue
[35]. In the case of human cysteine dioxygenase, the
Tyr–Cys cofactor enables the Tyr hydroxyl group to
stabilize the oxygen radical formed during catalysis,
thus preventing the formation of damaging hydroxyl
radicals [36]. No structure/function relationship for
the Tyr–Cys bond in M. tuberculosis nitrite reductase
has been suggested by explaining the reduced activity
of the mutant forms of this enzyme without the Tyr–
Cys bond [33].

As exemplified by Tyr–Cys bond, PDCs are very
hot topics in biochemistry, particular, enzymology
field. Additionally, the existing of these cross-links
makes it more difficult to make annotation of the
unknown function proteins and genome mining
approach to search out the new functional proteins.
As described above, PDCs are mostly derived from
aromatic amino acid residues, especially Tyr, Trp,
and His (Figure 1)[21]. The modification and diversity
of Tyr in biology have strongly attracted attention, yet
those of the other two, heteroaromatic residues (Trp
and His) have not been so well-known. In this review,

Figure 1. The structural representation of characteristic amino acids generated by the post-translational modifications from
heteroaromatic amino acid side chains.
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current information of such unusual cofactors that the
author’s group obtained so far is summarized, espe-
cially chemical properties and maturation process of
the cross-links between cysteine and heteroaromatic
amino acids [His–Cys (Figure 1(c)) and Trp–Cys
(CTQ, Figure 1(b)) cross-link].

His–Cys in copper enzymes

Ergothioneine was first discovered in the sclerotia of the
ergot fungus in 1909 as a thiourea derivative of the
betaine of histidine and contains a sulfur atom bonded
to the 2-position of the imidazole ring. Despite of enor-
mous research for 100 years, the functions of ergothio-
neine in vivo still remain obscure, but it has been
proposed that the sulfur atom is incorporated from
cysteine via the oxidative sulfurization of the imidazole
moiety by biosynthetic genes (EgtB) product [37].
Similar chemical moiety to ergothioneine has been dis-
covered in the copper enzymes in the proximity of cop-
per-binding site. Namely, His-Cys cross-link was
identified in the Neurospora crassa tyrosinase on the
course of amino acid sequence analysis [38]. Then,
X-ray crystal structural analysis has identified His-Cys
cross-link in Octopus hemocyanin [39], plant (Ipomoea
batatas) catechol oxidase [40], and mushroom tyrosinase
(Agaricus bisporus) [41]. Interestingly, thioether linkage
is present in one of the copper-ligating histidines, which
is covalently bound by nearby cysteine. It was reported
that the Ala mutation of this cysteine residue led to the
inactivation of tyrosinase [42]. One has proposed that its
formation is triggered by the nucleophilic attack to Cε of
histidine by cysteine thiol [43]. However, its function and
the formation mechanism still remain unknown.

The author and collaborators have recently reported
that the apo-form of recombinant pro-tyrosinase (inac-
tive precursor) from Aspergillus oryzae can be over-
expressed in E. coli by using the full-length of gene
(melB) [44,45]. The copper-bound pro-tyrosinase has
no catalytic activity, but the trypsin-treatment transforms
the holo-pro-form into the active form of the enzyme, in
which the shielding domain (Glu458–Ala616) is cleaved
off [46]. The reported crystal structure of mushroom

tyrosinase seems to have a similar state of this
C-terminal absent form ofmelB [41]. The X-ray structure
of melB pro-tyrosinase is the first example of the crystal
structure of a pro-form eukaryotic tyrosinase with an
auxiliary domain [47]. The recombinant protein from
the E. coli expression system was crystallized by the
conventional way, hanging dropmethod. The final struc-
ture of the apo-form (copper-depleted form) was refined,
displaying an ellipsoid shape with dimensions of 95 Å ×
65 Å × 45 Å (Figure 2(a)). A number of very tight
interactions between monomers through extensive
hydrophobic and charge–charge interactions have been
observed supporting the homo-dimeric state at physio-
logical condition described in our previous study [46].
Themonomers attached with each other in a side-to-side
fashion along a two-fold axis; thus, the substrate-binding
cavities face opposite ways so as not to interfere with each
other (Figure 2(a)) [47].

Each monomer has two structural distinct domains:
the N-terminal and C-terminal sides are designated as
copper-binding domain (Ser1–Lys457) and shielding
domain (Glu458–Ala616), respectively. The structure
of copper-binding domain is similar with that of
mushroom tyrosinase reported previously (PDB
code: 2y9w) [41] and those of the other dinuclear
copper proteins such as plant catechol oxidase (PDB
code: 1BT3) [40] and the functional unit g of octopus
hemocyanin (PDB code: 1JS8, Figure 2(b)) [39].

