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1 Introduction

Protein and nucleic acid modification processes play a central role in cellular viability.
These range from the regulation of transcription via the modification of DNA,! the splicing
of RNA prior to translation? and the control of cell signaling at a multitude of levels via
covalent modifications of proteins, e.g. refs. 3 and 4. Peptides are also known to undergo
extensive modifications, in particular, during the bacterial generation of cellular defense
molecules that are increasingly being studied as possible mammalian antibiotics.®

This review is focused on a unique set of posttranslational modifications that convert
canonical amino acid side chains within either a peptide or folded protein into quinone-
containing redox cofactors.:” The peptide-derived quinocofactor, pyrroloquinoline quinone
(PQQ), was the first to be detected in 1964, in association with the bacterial enzyme,
glucose dehydrogenase.® This was followed by X-ray characterizations of PQQ, either
alone? or in a non-covalent complex with several dehydrogenases.10-12 The property of PQQ
as a reversibly-bound cofactor that can be shared among many redox proteins contrasts with
the remaining quinocofactors presented in Scheme 1, each of which is found to be
covalently associated with its cognate protein. There was a considerable lag between the
characterization of PQQ and the remainder of the quinocofactors, with identification of
trihydroxyphenylalanine quinone (TPQ)13 and tryptophan tryptophylquinone (TTQ)*
occurring in the early 1990s, followed by lysyl tyrosine quinone (LTQ)® in 1996 and
cysteine tryptophylquinone (CTQ)6 in 2001. These quinocofactors are found to function
either in prokaryotes or eukaryotes, with TPQ being the exception that spans these two
biological domains. The distinguishing features of each cofactor are highlighted in Table 1,
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9 Note added in proof:

Since the completion of this review, Okazaki et al. have reported the first example of the presence of CTQ within the active site of an
amine oxidase (Okazaki, S.; Nakano, S.; Matsui, D.; Akaji, S.; Inagaki, K.; Asano, Y. J. Biochemistry (2013) 154, 233). It has also
been reported that a flavoprotein LodB is required for maturation of lysine-e-oxidase (LodA) (Chacén-Verdd, M.D.; Gomez, D.;
Solano, F.; Lucas-Eio, P.; Sdnchez-Amat, A. Appl. Microbiol. Biotechnol. DOI 10.1007/S00253-013-5168-3).
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with the underlying commonality being that each is constructed around an aromatic side
chain (tryptophan or tyrosine). This review brings a primary focus to the variety of
biosynthetic pathways for the production of quinocofactors [cf. refs. 7:17:18] and the reader is
referred to a number of treatises that are centered primarily on the enzymatic mechanisms
surrounding the mature cofactors.19-21

2 PQQ (Pyrroloquinoline Quinone)

2.1 General Background

The biological role for PQQ has traditionally been described as a prokaryotic “vitamin”,
with the observation that non-PQQ-producing bacterial species such as Escherichia coli (E.
coli) show enhanced growth rate in the presence of PQQ.22 Recently completed
bioinformatics analyses present a method for the identification of intact operons for the
production of PQQ, allowing us to estimate = 125 bacterial species that are capable of PQQ
production.?3 The best-described enzymes that utilize PQQ as catalytic cofactor are
methanol and glucose dehydrogenases?4-26 (cf. Figure 1). These enzymes function in the
periplasmic space of Gram-negative bacteria to oxidize their respective substrate to
aldehyde, concomitant with the production of reduced PQQ (PQQH>). The reoxidation of
PQQHS> by one-electron acceptors (such as ubiquinone) is linked to a plasma membrane
electron transfer chain, providing a venue for the direct utilization of the energy derived
from the oxidation of one-carbon units and glucose in maintaining cell viability. Within a
community of multiple species of bacteria, this provides the PQQ-producing species with a
competitive growth advantage. The role of PQQ in mammals has been much more
controversial, with careful exclusion of PQQ from the diets of laboratory mice leading, after
several generations, to infertility,2” with more recent studies point toward a role for PQQ in
mitochondrial biogenesis.28 While these studies indicate a requirement for low levels of
PQQ in a mammalian diet, the full range of mammalian targets and precise mechanism of
action remain to be elucidated.

2.2 Biosynthetic Process

Although the chemical structure of PQQ has been determined and the mechanism of PQQ-
utilizing enzymes is well studied,1® the biosynthetic pathway leading to PQQ has not yet
been solved. The first step in the elucidation of PQQ biosynthesis was the identification of
the amino acid precursors by 13C-labeling and nuclear magnetic resonance (NMR).
Methylobacterium extorquens (M. extorquens) AM1 was grown on 1-13C- or 2-13C ethanol
or 13C methanol and the resulting 13C enrichments in PQQ were compared to the labeling
patterns in amino acids.2%-31 From such studies, PQQ is concluded to be formed from the
crosslinking of a glutamate and tyrosine side chain (Figure 2).

The biosynthesis of PQQ is accomplished by the gene products of a specific pqg operon.
Genes involved in PQQ synthesis have been cloned from Acinetobacter
calcoaceticus,32Klebsiella pneumoniae (K. pneumoniae),33Pseudomonas fluorescens
CHAO,3*Methylobacterium organophilum DSM 760,3° and M. extorquens AM1.36 In K.
pneumoniae, the pgg operon comprises six genes (designated pagA-F) (Figure 3).33 These
genes have been expressed in E. coli, a non-PQQ producer and lead to the production of
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PQQ.37 Genetic knockout studies of each of these genes show that four of the six gene
products (PqgA, PqqC, PqqD, and PqqE) are absolutely required for PQQ production.38
Although genetic knockout studies of pqgB had provided ambiguous results regarding the
absolute requirement for PqgB in PQQ biosynthesis,38 bioinformatic analyses indicate that
this gene likely performs an essential function in PQQ production.23

The formation of PQQ from PqgA necessitates the formation of a new carbon—carbon bond
between atoms C9 and C9a (Figure 2). Such reactions are chemically challenging and
generally require specialized enzymes capable of free radical generation. The only candidate
for this type of reaction within the pgq operon is the gene encoding PqqE. PqqE contains a
highly conserved cysteine motif unique to the radical S-adenosyl- -methionine (SAM)
family (CX3CX5C), has been demonstrated to contain a second [4Fe-4S]2* cluster and to be
capable of cleaving SAM to methionine and 5'-deoxyadenosine in an uncoupled reaction.3°
The N-terminal 4Fe-4S center of PqqE is the site of the canonical motif, and it is assigned to
the role of SAM cleavage and subsequent hydrogen atom abstraction from substrate. The
second 4Fe-4S center (found at the protein’s C-terminus) is much more divergent among
identified proteins with two (4Fe- 4S) centers,*? and may function either as a recognition
site for the peptide substrate (PqqA) by analogy to MoaA, an ortholog with 30% identity,*!
or as an electron sink during the catalytic mechanism.“? Thus far, it has not been possible to
demonstrate that PqgE acts upon PqgA, implying that PqgA may need to be modified by
other proteins in the pathway, before it can behave as a substrate for PqgE (cf. Scheme 2).

Velterop et al. carried out a series of experiments in which cell extracts of E. coli containing
all but one of the Pqq proteins were combined with those containing the missing Pqq
protein.3® PQQ was produced in only one of these sets involving the back addition of PgqC.
E. coli cells containing a clone encoding all but the PqqC protein produced an intermediate
of PQQ that, while unstable, was shown to accumulate in both the culture medium and
inside of cells. Although the amount of the intermediate was low, it was purified*? and
identified as 3a-(2-amino-2-carboxyethyl)-4,5-dioxo-4,5,6,7,8,9-hexahydroquinoline-7,9-
dicarboxylic acid (AHQQ).*3 Conversion of AHQQ to PQQ, catalyzed by PqqC was, thus,
attributed to the final step in the overall pathway.** This has been confirmed by in vitro
assays of PqqC, showing an eight-electron oxidation and ring cyclization of AHQQ to PQQ.
Three equivalents of O, are required for a single turnover producing two equivalents of
H,0,, indicating that one equivalent of H,O, produced by the enzyme is used as an electron
acceptor during PQQ synthesis*® (Scheme 3). The activation of O, in the absence of a metal
or cofactor is of particular interest (see below).

The small, 10-KDa protein PqgD has engendered considerable interest, as it has no
homology to any characterized protein. The Xanthomonas campestris (X. campestris) PqqD
crystal structure was solved*® (PDB ID: 3G2B) (Figure 4) and, surprisingly, the conserved
side chains are in a region that acts as a linker between the helices and p turn. The paucity of
secondary structure within PqgD suggests a requirement for a binding partner, i.e., its
participation in protein/protein interactions. It will be important to determine if the
functional form of PqqgD is a dimer, since this is the form characterized by X-ray
crystallography. Of interest in this context, gene fusions have been identified between pgqD
and either pqqC#” or pqqE.23 The addition of PqqD to anaerobic PqqgE in the presence of
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SAM has been found to lead to an increase in a-helical content compared to the individual
proteins (by circular dichroism (CD)), and to changes in the electronic environment of the
[4Fe-4S]1* clusters of PqgE (by electron paramagnetic resonance (EPR)), indicating a
specific interaction between the two proteins.#8 The precise role of this interaction, as well
as the possible interaction of PqgD with other proteins within the pathway, remains to be
elucidated.