In these copper proteins, the highly conserved six
histidine residues as the copper ligands are present in
a four-helix bundle of the copper-binding domain as
a core structure and they sit in the active site of melB
tyrosinase as well observed [three histidine imidazoles
for each copper ion, CuA (His67, His94, and His103,
melB numbering) and CuB (His328, His332 and His
371, melB numbering)]. In this structure, as expected,
no bound copper was observed and intriguingly the
Cys92, which forms a thioether linkage to one of these
histidines (His94), does not bind covalently with
His94 via a thioether linkage. It should be noted that
two conformers of Cys92 were observed, demonstrat-
ing that this cysteine residue flexibly flips (Figures 2(b)
and 3(a)) [47].

Figure 2. The superimposed crystal structure of melB pro-tyrosinase with other tyrosinases. (a) whole structure of apo (white, PDB
code:3W6Q) and holo form (green, PDB code:3W6W) (b) Copper-binding domains of mushroom (blue, PDB code: 2y9w), plant
catechol oxidase (orange, PDB code: 1BT3), and the functional unit g of octopus hemocyanin (pink, PDB code: 1JS8). The protein
main chain is displayed as ribbon and key cysteine residues are highlighted as sticks and green sphere indicates copper.
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The high-resolution crystal structure of holo-form
(copper bound from) of melB pro-tyrosinase was also
determined at a resolution of 1.39 Å. The subunit
structure is almost identical to that of apo-form, indi-
cating that copper binding does not affect the tyrosi-
nase structure (Figure 2(a)). In stark contrast, its
copper-binding site seems to be clearly different
from that of apo-form (Figure 3(b)). All of the con-
served six histidines ligated to two coppers, CuA and
CuB and the thioether linkage between Cys92 and
His94 was seen. Furthermore, the distance between
CuA and CuB is 3.5 Å, suggesting that this is met-
form (dinuclear copper (II) state). These results
strongly support that the formation of His-Cys cross-
link occurs in the process of the copper incorpora-
tion [47].

Generation of His–Cys cross-link involving
with copper incorporation

Through in vitro reconstitution of copper-binding site,
the author and collaborators revealed that His-Cys
cross-link formation proceeds autocatalytically in the
pro-tyrosinase without the aid of any other external
catalysts [45]. Namely, the apo-form of pro-tyrosinase
exhibited that of met-form (dinuclear copper (II)
state) after the treatment of CuSO4. Besides this, for-
mation of His–Cys cross-linkage was examined by free
thiol (cysteine) quantification experiment. Before the
treatment of CuSO4, the thiol number of wild type
(WT) and C92A mutant was determined to be 6 mol/
subunit and 5 mol/subunit, respectively. However,
both values changed to 3 mol/subunit after the treat-
ment of CuSO4. The values were contrary to normal
expectations, but consistent with the hypothesis that
one disulfide bond produced via the oxidation cata-
lyzed by CuSO4 in addition to His-Cys cross-link for-
mation. On the other hand, holo-C92A mutant
showed the spectral features due to the (μ-η2:η2-
peroxo)dicopper(II) species, which is the oxygen-
bound form in side-on fashion and one state during
the catalytic cycle in matured tyrosinase [48]. This

presumably suggests that Cu(II) ions are reduced by
two cysteines to give deoxy-form (dinuclear copper (I)
state, Figure 4, d2→e). This species can react with
molecular dioxygen producing the (μ-η2:η2-peroxo)
dicopper(II) species. Furthermore, comparison of the
behavior in the CuSO4 treatment under aerobic con-
ditions between WT and C92A mutant has suggested
that the (μ-η2:η2-peroxo)dicopper(II) species is
involved as a key reactive intermediate for the His–
Cys formation [45]. In the case of the formation of
Tyr–Cys cross-link, it has been demonstrated that
such kind of active oxygen-copper species triggers its
initial step. Tyr–Cys formation requires at least a two-
electron oxidation of the Cu(II)-containing precursor
enzyme, where was found to be autocatalytic, requir-
ing only copper and O2. The possible mechanisms for
the Tyr–Cys coupling reaction were proposed so far,
which is an initial electron transfer from Tyr to Cu ion
followed by either a radical coupling reaction or
nucleophilic attack of thiolate [49]. Furthermore, the
reaction proceeded much more efficiently when Cu(I)
was used [50]. In this case, the activation of dioxygen
is a key step to produce thiyl radical for the active
species.

In the crystal structure of melB tyrosinase, the two
cysteine residues can be found corresponding to the
disulfide bond that was described in the previous
paragraph. The shielding domain bears an unusual
long loop protruding from the juxtaposed two-β
strands near copper-binding site and bending with
a small angle in the middle of loop (Figure 2(a),
magenta) [47]. On its turnover, the conserved CXXC
motif (Cys522 and Cys525) was found, which is an
essential motif in copper chaperones [51,52]. Three
mutants (C552A, C525A, and C522A/C525A) showed
the lower copper-uptaking ability than that of WT
in vivo. This has demonstrated that this CXXC motif
is closely related to the incorporation of copper ions
into the active site [47]. After this finding, Rompel
et al. also identified this motif in the crystal structure
of mushroom pro-tyrosinase and designated this unu-
sual flexible part as a “copper grappler” implying the

Figure 3. The crystal structure of melB pro-tyrosinase copper-binding site. (a) apo form (b) holo form.
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role to shuttle copper ions to the active site of pro-
tyrosinase [53].

The Cys92 sits spatially between the CXXC motif and
copper-binding site. One conformer faces to the CXXC
motif, while another one points to CuA binding site
(Figure 2(a)). Taking these findings together, we have
proposed a mechanism of the formation of His-Cys
cross-link in the process of copper incorporation as
shown in Figure 4. In both the cases of Cu(I) (b1→d1)
and Cu(II) (b2→d2), the first copper ion is “grabbed” by
the CXXC motif with Cys522 and Cys525 and trans-
ferred close to Cys92 (a→b→c). Another copper ion is
carried in a similar manner. Whereas this process
directly produces a dicopper(I) form in the case of
Cu(I) (d1→e), the reduction takes place in the case of
Cu(II) to give the same species (d2→e). As a via point,
Cys92 may rotate from the CXXC side to the dicopper
binding side enhancing the copper(I) transportation.
From the dicopper(I) form thus generated, the (μ-η2:η2-
peroxido)dicopper(II) species is produced through the
reaction with dioxygen (e→f). We have proposed that
this (μ-η2:η2-peroxido)dicopper(II) species accounts for
triggering the cross-link formation between His94 and

Cys92 on the basis of these detailed spectroscopic and
mutational studies described above [45]. There are sev-
eral possibilities regarding mechanistic details of the
oxidative coupling reaction between His94 and Cys92.
Hydrogen atom abstraction from the thiol group of
Cys92 by the peroxide species generates a thiyl radical
intermediate, which then attacks to the ε carbon of the
imidazole group of His94 to induce the C–S bond for-
mation. Then, the generated imidazolyl radical inter-
mediate containing the C–S bond releases another
hydrogen atom to the oxyl radical of the generated
Cu(II)(O•)(OH)Cu(II) species to complete the posttran-
slational modification (f→g). On the other hand, the
hydroxylation of Cys92 in the precursor protein, which
may be well-known metal-induced oxygenation of thio-
lates, is possibly another potential mechanism. This
involves the initial oxygenation of Cys92 to a sulfenic
acid, which could act as an electrophile toward His94. In
analogy with the biosynthesis of ergothioneine [37], the
hydroxylation of thiol of Cys92 is assumed to occur via
a direct nucleophilic attack to peroxide species to give
a cysteine sulfenic acid as a possible alternative way.
Then, imidazole attacks to a sulfur atom of sulfenic

Figure 4. The proposed mechanism of copper incorporation into fungal pro-tyrosinase.
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acid invoking the dissociation of hydroxyl group from
the sulfur atom. Similar way was proposed in Tys–Cys
and sulfenic acid may act as an electrophile in His–Cys
formation.

It is noteworthy that such Cys mutation resulted in
the complete loss or significant decrease in the cataly-
tic activity [42,45]. Thus, His-Cys cross-link play sig-
nificant roles in the catalytic properties, where
thioether substituent seems to perturbate the donor
effect of imidazole moiety of copper-ligating histidine.
Furthermore, the cross-link may also increase catalytic
activity by controlling deleterious interactions of the
thiolate or thiol of the uncross-linked Cys with Cu ion
or substrates in the case of cysteine dioxygenases [54],
although uncross-linked Cys92 is responsible for cop-
per incorporation process.