The role of PqgB is still unknown. PqgB shares homology with the metallo-beta-lactamase
family and a crystal structure is available (PDB ID: 3JXP) (Figure 5). The comparison of the
X-ray structure for PqgB to its closest homolog within the metallo-beta-lactamase
superfamily, PhnP, a metallo-protein with two Mn?2* in the active site, is extremely revealing
regarding putative function. Figure 5 shows the overall structural similarity between PhnP
and PqqgB, together with the loss of the ligands for one of the two metals observed to be
bound to the PhnP active site from PqqB. The metal ligand residues that are retained in
PggB represent a 2-His/1-carboxylate facial triad configuration, characteristic of the non-
heme metal-binding oxygenase family.#® In the X-ray structure of PqgB, a Zn?* has been
identified at a second structural site, while the presumed iron atom at the active site is
absent. Nonetheless, it appears likely that the gene product, PqgB, functions as a non-heme
metallo-oxygenase in the course of the conversion of the peptide PqgA to PQQ (cf. Scheme
2).

PqqF is homologous to zinc-dependent proteases, initially suggesting its role in excising a
crosslinked Tyr-Glu intermediate from the PqgA peptide. However, PqgF has not been
shown to be essential for PQQ biosynthesis, and is absent from 53 of the identified PQQ
operons.23 Thus, either many or all of the proteolytic steps necessary for the excision of the
cofactor from its peptide are likely to be catalyzed by non-specific, cell-associated proteases.

Although PQQ was the first quinone cofactor discovered, the pathway for its production
remains the least understood. Nonetheless, a number of distinctive and interesting features
have emerged that form the basis for future investigations. First, PqqC is able to activate O,
in the absence of a metal or cofactor. The combination of kinetic studies, site-directed
mutagenesis, and protein crystal structures has begun to define the roles of individual amino
acids in O, activation.5%:51 From X-ray crystallography, a molecule of O, or H,05 is
observed®? at a distance of 3.4 A from a carbon of bound PQQ.50 Moreover, a progressive
closure from an observed open to a closed conformation plays a primordial role in the
catalysis (Figure 6).23 Second, PqgD, a small 10-kDa protein with no homology to any
characterized protein, has an indispensable role in the biosynthesis of PQQ that is not yet
elucidated. Third, a strictly anaerobic PqqE must function with an O,-dependent PgqC and
likely, an O,-dependent non-heme iron oxygenase (PqqgB). PqqE appears highly sensitive to
O,, with catalytic SAM cleavage to generate the 5'-deoxyadenosine radical occurring only
with PqqE that has been expressed and purified under anaerobic conditions.3° PQQ is not
produced in the absence of O,, even when all the pqg gene products are present.38

A possible solution to this necessary combination of aerobic and anaerobic conditions may
be via the discrete formation of protein-protein complexes. A number of findings strongly
suggest a formation of such a complex during PQQ biosynthesis. These include the
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conservation of the ordering of ORFs within the operons for PQQ producers (strictly
conserved in the order, pqgA-E within 98% of the sequenced genomes), the observation of
gene fusions (D/C and D/E) and the demonstrated interaction of PqqD with PqqE.
Conservation of gene order within an operon is not generally characteristic of prokaryotic
organisms,>*°5 and when such ordering is observed the corresponding gene products have
been shown to physically interact.56:57 Protein—protein interactions are common in
metabolic pathways, and these interactions can serve to increase the efficiency of the overall
process by positioning consecutively acting enzymes in proximity to one another and by
protecting sensitive intermediates from degradation via direct channeling between enzymes.
In the PQQ biosynthetic pathway, protein complex formation may both shield PqgA from
proteolytic degradation before completion of the necessary modifications and protect PqqE
from extensive exposure to oxygen during turnover.

3 TTQ (Tryptophan Tryptophylquinone)

3.1 General Background

TTQ has been identified in the active site of the prokaryotic enzymes, methylamine
dehydrogenase (MADH)4 and aromatic amine dehydrogenase (AADH).58 These enzymes
allow the host bacterium to grow with amines as a sole source of carbon, nitrogen and
energy. TTQ is an in situ cofactor formed by posttranslational modification of two
tryptophan residues of the polypeptide chain (e.g. the RTrp57 and RTrp108 within the a,R,
MADH tetramer from Paracoccus denitrificans (P. denitrificans) MADH, (cf. Figure 7)). In
the course of cofactor production, two atoms of oxygen are incorporated into the indole ring
of one tryptophan, and a covalent bond forms between the indole rings to crosslink the
tryptophans (Scheme 4). The enzymes that function with TTQ are, as for the PQQ enzymes
described above, dehydrogenases (Table 1) that catalyze the conversion of a primary amine
to its corresponding aldehyde concomitant with formation of a reduced aminoquinol,
TTQHoy; the latter is recycled back to TTQ via two one-electron transfers to an external,
copper-containing electron acceptor protein (amicyanin® for MADH and azurin®0 for
AADH). The reductive portion of the reaction begins with covalent adduct formation
between the amine of substrate and a carbonyl TTQ, while the oxidative portion of the
catalytic reaction produces an aminosemiquinone intermediate®! that subsequently proceeds
to the aminoquinone.®2 Both the dehydrogenase and electron acceptor are localized in the
periplasmic space of the host bacterium. As illustrated in Figure 8, the mature form of
MADH is a heterodimer of two 45-kDa a subunits and two 14-kDa B subunits, the latter of
which possess the mature TTQ cofactor.

3.2 Biosynthetic Process

The biogenesis of MADH requires the posttranslational modifications that involve the
generation of TTQ, the formation of six disulfide bonds in the B subunit, the export of a and
B subunits to the periplasm, and their assembly into the a.,f, quarternary structure.53 The
mau cluster of P. denitrificans contains 11 genes with a gene order of mauRFBEDACJGMN
(Figure 9).54 In M. extorquens AM1, mauL is present between mauG and mauM.%° The a
and B subunits of MADH are encoded by mauB and mauA, respectively,% and mauC6’
encodes amicyanin. Amicyanin is a type | blue copper protein that transfers electrons
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received from TTQH, to the heme group of cytochrome c-551i. Complex formation between
amicyanin, MADH, and cytochrome c- 551i has been demonstrated in the periplasm and a
crystal structure of the complex is solved.88 Four other genes are essential for MADH
biogenesis in P. denitrificans, with deletions of mauF,5°mauD,%°mauES® or mauG%4
resulting in loss of MADH activity, as well as the ability of the bacterium to grow on
methylamine. In the single deletions of mauD, mauE or mauF, no MADH B subunit could
be detected in cell extracts, and the levels of the MADH a subunit were low. MauE and
MauD are specifically involved in the processing, transport, and/or maturation of the B
subunit and the absence of each of these proteins leads to production of a non-functional B
subunit, which becomes rapidly degraded. The mauG deletion results in loss of MADH
activity and the inability to grow on methylamine; however, the levels of the a and
subunits expressed are similar to the wild-type (WT).%4 Importantly, with regard to our
understanding of the TTQ biogenesis pathway, the deletion of mauG leads to the
accumulation of preMADH?0 that contains a partially assembled cofactor (preTTQ)
consisting of a monohydroxylated BTrp57 at C7 of the indole ring; the latter is the MADH
substrate for MauG. The in vitro incubation of preMADH with purified MauG and oxidizing
equivalents provided either by O, plus an electron donor, or by H,0,,”1 results in
completion of TTQ biosynthesis and formation of active MADH. The enzyme responsible
for the addition of this initial —OH group in pre- MADH is currently unknown. MauG was
shown to be a 42.3-kDa monomer that possesses two covalently bound c-type hemes, as
predicted from the gene sequence’? and catalyzes the final six-electron oxidation in three
two-electron reactions using either O, or H,0, to complete TTQ formation. The mechanism
of MauG is discussed below.