Cys-Trp cross-link in cysteine tryptophylquinone
(CTQ)

The discovery of PQQ-containing enzymes [55] has been
followed by the incredible finding of a protein tyrosine-
derived cofactor, TOPA quinone (TPQ) in an eukaryotic
copper amine oxidase [55]. Then, a tryptophan trypto-
phyl quinone cofactor (TTQ) has been found in methy-
lamine dehydrogenase [29], and lysine tyrosyl quinone
(LTQ) has been seen in lysyl oxidase as well [56], where
a tyrosine-based quinone is cross-linked to lysine. Given
these findings of the several variants derived from tryp-
tophan and tyrosine structure, unusual quinone cofac-
tors have turned out to be rich in terms of molecular
structures. Quinohemoprotein amine dehydrogenase
(QHNDH) is expressed in Paracoccus denitrificans [27]
and Pseudomonas putida [28] when adding biological
amines in the media as the sole source of carbon, nitro-
gen, and energy. QHNDHs are soluble enzymes that can
catalyze the oxidative deamination of amines to formal-
dehydes and ammonia. QHNDH has a αβγ heterotri-
meric structure and, surprisingly, the smallest γ subunit
has a peculiar quinone cofactor, in which a tryptophyl
quinone is cross-linked to a cysteine to form cysteine
tryptophylquinone (CTQ).

The author and collaborators have attempted to
characterize the physicochemical features of CTQ.
QHNDH has two hemes c in the largest β subunit.
Thereby, it is difficult to directly observe the UV-vis
spectra of CTQ due to the spectral overlapping of CTQ
with the very intense absorption band of hemes.
Thereby, the author and collaborators isolated the
monomeric γ subunit from the complex structure of
QHNDH by size-exclusion chromatography after
denaturation of QHNDH upon urea addition.
During the redox titration with several electron-
transfer mediators, the fully oxidized and reduced
forms of the γ subunit exhibited a characteristic
absorption peak at 380 nm and a shoulder band
around 315 nm, respectively. The author determined

the two-electron redox potential of CTQ in the iso-
lated γ subunit to be 65 mV (vs. SHE) at pH 7.0 by the
redox titration. Based on the pH dependence of the
redox potential, the proton-coupled electron transfer
of CTQ changes its mode. Namely, the two-proton
two-electron transfer takes place at pH less than 8.6,
whereas one-proton two-electron transfer at pH more
than 8.6. This value (8.6) corresponds to the pKa value
(Ka: acid-dissociation constant), which can be
assigned to one of the phenolic OH groups of the
quinol form [57].

The redox reaction of CTQ in the isolated γ subunit
proceeds via two-electron transfer fashion, thus
a semiquinone radical was not observed at all.
However, the signal due to semiquinone form of
CTQ was observed by ESR spectroscopy of the intact
QHNDH partial reduced with dithionite [58].
Naturally, the redox properties in the native protein
environment are different from isolated one and are
necessary for the elucidation of the catalytic mechan-
ism of enzymes. Recently, some enzymes containing
CTQ have been discovered without any other cofac-
tors such as heme molecules [59,60]. These enzymes
are a member of a family of CTQ-containing oxidases,
so-called LodA-like protein and the members of this
class that have been functionally characterized to date
are amino acid oxidases. In the crystal structures,
lysine ε-oxidase (LodA) from Marinomonas mediter-
ranea (PDB code: 3WEU) [59] and glycine oxidase
(GoxA) from Pseudomonas luteoviolacea (PDB code:
6BYW) [61] have none of the cofactors or metals, but
the protein-derived CTQ cofactor as the sole cofactor.
Thus, in GoxA, the physicochemical properties of the
CTQ have been characterized directly in spectroscopic
techniques [62]. Based on our results, these recent
findings will provide the new insight into the catalytic
mechanism of the CTQ in the near future.

Inactive form of QHNDH

The formation of a covalent Trp-Cys cross-link
between the indole ring and the sulfur atom of Cys is
involved in the biosynthesis of CTQ, which occurs
simultaneously insertion of two oxygen atoms into
the indole ring of Trp. The formation mechanism of
CTQ is still a mystery and its pathway in QHNDH
seems to be distinct from that in LodA-like protein
[63–66]. In the case of QHNDH, the biosynthetic
pathway of CTQ is proposed as follows. First, tran-
scription of the qhpADCBEF operon as well as qhpG is
activated by the binding of QhpR with amines. After
the expression of proteins, triple intrapeptidyl
thioether cross-links are formed within the intact γ
subunit (QhpC) by the radical SAM enzyme QhpD
[63]. The QhpG which is a flavoenzyme may catalyze
the hydroxylation of Trp (CTQ precursor) in the
cross-linked γ subunit to form pre-CTQ, mono-
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hydroxylated Trp [64]. The leader sequence of the γ
subunit is cleaved off by the subtilisin-like protease
QhpE [65]. In the periplasm, the α subunit (QhpA)
incorporated two hemes c in the periplasm, which may
assist the formation of the Trp-Cys cross-link [66].