3.3 Mechanism of MauG

The complex structure of MauG with pre-MADH (PDB ID: 3L4M) (Figure 7) is fully active
in the crystal.”® A major mechanistic surprise was the realization that the activated oxygen
species responsible for the six-electron oxidation at the preTTQ resides 40 A from the site of
TTQ formation. Further, the posttranslational modifications on Trp occur at ca. 15 A from
the di-heme unit. The oxidation of TTQ has been concluded to occur via a radical hopping
mechanism, to overcome the large distance between the MauG bis-Fe(IV) oxidant and the
TTQ synthetic site, contrasting with single-step electron tunneling processes that operate
more usually over shorter distances.”® The electron transfer from preTTQ to the bis-Fe(IV)
requires that Trp199 of MauG be transiently and reversibly oxidized to a free radical.”#’®

The net reaction consists of three MauG-dependent two-electron events in the following
order: [1] crosslink formation between BTrp57 and pTrp108;76 [2] hydroxylation of BTrp57
C6 to form a quinol; and [3] oxidation of quinol to quinone.”” Remarkably, it has been
possible to monitor this reaction in the crystal (Figure 10).73:78 As noted above, the MauG
redox form responsible for the catalytic activity is an unprecedented bis-Fe(IV) species,’2:80
and can be formed either by addition of O, to diferrous MauG or addition of H,O, to diferric
MauG.81 Whether O, or H,0, is the physiological oxidant is unknown. One MauG heme is
high-spin and five-coordinate, and th e other heme, closer to preMADH, is low-spin with an
unusual six-coordinate, His/Tyr axial ligation.82 This is the first observation of a His/Tyr
axial ligation in a c-type heme. The intrinsic reduction potentials of the two hemes are
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similar, and facile electron transfer between them occurs via a conserved Trp93,7® with the
implication that the di-heme unit acts as a single redox cofactor rather than as two
independent hemes.83 This unprecedented bis-Fe(IV) redox state is quite long-lived in
comparison to other Fe(V)-equivalent species.81 A charge-resonance-transition phenomenon
has been put forth to explain why the bis-Fe(lV) intermediate is stabilized in MauG and does
not permanently oxidize its own aromatic residues.84 The axial Tyr294 ligand to the low-
spin heme appears key to attaining the bis-Fe(IV) state; a His variant at this position could
not catalyze TTQ formation.82 A recent review addresses the highly unusual aspects of the
long-range catalytic reaction mediated by MauG.8> A proposed mechanism for MauG
showing a two-radical intermediate is given in Scheme 5.

4 CTQ (Cysteine Tryptophyl Quinone)

4.1 General Background

Among the known prokaryotic quinocofactors, CTQ was the last to be discovered. A
seminal paper appeared in 2001, representing an elegant collaboration between the X-ray
crystallographic and biochemical laboratories of Mathews and Tanizawa.16 The resulting
structure of a quinohemoprotein amine dehydrogenase (QHNDH) from P. denitrificans
indicated an active site tryptophan- derived quinone that had undergone crosslinking to a
cysteine side chain. This was located in one of the three subunits (-y subunit) of a
heterotrimeric protein. The arrangements of the three subunits in QHNDH is shown in
Figure 11, and reveals many distinctive features. The -y subunit (dark blue) contains, in
addition to a crosslinked tryptophylquinone, three additional crosslinks between the sulfur
atoms of cysteine side chains and the -y carbon of Glu or B carbon of Asp side chains.
Within the a subunit, there are two heme-iron groups organized in a manner reminiscent of
mauG: one of the heme groups resides near the protein surface and the second is buried near
the interior of the protein. The B subunit, making contact with both the a and -y subunits, has
the distinctive B propeller domain structure seen in the family of alcohol dehydrogenases
that utilize PQQ as cofactor.

The type of protein shown in Figure 11 has been predicted to be present in at least 17 Gram-
negative bacterial species® and, analogous to PQQ- and TTQ-dependent enzymes, resides
in its mature form within the periplasmic space. Analogous to TTQ enzymes, the net
reaction catalyzed by QHNDH involves oxidation of amines to form aldehydes and the
aminoquinol of CTQ (CTQHS>), which undergoes reoxidation via two one-electron transfer
steps to either azurin or cytochrome c as the electron acceptor.8” The latter is presumed to
take place via the two heme-iron centers in the a subunit, providing a pathway for long-
range electron transfer from the buried active site quinol to a solvent-accessible surface.
These electron carriers subsequently donate their reducing equivalents to a membrane-
associated electron transfer chain active in adenosine triphosphate (ATP) formation.

Consistent with the reaction mechanisms demonstrated for other amine-utilizing
quinocofactors, covalent adduct formation between substrate and cofactor is anticipated
during the catalytic cycle. The position of nitrogen attack on CTQ can be inferred from an
X-ray structure of inhibitory complex of QHNDH and phenylhydrazine,®8 Figure 12. The
active site base, catalyzing proton loss from the a carbon of substrate in complex with CTQ,
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is ascribed to Asp33, which is constrained via a loop formed between Cys27 and the -y
carbon of Asp33 to a position close to the reactive carbonyl of CTQ. A second structural
loop, derived from the crosslink between Cys41 and Asp49, also appears to play an
important role in the overall positioning of the CTQ for optimal catalytic reactivity.8”

4.2 Biosynthetic Process

The operon encoding CTQ production was originally described as containing four ORFs (cf.
Figure 13), with ORFs 1, 3 and 4 encoding the enzymatic a, -y and B subunits, respectively,
and ORF 2 encoding a radical SAM enzyme.16 N- terminal extensions were identified in the
a and B subunits and concluded to be essential for transport of these gene products to the
periplasmic space.89 An additional ORF that is located 3' to ORF 4 has been recently
identified, ORF 5.86 Of further potential consequence, ORF 5 is found to be located
immediately upstream from the ORF for an ABC-type transporter. It is postulated that the
latter may play a role in the export of QHNDH or its subunits from the cytoplasm to
periplasm.86

The initial implication of a radical SAM enzyme in CTQ maturation was tested by a series
of ORF 2 knockouts, rescue experiments and mutagenesis studies.89 These have shown that
the ORF 2 protein is essential for the formation of the three Cys to Glu/Asp crosslinks,
together with the redistribution of the -y subunit from the cytoplasm to the periplasm. The
inability to detect a quinone in the -y subunit of QNHDH in the absence of a functional ORF
2 protein further suggested that the formation of the Cys to Glu crosslinks was a prerequisite
to CTQ formation. An unexpected finding was a mass for the y subunit that was
considerably larger than expected from the initially assigned methionine at its N-terminus.8°
After re-examination of the sequence of the ORF operon, a second start site for translation
of the -y subunit was found at -28 amino acids. This precursor form of the -y subunit has
been concluded to contain a propeptide at its N-terminus, in analogy to the presence of N-
terminal extensions identified in the ORFs encoding the a and  subunits of QNHDH.

The fifth gene product (ORF 5) is produced when cells are grown on n-butylamine,
conditions that also induce the production of the gene products from ORF 1 to 4.8 ORF 5
encodes a peptidase that belongs to the subtilisin family, with the presence of a conserved
catalytic triad comprised of His, Asp, and Ser. While disruption of ORF 5 leads to
production of the individual subunits of QNHDH (under conditions of growth in n-
butylamine), the absence of a functional ORF 5 fails to yield the final quinone-containing
QNHDH in the periplasm.86 Under this condition, the a and  subunits make their way into
the periplasm, and the majority of the y subunit remains in the cytoplasm. This form of the
vy subunit has retained the propeptide first identified in the ORF 2 knockout, contains the
three Cys-Glu/Asp crosslinks of the mature QHNDH but lacks CTQ. A sequence of events
can be envisaged in which the ORF 2 gene product catalyzes crosslinking of the full-length
vy subunit, which subsequently undergoes translocation to the periplasm concomitant with
cleavage of its propeptide via the ORF 5-encoded protease. The subsequent assembly of the
heterotrimeric QNHDH may, in fact, be a prerequisite for the formation of the CTQ
cofactor, though there are no data yet to bear on this point. It is tantalizing to speculate that
the oxidation of the Trp precursor may be assisted by the two hemes contained within the a
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subunit, analogous to the MauG action outlined under TTQ (see Relationship to Biosynthesis
of TTQ below). The activity of the protease toward short peptides has shown only limited or
single turnover kinetics, and this has allowed the identification of a covalent adduct between
the ORF 5 protein and the N-terminal of the cleaved peptide, further confirming a function
for the CTQ-linked protease that falls squarely within the category of serine proteases.86
Based on the available data, a tentative pathway for the sequence of events in CTQ
production is outlined in Scheme 6.

4.3 Relationship to Biosynthesis of TTQ

CTQ is one of only two identified quinocofactors that is derived from Trp (Table 1). In this
context, it might have been expected that the biosynthetic pathways for TTQ and CTQ
would indicate similarities to one another. At first appearances, the differences between the
two pathways appear greater than the similarities. To begin with, the crosslink between the
two tryptophans in TTQ requires the generation of a new carbon-carbon bond, whereas the
crosslink in CTQ involves the addition of a sulfur atom to the parent Trp ring. Formation of
a new C-C bond is intrinsically more difficult than the S—-C bond, which could form
subsequent to quinone formation on the parent Trp ring, via a thiolate attack on a
tryptophanyl quinone (see the discussion of TPQ and LTQ below).

The modifying enzymes identified within the respective operons for TTQ and CTQ are also
quite different, with a radical SAM enzyme seen solely in the CTQ pathway. Very
unexpectedly, this radical SAM activity is necessary for formation of the sulfur-carbon
crosslinks that define the structure of QHNDH, in particular the relationship of the CTQ
cofactor to the active site base required for catalysis, and not for the generation of the CTQ
itself. In the case of TTQ, overall protein structure and active site geometry is maintained
via a series of disulfide bonds instead of thioether bonds, raising the question of why the
CTQ pathway would have resorted to radical SAM chemistry to sculpt its active site. The
fact that a fourth Cys must be “reserved” in QHNDH for the final crosslink in CTQ
production may explain this peculiarity. The formation of three disulfide bonds in the
presence of an active site free thiol in QHNDH would have introduced the possibility of
disulfide interchange reactions, possibly leading to incorrectly folded protein and the
resulting unavailability of Cys37 for crosslinking to Trp43 in the generation of CTQ.

In this context, it is interesting that the parent Trp in the protein precursor to TTQ may be
able to undergo crosslinking to Cys, when the second active site Trp(p108) is replaced by
Cys via site-specific mutagenesis.?0 However, the generation of a catalytically active CTQ-
like cofactor in MADH is quite limited, if it occurs at all. Mutation of Trp(108) to either
cysteine or histidine produces in the main a partially processed tryptophyl cofactor
containing a single oxygen, together with the property of an increased dissociation of the
P, heterodimer into its subunits.%% The most prominent similarity between TTQ and CTQ
production is the presence of gene products that contain two distal heme iron prosthetic
groups, with one heme located near the solvent and the second heme near the active site of
the final dehydrogenase. In the case of TTQ production, the protein bearing these two heme
groups is MauG, which performs a processing role but is absent from the final
dehydrogenase. In CTQ production, the two heme groups are located in the a subunit of the
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dehydrogenase QHNDH. This raises the question of whether the a subunit of QHNDH
performs dual roles: the first would involve the oxidation of Trp43 in CTQ formation in
analogy to the role played by MauG in TTQ formation, while the second role would be to
provide a pathway for electron transfer during catalytic turnover from the substrate-reduced
CTQ to the exogenous electron acceptor.

5 TPQ (Trihydroxyphenylalanine Quinone)

5.1 General Background

The discovery of TPQ in a copper amine oxidase (CAO) from bovine serum (BSA0)13
represented a turning away of researchers from a primary focus on PQQ. While it had been
expected that the family of CAOs would contain a covalently- bound cofactor, this was
initially thought to involve the posttranslational insertion of a normally dissociable cofactor
such as the carbonyl cofactor pyridoxal phosphate®! or PQQ itself.%2 When a structural
proof for TPQ was put forth in 1990, it confirmed the presence of a covalently bound, active
site quinone, but one that was quite different from PQQ and derived from a single tyrosine
side chain of the protein backbone.13

Among the cofactors in Figure 1, TPQ is unique in that it has not undergone crosslinking to
a second amino acid. This feature simplifies the biosynthetic process but actually
complicates the subsequent mechanistic involvement of TPQ in redox chemistry. All of the
quinocofactor-containing enzymes are inferred to function by a similar mechanism. This
involves covalent attachment of the substrate to one of the carbonyls of the quinone moiety,
followed by proton loss from substrate that is catalyzed by a highly conserved active site
aspartate93 (cf. boxed region of Scheme 7 for an illustration of the reaction mechanism with
TPQ). While a possible non-covalent mechanism has been proposed in the case of reaction
of PQQ enzymes and their substrates,19 and an X-ray structure is not yet available to
identify the active site base in the LTQ-containing lysyl oxidase, the mechanistic features
illustrated for TPQ provide a reasonable starting point for understanding the reactivity of all
the quinocofactors. Key features are: [i] the creation of an electrophilic sink to facilitate
proton abstraction from substrate by an active site base, [ii] the formation of reduced
cofactor concomitant with substrate oxidation (as a direct result of substrate deprotonation
and electron delocalization) and [iii] reoxidation of the reduced, quinol form of cofactor
back to the starting quinone, either with molecular oxygen or an exogenous electron
acceptor.2!

In the context of the two tryptophan-derived quinocofactors discussed above, TTQ and
CTQ, the crosslinking of the quinone bearing Trp to a second amino acid might have been
expected to provide the principal role in the positioning of the carbonyls of cofactor in
relation to the incoming substrate and the active site base. Yet, as described above, the
active site of the TTQ-containing enzyme contains six disulfide bonds,3 while the active
site of the CTQ-containing QNHDH has a series of unusual thioether linkages inserted
posttranslationally.8? In both instances, these structural modifications to the respective
active sites have been concluded to play additional roles in defining the distances and
orientations among the cofactor, substrate and catalytic base.
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As X-ray structures began to emerge for the mature, TPQ-containing enzymes, it became
clear that the positioning of the TPQ could be variable and protein-dependent®*-%° (Figure
14). This ability to visualize TPQ within different positions of the active site now appears
directly related to the mechanism of biogenesis (see below). However, the mobility of TPQ
also raised a question regarding the mechanism whereby active site interactions could be
controlled during catalytic turnover of substrate. A possible answer to this question arose
from the early efforts to identify the amino acid precursor to the mature TPQ. Alignment of
DNA and protein sequences for individual TPQ-containing proteins both confirmed that
tyrosine was the precursor to TPQ and identified a conserved consensus sequence that flanks
the Tyr precursor to TPQ: Asn-Tyr(TPQ)- Asp/Glu, where the C-terminal Asp/Glu is
distinct from the Asp involved in proton removal from substrate during catalysis.19

It was initially thought that this consensus sequence might function as a recognition site for
the binding and action of ancillary proteins during cofactor maturation. However, when
mutations were inserted, at either the N-terminal Asn or C- terminal Asp/Glu of the
consensus sequence, biosynthesis continued to occur (albeit at variable and somewhat
reduced rates).191 As now known, TPQ arises via an autocatalytic process (see below) with
no requirement for additional gene products, and a major consequence of mutagenesis with
the consensus sequence is to introduce a rotation of TPQ-linked intermediates into inactive
conformers during catalytic turnover.93:102103 An jljustration of this type of behavior for
several mutants within a CAO from Hansenula polymorpha (H. polymorpha) (HPAO) is
shown in Scheme 7, which highlights the production of non-productive, ring-flipped
complexes during catalytic turnover. Careful inspection of X-ray structures for TPQ-
containing CAOs reveals a structural motif that involves a number of interactions among
active site side chains that link the Asn and carboxylate of the consensus sequence. As
illustrated in Figure 15 for HPAO, a network of hydrogen bonds from Glu406 to Tyr186 is
seen to position Asn404 behind the TPQ.102 The major role of the consensus sequence has,
thus, been concluded to be that of providing an anchor for the positioning of TPQ during
catalysis. The use of a protein motif, as opposed to active site disulfide bonds or thioether
linkages, to immobilize this quinocofactor appears to satisfy the dual needs of cofactor
immobilization during catalysis and mobility of the Tyr precursor as it undergoes the
multiple steps of biogenesis.

5.2 Biosynthetic Process

The study of the posttranslational generation of TPQ began with a key experiment by
Tanizawa and co-workers, which showed that expression of the gene for a CAO from
Arthrobacter globiformis (A. globiformis) in E. coli under limiting copper conditions
produced the precursor form of enzyme. Subsequent addition of Cu(ll) in the presence of air
led to TPQ, whereas anaerobic conditions failed to give any reaction, implicating the dual
requirements for copper ion and molecular oxygen.104 Although E. coli is capable of
producing its own TPQ-containing CAO, this did not appear to compromise interpretations
from the heterologous over-expression of the A. globiformis amine oxidase (AGAO).
Important follow-up studies established a number of key features of this process. Using
resonance Raman spectroscopy, it was shown that the oxygen at carbon-2 of the mature
cofactor is derived from water. Further, it could be concluded that at neutral pH, electron
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density at the oxygen of carbon-4 undergoes delocalization into the oxygen at carbon-2, in
contrast to the retention of full carbonyl character at carbon-5,104:

0. 0. 0
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Intramolecular electron transfer V8. LMCT complex

While the oxygen of the carbonyl at carbon-5 is believed to arise from molecular oxygen
during biogenesis, detection of O-18 transfer from labeled dioxygen is precluded by a rapid
exchange reaction with water at this position.1%° Finally, Ruggiero and Dooley established a
stoichiometry of two moles of O, consumed and one mole of H,O, produced per TPQ
produced in the AGAO.106

Cai and Klinman pursued a different approach, using Saccharomyces cerevisiae (S.
cerevisiae) as the host for expression of a gene for CAO from a second yeast strain, H.
polymorpha (HPAQ).106 The laboratory strain of S. cerevisiae is unable to produce its own
CADO, eliminating a potential complication of TPQ production within a heterologously
expressed CAQ that could involve enzymes native to the host. The fact that active HPAO
arises in an S. cerevisiae expression system provided early evidence for a self-processing
mechanism.197 However, efforts to isolate a precursor form of HPAO, by carrying out the
growth of S. cerevisiae in copper ion-depleted media, were unsuccessful. It was ultimately
found that depletion of cupric ion in the yeast growth medium led to metalation of HPAO by
zinc ion (and as a result inactive enzyme).108 Many years later, multi-energy X-ray data
analysis of a second eukaryotic CAO (human diamine oxidase) that contained a mixture of
copper and zinc ions at its active sites showed that only the subunits with copper occupancy
were able to produce TPQ.109 While it was not possible to find conditions for removal of the
tightly bound Zn*2 from recombinant HPAO and its replacement by copper ion, site-specific
mutagenesis proved very useful in showing an essential role for copper. These studies
involved mutagenizing either one of the inferred ligands to copper (H456D) or the glutamate
at the C-terminal end of the consensus sequence (E406N). Whereas E406N produced active
enzyme, the H456D variant contained only a trace amount of copper (ca. 4%) and very little
TPQ, implicating an essential role for copper-binding in the formation of TPQ within
HPAO.101 Ultimately, the E. coli expression system of Tanizawa was found to adapt quite
well to HPAO, opening up the door for the series of detailed mechanistic studies using the
metal- free precursor forms of enzyme from H. polymorpha and its comparison to AGAO.