In stark contrast, the pathway of CTQ biogenesis in
LodA appears to be much simpler than that in QHNDH.
The lod operon harbors only two genes, lodA and lodB.
The lodA encodes a CTQ-containing enzyme precursor,
LodA, and the lodB was predicted to encode
a flavoenzyme. Active LodA (matured enzyme) was
obtained only when lodA was expressed with lodB at
the same time. In a recombinant Escherichia coli expres-
sion systemwithout lodB gene, lodA produces an inactive
precursor protein with a monohydroxlated Trp residue
[67]. This was also observed for the precursor of
QHNDH that was expressed in the absence of QhpD
[64]. Similarly, co-expression of goxA and goxB which is
analogous to lodA and lodB, respectively, also produced
a GoxA with glycine oxidase activity [60,61]. Thus, the
mono-hydroxylation of the precursor Trp residue is
a key step to share with both systems. However, the
step is catalyzed by flavoenzyme, QhpG, in QHNDH,
whereas takes place prior to the post-translational mod-
ifications catalyzed by the flavoprotein, LodB and GoxB,
in LodA-like protein [67]. In the latter case, it is possible
for free copper to catalyze the initial hydroxylation of the
unmodified precursor by the binding to an Asp residue
near a Trp residue that forms CTQ.

On the other hand, P. denitrificans expresses three
soluble hemoproteins with QHNDH induced by butyla-
mine. One of those, designated as “heme 2”, exhibited
two bands of molecular mass 59.5 kDa and 36.5 kDa on
SDS-PAGE [58]. This band profile was almost identical
with that of QHNDH, but heme 2 showed no QHNDH
activity. Thus, the author and collaborators attempted to

characterize this hemoprotein. The protein was slowly
activated upon the addition of substrates, butylamine,
and phenethylamine, and far more swiftly activated
upon reduction with dithionite and dithiothreitol, pre-
sumably indicating that heme 2 is inactive form of
QHNDH (silent form) [68]. The heme 2 was inert to
4-nitrophenylhydrazine and its γ subunit showed a UV-
vis spectrum with a peak at 390 nm, which is quite
different from that of the native enzyme and completely
identical to that of hydroxylamine-treated one, strongly
demonstrating that silent form contains a 6-oxime form
of CTQ as a chromophore (Figure 5). Furthermore, this
has been confirmed by mass spectroscopy, where the
molecular mass was larger than that of the native enzyme
by 15.1 (nitrogen plus hydrogen atom) [68].

There are two possibilities how the silent form
produces. QHNDH dissociates ammonium cation
from biological amines during the catalytic cycle.
Thus, given ammonia is further metabolized by
ammonia monooxygenase-like enzyme to produce
hydroxylamine molecule. One is the following; this
reactive species may attach to the fully matured CTQ
in QHNDH to suppress its activity. The another is that
silent form is generated via nucleophilic attack by
hydroxylamine after the activation of mono-
hydroxylated Trp in the course of CTQ formation.
The further information will reveal both the
mechanisms of CTQ formation as well as the role of
silent form of QHNDH.

Conclusion

The author reviewed recent progress in research on
a new class of post-translational modification, protein-
derived cofactors containing the covalent cross-link
between amino acid residues in proteins. The

Figure 5. The proposed molecular structure of CTQ-6-oxime in QHNDH.
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biosynthetic pathway of His-Cys and Trp-Cys cross-
link has been examined in the analogy of Tyr-Cys cross-
link. These investigations have demonstrated that their
mechanism shares the occurrence of metal-active oxy-
gen species as the key step in the post-translational
chemical modifications. The characterization of the
chemical properties of these two cross-links has
revealed that thismodification controls the host enzyme
activities. Further accumulation of knowledge will not
only be driving force to discover new post-translational
cross-linkings but also can provide challenges to create
the unprecedent protein-derived cofactors in artificial
proteins or natural proteins.
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