As noted, the basic reaction leading to TPQ requires the insertion of two oxygen atoms into
the phenolic ring of Tyr to form a 2,4,5-trihydroxyphenethylalanine residue, which then
undergoes a two-electron oxidation to TPQ; the latter reaction is the source of the one mole
of H,0, produced during biogenesis. A major goal from the beginning was the direct
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detection of each reaction intermediate, in particular to understand the stepwise oxygen
insertion steps. Three dominant methods were pursued: EPR (to search for free radical
intermediates), UV/Vis (to detect intermediate absorbing species with signatures distinct
from the initial Tyr and final TPQ (Amax = 480 nm at pH 7, where TPQ has ionized to its
anionic state) and X-ray crystallography.

EPR studies proved largely uninformative using either the AGAO or HPAO enzymes,
despite the possibility of an intramolecular one-electron transfer between the active site Tyr
and Cu(Il) to form a Tyr-derived free radical and the reduced Cu(l):

b e

OH O . OH O
—Cu(lly —Cu(l) H _—Cu(lly —Cu(lny
7\ /AR EAN /A

Intramolecular electron transfer VS, LMCT complex

The virtue of an electron redistribution via intramolecular transfer would have been the
generation of a Cu(l) metal center that could bind and reductively activate molecular oxygen
(ground state triplet) for combination with an adjacent Tyr radical. Given the large
difference in redox potentials between the copper half reaction (¢° ~ 0.1to 0.3 V vs.
NHE)10 and tyrosinate (e ~ 0.7 V vs. NHE),111 the failure to see any detectable
accumulation of a Tyr radical may not be surprising. As an alternative to a discrete tyrosine
to copper electron transfer step, the generation of a ligand-to-metal charge transfer (LMCT)
band between copper and tyrosinate emerged as the key initial step of the reaction
mechanism.

The first intimation of a possible LMCT intermediate came from the X-ray structure of the
metal-free, precursor form of the AGAO, where the unprocessed Tyr could be seen pointing
directly into the empty metal site.?9 This contrasted directly with the mature TPQ in which
the modified aromatic ring had rotated off of the metal center into the catalytically active
conformation® (Figure 14). Subsequently, UV/Vis spectroscopy provided more direct
evidence for a LMCT species, using a specific experimental protocol in which HPAO was
preloaded with cupric ion under anaerobic conditions and then exposed to molecular
oxygen.112 Under such conditions, a new species at 350 nm appears, displaying a classic
precursor-product relationship with the appearance of TPQ, Figure 16. It was noted at the
outset that a 350 nm absorption band could have represented the accumulation of a peroxo-
intermediate, 112 expected to arise from the addition of O, to the tyrosine ring - in the event
that this intermediate were to undergo a rate-determining breakdown via proton abstraction
from the aromatic ring to form dopaquinone (cf. intermediates (111) and (1) in Scheme 8).
This possibility was, however, ruled out by the observation of an unchanged rate for
cofactor biogenesis using an engineered precursor form of HPAO in which all of the
protein-bound tyrosines had been deuterated at the carbon 3 and 5 positions of the aromatic
ring.113 Experimental support for the 350 nm species as a LMCT band comes from the
similarity of this absorbance band to authentic tyrosinate-copper model complexes, together
with the red shift of A s t0 390 nm (accompanied by a ca. ten-fold slower rate of
biogenesis) when one of the His ligands to the active site copper is changed to Cys
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(H624C).112 Additionally, X-ray crystallographic studies of the redox inactive, zinc ion
substituted form of HPAO complex show a direct coordination of the 4-hydroxyl of the
precursor Tyr to the metal center.114 In general, complexes between tyrosine and zinc ion
are rare in proteins, implicating specific active site features/interactions within HPAO that
act to “drive” the precursor Tyr onto the copper.

The protocol used for copper insertion was very important in assigning the 350 nm species
to a catalytic intermediate in biogenesis. When UV/Vis is used to monitor the status of
protein after addition of copper ion in the absence of O,, another 350 nm band is observed
that serendipitously decays with a similar rate constant to the appearance of TPQ in the
presence of O, for WT enzyme. This was initially very confusing, until the aerobic reaction
of metal with two consensus site mutants (E406Q and N404D) was shown to produce a
much faster decay of the 350 nm band than TPQ formation,112 (Table 2):

Overall, the data have shown that copper binding is a multi-step process, involving a series
of LMCT interactions that can, under certain conditions, produce a signature that is similar
to the catalytically productive intermediate that ultimately governs TPQ formation. For this
reason, successful monitoring of biogenesis intermediates requires a preloading of protein
with copper in the absence of O, and then exposure to O, to initiate the reaction. Under
these conditions, both WT and consensus site mutants show a 1:1 correspondence between
disappearance of the 350 nm species and TPQ production,!12 (Figure 16).

Understanding the nature of the dependence of the 350 nm band on the presence of O, was
initially challenging. Consistent with an essential role for O, in LMCT formation, time-
resolved X-ray crystallography of biogenesis within the Arthrobacter enzyme showed two
new intermediates, one of which forms in the absence of O, and shows the precursor Tyr
pointing toward the active site copper but too far away (2.5 A) for direct coordination.15
(The second intermediate, seen after addition of O, is dopaquinone, and will be discussed
below.) The impact of changes in O, concentration on the properties of TPQ formation was
subjected to some scrutiny for HPAQ, using either UV/Vis to follow spectroscopic
intermediates or an oxygen electrode to follow O, uptake.113.116 Under conditions of air,
identical rate constants are observed independent of the assay method. Elevation of the O,
concentration toward 100% initially showed a linear (non-saturating) dependence on O,
concentration when measuring oxygen uptake, whereas the formation of TPQ indicated a
K for O, of ca. 180 uM. Interpretation of this difference in kinetic order could have been
complicated by the fact that biogenesis involves two O,-dependent steps. However, the
second O,-dependent reaction of biogenesis involving conversion of reduced quinol to the
final quinone is germane to catalysis, can be studied independently and is known to occur
much more rapidly than the rate of TPQ formation.17 In fact, a large fraction (if not all) of
the divergence between the dependence of the measured rates on O, concentration was later
shown to be due to the extreme difficulty of following the slow reaction of biogenesis at
elevated O levels in an oxygen electrode chamber.113 Once extreme efforts were made to
reduce a time-dependent exchange between the high O, level in the reaction chamber and
ambient air, both the uptake of O, and production of TPQ displayed similar K, values.113
The observation of saturation kinetics with regard to O, thus provides support for an O,
binding site on the precursor protein. The final model for the initiation of the O,-dependent
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portion of the TPQ biogenesis reaction is shown in Scheme 8, and involves a binding of O,
into a protein-derived pocket (species (1)) as a prerequisite for movement of the precursor
Tyr onto the active site metal ion (species (I1)). The ability to detect these first O,-dependent
steps in TPQ formation is a direct result of the accumulation of the O,-dependent LMCT
that precedes a rate-limiting attack of O, onto the metal-activated precursor tyrosine ring.113

The idea of a protein-derived O, binding pocket in HPAO has been similarly proposed
during catalytic turnover and has met some resistance in the inorganic community.118 The
arguments in favor of an off-metal site for O, binding site and reactivity have been
published elsewhere and will not be repeated here. [cf. refs. 119-122] Quite importantly, a
series of mutagenesis studies provide strong evidence for a similar O, binding pocket during
biogenesis and catalysis. In particular, a methionine residue, identified in HPAQ to lie near
the copper-binding site (Figure 17), was suggested to be threonine in a related eukaryotic
CAO from bovine source (BSA0).122 When the Met634 in HPAO was mutated to the Thr of
BSAO, the second order rate constant for reaction of HPAO with O, was found to be
reduced to the value seen in BSAO.119 A series of hydrophobic amino acids were
subsequently inserted into the Met position, showing a trend in reactivity toward O, that
correlated with the volume of the amino acid side chain.122 Remarkably, when the same
series of mutants were analyzed for their rate of biogenesis, a similar dependence on side
chain volume was observed.113 These findings, together with the observations outlined
above, provide strong support for a similar protein pocket that functions to accommodate
molecular O, during both catalytic turnover and TPQ biogenesis.

The absolute requirement of Cu(ll) for the autocatalytic formation of TPQ has been
examined in a number of ways. Using precursor forms of both the AGAO and HPAO,
biogenesis has been initiated by the insertion of alternate metals into the empty metal site,
with the results shown in Tables 3 and 4, and Figure 18, respectively.

Both Ni(I1) and Co(11) lead to a very slow TPQ production in AGAO.123 The rate of
biogenesis with Ni(ll) is ca. 7-fold faster in HPAO,124 Table 4, analogous to findings during
catalytic turnover where Co(ll) has been found to substitute for copper in HPAO to yield an
almost identical gy 120:121

The very low potential for the reduction of Ni(ll) to Ni(l) (e° = -1.16 V vs. NHE),12
together with the failure to detect a UV/Vis intermediate with a precursor/product
relationship to TPQ formation, has led to the suggestion of a rate- limiting outer sphere
electron transfer from the Tyr precursor to pre-bound O, that is followed by a series of rapid
kinetic steps.124 In an important control study, Samuels and Klinman tested the hypothesis
that Cu(ll), and not Cu(l), was the catalyst for TPQ formation. Inserting Cu(l) under
anaerobic conditions and then initiating biogenesis with air, showed that the Cu(l) was
required to undergo an oxidation to Cu(ll) before the chemical steps converting Tyr to TPQ
were initiated.126 Schwartz et al. used a Cu(I1)- specific ligand azide to test the impact of
blocking ligation to copper on the biogenesis rate. Fully consistent with the model in
Scheme 8, the 400-nm band characteristic of a copper-azide complex was found to be lost
concomitant with TPQ formation, implicating dissociation of azide as the rate-limiting step
under these conditions.12”
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The last component to be considered in depth for its impact on biogenesis is the role of a
second, absolutely conserved Tyr within the active site of all characterized CAOs (Tyr407 in
HPAO, Figure 17). A very surprising result was that the impact of a Tyr to Phe vs. Ala
conversion in HPAQ leads to very different results for catalysis, 128 Table 5, than
biogenesis,12° Table 6.

The role for the alternate Tyr during catalytic turnover has been ascribed to its hydrogen
bonding to the O-4 of TPQ. The fact that an Ala substitution is so much better tolerated at
this position during catalysis was suggested to be due to an ability of water to access the
active site and provide an alternate hydrogen bonding capability.129 A similar type of
behavior has also been reported by Herschlag and co-workers for the enzyme ketosteroid
isomerase.30 In the biosynthetic portion of the reaction, the size of the side chain appears to
be of greater importance, most likely in guiding the movement of the Tyr side chain as it
moves through its various catalytic intermediates on its way to the mature TPQ. Another
unexpected and extremely important property of the Tyr to Phe mutant came from the
UV/Vis features of its biogenesis that indicated a pathway parallel to TPQ formation
(producing a species with Amax = 420 nm).131 After considerable effort, the structure of the
product from the alternate pathway was solved by X-ray crystallography and the result is
presented in Figure 19. As illustrated, extra electron density appears at several position
within the ring of Tyr and is the same, independent of whether gene expression is carried out
in S. cerevisiae (with sufficient copper ion present in the growth medium to reconstitute the
HPAO during cell growth) or in E. coli (where protein is reconstituted with Cu(ll) after
isolation of the purified apo-protein). In both instances, the observed electron density is
consistent with the generation of hydroperoxo-derivatives on the aromatic ring. It appears
that the ring hydroxyl of Tyr305 performs an important function in acid/base catalysis
during TPQ production, presumably aiding in the non-rate- determining cleavage of the O-O
bond within the peroxy- intermediate formed from addition of O, to the precursor Tyr ring
((1) in Scheme 8). In the absence of Tyr305, an abortive reaction path becomes activated,
leading instead, to proton loss and re-aromatization concomitant with retention of the
peroxide adduct(s) within the ring structure.31

This final study on HPAO, together with the spectroscopic and structural studies outlined
above for AGAO and HPAO, satisfied the initial goal of detecting each of the proposed
reaction intermediates in TPQ biosynthesis. The postulated mechanism of Scheme 8
proceeds as follows. First, O, binds to a non-metal site initiating the movement of the Tyr
precursor ring onto the Cu(ll). This intermediate undergoes sufficient charge transfer to
activate the Tyr ring for a rate-determining O, attack. A resulting metal coordinated peroxy-
intermediate undergoes acid assisted cleavage to yield dopaquinone. In a last step, the
electrophilic ring of dopaquinone undergoes nucleophilic attack by a Cu(11)-OH according
to the mechanistic conclusions from model studies of dopaquinone reactivity.132 This
“mechanistic dance” is quite remarkable, given the need for a series of precise active site
configurations that starts with the off metal Tyr precursor and changes during each
successive chemical transformation. This includes the final rotation of the product TPQ off
of the metal to a position that is close to the active site base and can initiate catalysis.
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5.3 Relationship of the Pathway for TPQ Biosynthesis to that for PQQ, TTQ and CTQ

Ostensibly, the formation of TPQ is completely different from the processes that lead to
PQQ, TTQ and CTQ, given the requirement for multiple and distinctive gene products to
produce the latter three cofactors. There is also variability regarding the depth of our
understanding for the production of the individual quinocofactors (Schemes 2, 4, 6, 8).
Nonetheless, some interesting and potentially important similarities emerge. All of the above
cofactors are produced by highly oxidative processes that are initiated by the addition of
molecular oxygen to a Tyr or Trp side chain. Further, the subsequent oxidation of the
respective aromatic ring leads to new electrophilic species that play a role in downstream
chemical modifications. It would appear that these pathways represent a remarkable
example of chemical convergence that has occurred via the recruitment of remarkably
different biological tool boxes.

6. LTQ (Lysyl Tyrosine Quinone)
6.1 General Background

The sole enzyme reported to contain LTQ, lysyl oxidase, is yet again, quite distinct from the
other demonstrated quinone-containing oxidases. This monomeric, extracellular mammalian
enzyme plays an essential role in the oxidative crosslinking of collagen and elastin, with
defects in enzyme expression correlating with a plethora of disease states.132 The enzyme is
expressed as a pre-propeptide, with the release of a 21 amino acid signal peptide occurring
concomitant with the localization of the enzyme to the extracellular matrix.13* The resulting
50 kDa product undergoes further proteolytic processing to yield a catalytically active 32
kDa oxidase.3> Though much smaller in size than the dimeric TPQ-containing enzymes,
lysyl oxidases share the property of a Cu(ll)-binding site, presumed to lie in close proximity
to the precursor tyrosine and mature LTQ. It might, therefore, be anticipated that the
mechanism of cofactor biosynthesis in lysyl oxidase would show strong similarities to TPQ
formation.

A severe limitation in characterizing the properties and mechanistic origins of LTQ has been
the lack of a viable, high-level expression system for lysyl oxidase, together with the
absence of an X-ray structure for either a precursor or mature form of lysyl oxidase. The
initial demonstration of LTQ depended on isolation of phenylhydrazine-derivatized active
site peptides, their subsequent sequencing and alignment against the corresponding cDNA.15
Repeatedly, two amino acids were found to be released at each round of peptide sequencing
which, after subtraction of the masses for both the N- and C-terminal flanking amino acids,
led to identification of lysine as the crosslinking moiety to a tyrosine-derived quinone. In
light of the possibility of a side reaction involving, for example, a spurious crosslinking of a
non-active site lysine to a derivatized dopaquinone cofactor during peptide isolation and
analysis, a number of key controls were carried out. These involved chemical synthesis of an
authentic model for the phenylhydrazine adduct of LTQ and the direct comparison of its
UV/Vis and resonance Raman (RR) properties to the phenylhydrazone of lysyl oxidase and
peptides derived thereof.1> Additionally, mutagenesis studies indicated the essentiality of
both Tyr349 and Lys314 to LTQ formation.1® A subsequent comparison of RR data
obtained with native lysyl oxidase to the underivatized model compound of LTQ, Figure 20,
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provided strong confirmatory evidence for the proposed enzymatic crosslinked cofactor
structure.136

6.2 Biosynthetic Process

A possible mechanism for LTQ production in lysyl oxidase is illustrated in Scheme 9. Of
particular note, and by analogy to TPQ formation (Scheme 8), are the roles of cupric ion in
activation of the Tyr349 precursor and the intermediacy of dopaquinone as an electrophilic
site for nucleophilic attack by an active site functional group (hydroxide ion in the case of
TPQ formation vs. the e-amino group of Lys314 for LTQ). Despite the difficulties in
obtaining a high-yield expression system for lysyl oxidase, Bollinger et al. were able to
isolate a copper-depleted form of lysyl oxidase and to show that enzyme activity was
dependent on the addition of exogenous Cu(ll) in the presence of molecular oxygen.137

While small molecule, model studies could, in principle, provide insight into the pathway(s)
for LTQ biosynthesis, primary amines were found to interact dominantly with the carbonyls
of dopaquinone.138 However, using secondary amines, a 1,4- addition reaction between
dopaquinone and amines was observed, with the product of this reaction providing the
reference compounds used for assignment of the spectroscopic properties of lysyl
oxidase.138 Ultimately, significant mechanistic insight into LTQ formation has come from
studies of a mutant form of AGAO, in which the active site base, Asp298, had been
converted to Lys. Using the copper-depleted E. coli expression system developed by
Tanizawa for studies of cofactor maturation in native Arthrobacter enzyme,1%4 Mure and co
workers obtained both the precursor and mature forms of the D298K variant of AGAQ.139
Initiation of biogenesis with the former, by addition of Cu(ll) in the presence of O,, showed
time-dependent, biphasic UV/Vis traces. A rapid initial phase leads to a ca. 500 nm species,
whose formation is dependent on the level of Oy; this is converted in a slower, O,-
independent process to a blue-shifted species at 454 nm. Characterization of both species by
RR, led to the proposal of an 1,4-addition product between the Lys at position 298 and a
dopaquinone intermediate, that is slowly tautomerized to a more stable iminoquinone:139
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An X-ray structure of the D298K variant of AGAO clearly shows an LTQ-like structure, in
contrast to the canonical TPQ generated in the native enzyme. These structural studies
provide strong confirmatory evidence for the generation of a lysine-crosslinked dopaquinone
in the Lys-containing variant, Figure 21. Consistent with spectroscopic work, the product
visualized by X-ray crystallography is an iminoquinone. The propensity for iminoguinone
formation has been attributed to the presence of the second conserved tyrosine (Y284) in the
active site of the AGAO that normally forms a short hydrogen bond to the oxyanion at
carbon 4 in TPQ. In contrast to TPQ, which ionizes with a pKa of ca. 4,140 LTQ appears
unionized under all conditions studied, both in the modified AGAO and in lysyl oxidase.
The tautomerization of an initially formed LTQ to a more stable iminoquinone, which
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provides a more suitable hydrogen-bonding partner for Tyr284, appears to dictate the final
structure of the crosslinked structure.

While the above-described study of LTQ biogenesis in the mutant AGAO, provides
considerable weight for the postulated pathway of Scheme 9, there are a number of
important differences between this study and lysyl oxidase: First, there is the driving force
for tautomerization of the LTQ-like cofactor to its iminoquinone product, that is provided by
Tyr284 in AGAO. Second, there is a lack of reactivity of the final iminoquinone toward
phenylhydrazine reagents and amine substrates. The latter is attributed, in large part, to a
final movement of the crosslinked structure into a site that buries and protects the quinone
from further chemical reactivity.13 Future detailed studies on the mechanism of LTQ
formation in the lysyl oxidases are clearly dependent on the availability of a high-level
expression system for the generation of the mature 32-kDa form of protein, together with its
copper-free, precursor form. Given the level of posttranslational processing of lysyl oxidases
that occurs in vivo, and the uncertainty as to which form of lysyl oxidase undergoes metal
insertion, this may continue to be a challenging experimental problem.

7 Overview

Within the context of bioinorganic chemistry, the role of metal ions can be seen to be
pervasive in quinone cofactor biosynthesis. For example, the iron-sulfur containing radical
SAM enzymes play important roles in PQQ and CTQ biosynthesis. Proteins containing a
unique pair of heme iron enzymes are present in the pathways for the production of TTQ
and CTQ. A non-heme iron monooxygenase is strongly implicated in PQQ production and
copper ions are essential for the production of TPQ and LTQ. The variability with regard to
metal ion usage parallels the diversity of the enzymes and pathways utilized for the
production of each of the quinone cofactors.

In searching for common features among the pathways, in all cases the initial hydroxylation
of either a Tyr or Trp appears necessary. By nature of the structure of Trp, a second ring
hydroxylation must occur in some manner during the production of TTQ and CTQ. These
hydroxylations are followed by the addition of either a hydroxide ion (TPQ) or a second
amino acid side chain (PQQ, TTQ, CTQ and LTQ), to initiate the final segment of cofactor
production. The latter occurs with varying degrees of complexity (cf. Schemes 2, 4, 6, 8 and
9). In the examples where formation of a new carbon-carbon bond is not part of the pathway
(Schemes 6, 8 and 9 and Table 1) the creation of an electrophilic center on the parent Tyr or
Trp ring appears sufficient for subsequent nucleophilic attack by hydroxide ion, Cys or Lys.
This property has raised the question of whether new quinone cofactors have yet to be
discovered, originating via the addition of additional amino acid side chains to an
electrophilic tryptophanyl quinone or dopaquinone (illustrated below):

R-X R-X
He 0,
R-XH + = > S
o oH M0z o
o OH 0

where R—XH is a side chain distinct from Lys or Cys.
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It had originally been proposed that the CAO from Aspergillus niger contained a Glu
crosslinked dopaquinone.141 This proposal was tested by the synthesis of suitable
carboxylate-crosslinked model compounds and the comparison of their spectroscopic
properties to those of the AGAO.142 This exercise demonstrated that the previously
established TPQ was, in fact, the cofactor in the AGAO. In search of a deeper understanding
of why the carboxylate-crosslinked cofactor might be inappropriate as a catalyst within the
family of quinone-containing enzymes, the redox potential of a model compound was tested
and shown to be +133 mV vs. SCE. This value is in marked contrast to all of the other
quinocofactors that show redox potentials in the range of =150 to ~180 mV vs. SCE.140 The
evolutionary selection of viable quinone-based redox cofactors appears strongly linked to
the catalytic behavior of the quinone-dependent enzymes, in particular the ability of the
catalytically produced quinols to undergo facile reoxidation back to their starting quinones.

It is possible that we have to look in a completely different direction to understand the
factors that led to the appearance of this unique family of enzymatic cofactors. Nature is
often redundant with regard to the generation of different protein families that catalyze
identical chemical reaction and flavin-dependent enzymes are known to bring about net
amine and alcohol oxidations that are very similar to the reactions catalyzed by the
quinocofactor-dependent enzymes discussed herein.143:144 The quinone-dependent enzymes
are, in fact, more restrictive than flavin-dependent systems, either acting exclusively on
primary amine substrates (TTQ, CTQ, TPQ, and LTQ) or a select number of primary
alcohols (in the case of PQQ). One very intriguing feature of this class of redox cofactors is
their predominant function outside of the cell: either within the periplasmic space of Gram-
negative bacteria (for the PQQ-, TTQ- and CTQ-dependent enzymes)145-147 or within the
extracellular matrix of mammals (the LTQ-dependent reaction of lysyl oxidases).148.149
Even in the case of the mammalian TPQ-dependent enzymes (where several intracellular
enzymes are documented),150:151 jmportant ectopic enzymatic variants have been identified
on the outer plasma membrane of the endothelium of the vasculature and of
adipocytes.152-154 Spluble forms of TPQ-containing CAOs have also been identified in
serum.195.156 These considerations raise a very intriguing possibility: that the elusive
evolutionary link among the structurally divergent quinone cofactors lies with the
subcellular location in which their respective enzymes function. For the future, the rich
chemistry and biology of these cofactors and enzymes is expected to drive many new
inquiries and discoveries.
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Structures of the established quinocofactors, TPQ, LTQ, TTQ, CTQ, and PQQ.
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conserved components of the PQQ operon suggests the presence of a number of spontaneous (hon-catalyzed) steps. C. The last
step, in which AHQQ is converted to PQQ, is established.
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Summary of likely sequence for the processing steps in CTQ production.
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Impact of mutation of the consensus sequence within the TPQ-containing H. polymorpha amine oxidase on catalytic
intermediates. The catalytically productive intermediates are shown in the box. Adapted from ref. (102).
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Mechanism of TPQ production. [Adapted fron ref. (17)].
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Scheme 9.
Postulated pathway for the production of LTQ. [Adapted from ref. (139)]. DPQ is dopaquinone.
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Figure 1.
Ribbon diagram of the overall structure of the dimer of glucose dehydrogenase from Acetinobacter calcoaceticus with PQQ

(red). The spheres in yellow are Ca?*. Modified from ref. (11).
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Figure 2.
PQQ is derived from the conserved Glu and Tyr within PqgA. The sequence shown for PqgA is from K. pneumoniae. From ref.
(33).
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The PQQ biosynthetic operon in K. pneumoniae. From ref. (33).
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Figure 4.
Structure of PqgD in K. pneumoniae from X. campestris. While this structure is illustrated as a single subunit, it is a dimer in the

crystal. From ref. (23).
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His 222
7

Figure 5.
Structure of PqgB from Pseudomonas putida (A) in relation to its closest homolog; PhnP from E. coli (B). The active site of

PgqB shows a 2-His/1-carboxylate facial triad configuration, characteristic of the non-heme metal-binding oxygenase family. As
shown, PqgB contains Zn2* (green) at the structural site but no metal at the active site. The Mn in PhnP is colored purple. From
ref. (23).
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Figure 6.
Structure of PggC from K. pneumoniae. [(From ref. (53)] The structure in green is the open configuration and the black structure

is the closed configuration containing bound PQQ. The red diatomic is labeled as O,, but could be H,0,. The R157 in the
closed structure is to the left of R179.
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Figure 7.
Three-dimensional structure of the preMADH-MauG complex. Color scheme is MauG (pink); preMADH a (blue), and B

(green). A. Three-dimensional structure of the preMADH-MauG complex (PDB code 3L4M). B. Spatial layout of potential
redox groups. A portion of the crystal structure. Residues Trp57 and Trp108 at the  subunit of MADH, Trp199 of the a subunit
of MADH and the two hemes of MauG are displayed as sticks. From ref. (73).
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Figure 8.
Structure of the mature form of MADH (PDB code: 2bbk). The MADH a subunit is blue and the B subunit is green. From ref.

(85).
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Figure 9.

The operon structure of mau gene cluster of P. denitrificans. From ref. (85).
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Figure 10.
A. X-ray detected intermediates during TTQ biosynthesis. B. The observed rotation in p Trp57—OH during cross-link formation.

From ref. (78).
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Figure 11.
Three-dimensional structure of QHNDH from P. denitrificans. From ref. (16).
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Figure 12.
Structure of the phenylhydrazine complex (Phz) of QHNDH and its relationship to the active site base, Asp33. Trq is

tryptophylquinone. The gray netting represents electron density. From ref. (88).
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Figure 13.

The operon structure of QHNDH and associated genes. From ref (89).
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Figure 14.
Active site in (left) apo-A. globiformis CAO and in (right) a superposition of the active form of holo-AGAO (red) with the

inactive form of holo-AGAO (green) and the apo-AGAO (black). His431, 433, and 592 act as ligands to the active site copper in
the holo-forms. Adapted from ref. (99).
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Page 50

Proposed loop structure provided by Asn404 and Glu406 within the active site of HPAO. Residues from the A subunit are gray
and those from the B subunit yellow. Oxygen atoms are red, and nitrogen atoms are blue. Connectivity is shown by solid lines
between residues, and hydrogen bonding distances are given for these interactions (from PDB file LA2V). All CAOs are

homodimers. From ref. (102).
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Figure 16.
Precursor-product relationship for the active 350 nm species in TPQ formation within HPAQO. These graphs represent

spectroscopic changes following the oxygenation of enzyme where Cu?* has been pre-bound anaerobically. A. Absorbance
changes following exposure to O,. Spectra are at 1, 2, 3, 4, and 5 min following exposure to oxygen; the spectrum before
oxygenation has been subtracted. Arrows indicate the direction of change. B. Absorbance changes during the decay of the 350
nm species. Spectra are 8, 10, 14, 20, and 30 min following the introduction of O; the spectrum at 5 min after aeration has been
subtracted. Arrows indicate the direction of change. C. Kinetics of the reaction with O, at 350 nm (O) and 480 nm (@). From
ref. (112).
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Figure 17.
Active conformation of TPQ within the active site of copper amine oxidase from H. polymorpha. Hydrogen bonds are indicated

by dashed lines and distances are in angstroms. A water molecule is represented by a red sphere. The Met634 that is implicated
in O, binding is seen adjacent to the active site Cu2*. From ref. (94).
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Figure 18.
Bar graph for impact of metal replacement in HPAO biogenesis. From ref. (124).
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Figure 19.
Final electron density maps of the Y305F mutants of HPAO computed using coefficients (2F, — F.) and (Fo — F¢) where F¢ was

calculated from the models refined with TPO and the modified Met634 present. The (2F, — F¢) maps are contoured at the 0.8
(cyan), 1.0 (crimson), and 8.0 (dark blue) o levels, and the (F- — F.) maps are contoured at the —3.0o level (gold); no contours
above the +3.0c level are present. Hydrogen and coordination bonds are indicated by black dashed lines. A. The E. coli-
expressed structure is shown. B. The yeast-expressed structure is shown. TPO is the abbreviation for the hyper-oxidized
derivative of Y405. From ref. (131).
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Figure 20.
RR spectra of native lysyl oxidase in relation to a representative model compound. From ref. (136).

Chem Rev. Author manuscript; available in PMC 2015 April 23.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Klinman and Bonnot Page 56

]
\ y /
Y hiisaas 9 .
¥ ) B - %
Asn381
DPQ382

Figure 21.
X-ray structures for AGAO. A. The product formed in the D298Kmutant of AGAO. B. The putative dopaquinone intermediate.

From ref. (159). The blue spheres are water molecules, the red lines show ligands to the Cu?* and the blue lines show hydrogen-
bonded networks. From ref. (139).
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Table 1

Properties of the Quinocofactors Illustrated in Scheme 1.

PQQ TTQ CTQ

TPQ

LTQ

Biological Solely Solely Solely

Eukaryotic/

niche prokaryotic prokaryotic prokaryotic prokaryotic

Solely
eukaryotic

Type of
enzyme activity

Dehydrogenase  Dehydrogenase  Dehydrogenase — Oxidase

Oxidase

Aromatic
amino acid Tyra TrpP Trp
scaffold

Tyr

Tyr€

Second
amino acid coluf Trpb Cys®
in cofactor

None

Lys €

Requires

c-C
Bg\r,]vd in Yesf Yesb No €

cofactor

Nod

No €

X-ray
structures Yes 9 Yesh Yes ©

Yes|

No

Number of
gene

products 5(6) K 11112y M 5(6) N
required for ©) (12) ©

biosynthesisj

10

1P

Metal ions

implicated in

the pathway 2+

for either Fe, 2™, Fe, Cu, 9
biogenesis Ca2+) Ca2+ '
and/or

catalysis

Fe, Cus

Cu, ot
(Ca2+) u

8Ref. (31):
PRef. (14
CRef. (16);
Uret. (1)
®Ref. (15);
TRet. (30);
9Ref. (9):

NRef. (63);

'Refs. (94-97, 99, 114);

JIn the cases where ambiguity exists as to the number of essential genes, the greater number is included in parentheses.

kRef. (23);

IRef. (64);
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MRef. (65);
"Ref. (86):
0

Refs. (101, 104);
PRef. (137);
URef. (85):

r

Ref. (157);
SRefs. (87, 89);
tRef. (113);

URef. (158).
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Table 2

Kinetics of Copper-Dependent Spectroscopic Changes during Biogenesis?. From ref. (112).

Decrease, kagy (Min™)  increase, kygo (Min™1)

WTHPAO  (6+1)x 1072 (8+3)x1072
E406Q (8+1)x 1072 (1.3+0.5) 1072
N404D (3.4+0.6) x 1072 (6+2)x 10

aAssays were conducted at 25°C and pH 7.0. Reactions were begun by the addition of substoichiometric Cu(Il) (0.7-0.8 equiv) to an air-saturated
enzyme solution.

Chem Rev. Author manuscript; available in PMC 2015 April 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Klinman and Bonnot Page 60

Table 3
Rates of TPQ Biogenesis in AGAO Assisted by Cu(ll), Co(ll), and Ni(ll) lons. From ref. (123).

metalion? biogenesis rate constants® (min1)
Cu(ll) = 0.5 mM 1.50 0.2

Co(l1) = 0.5 mM (1.32£0.04) x 108

Co(l1) = 0.5 mM, Cu(ll) = 0.005 mM (1.36 +0.05) x 103

Ni(ll) = 0.5 mM (1.25 £0.02) x 1073

Ni(ll) = 0.5 mM, Cu(ll) = 0.005 mM (1.18 £0.02) x 1073

Ni(I1) = 0.5 mM, Cu(ll) = 0.05 mM (1.41+0.03) x 1072

aDetermined from the increase in absorbance at 480 nm at 30°C and pH 6.8.

Assays with the alternate metals, Co(Il) or Ni(ll), show similar rate constants, either in the absence or presence of trace Cu(ll), ruling out a small
amount of copper as the origin of the observed biogenesis rate.
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Table 4
Kinetic Properties of HPAO, Reconstituted with Cu(ll) vs. Ni(ll). From ref. (124).

krpo@P with air (h™) krpo@C with O, (h72) 2Hokrpo@Pd with air () ke € with air (s7)

Cu(l1) 3.3 (0.6) - - 3.80 (0.06)
Ni(11) 0.028 (0.006) 0.044 (0.009) 0.031 (0.006) 0.09 (0.01)

aMeasured at 480 nm with 40 uM HPAO and 40 uM metal ion.
bReactions performed in air-saturated buffer.
cReactions performed in oxygen-saturated buffer.

dReactions assessed for HPAO containing 3,5-[2H2]tyrosine.

e . A . . .
Methylamine oxidation measured by the oxygen electrode assay with protein concentrations of < 0.5 pM.
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Table 5
Rate Constants for Ethylamine Oxidation by WT HPAO and Y305 Mutants (37°C, pH 7). From (128).

Enzyme Kt () Keat/Km (M7 571)

WT 20 5.2 x 104
Y305A  7.5(04) 1.4 x104(0.3)
Y305F  0.16(0.01) 0.010 x 104 (0.002)
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Table 6

Rate Constants (min~1) for Peak Formation during Cofactor Biogenesis in WT HPAO and Y305 Mutants
(25°C). From (129).

Y305A Y305F WT

k 480 k 400 k 480 k 420 k 480

PHE5 00015 Npa 0027 nab 0067
pH7C 00025 00022 0024 0084 008

pH8 00035 0.002 0.041 0.030 0.11

a . A .
Not determined; a significant amount of the species was not observed.

b . . .
A formation rate constant could not be determined due to significant overlap between the 420 and 480 nm bands.

cNote the greater impact of Y305F on the rate of formation of the alternate product(s) detected at 420 nm (cf. Figure 19).
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