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ABSTRACT

Copper amine oxidases (CuAOs) catalyze the oxidative deamination of primary
amines to the corresponding adehydes, utilizing O, as the oxidant with concomitant
production of H,O, and NH3. The discovery that the human vascular adhesion protein
(HVAP-1) is a copper amine oxidase has sparked considerable interest in the mechanism
and inhibition of these enzymes. With the potential for therapeutic applications,
substantial efforts have been made to determine the molecular factors which govern
inhibitor sensitivity and selectivity for copper amine oxidases. In order to contribute to
this growing body of knowledge, a series of inhibitors were screened for their ability to
inhibit enzymatic catalysis in the phenylethylamine oxidase from Arthrobacter
globiformis (AGAQO). This CuAO was chosen asamodel enzyme for these studies due to
its ease in expression and purification as a C-terminal Strep-tag Il fusion protein. This
work describes the kinetic and structural characterization of a new class of highly potent,
reversible CUAO inhibitors with inhibition constants in the low nanomolar range. In
addition, an investigation of the molecular details of copper amine oxidase catalysis is
described; in particular, mechanistic studies of the controversial oxidative half reaction.
Studies using the monodentate copper ligand cyanide provided the first spectroscopic
evidence for cyanohydrin derivitization of the quinone cofactor in AGAO and led to the
proposal of a detailed mechanism for inhibition of CUAO catalysis by cyanide. Lastly,
the role of copper during the oxidative half-reaction of amine oxidation in AGAO and
Pichia pastoris lysyl oxidase (PPLO) was investigated using the exogenously added
copper ligand azide. This work describes the first examination of the effects of azide on
both the oxidative and reductive half-reactions of multiple CUAOs. Azide is the first
example of a CuAO inhibitor that significantly reduces the catalytic rate for one half-
reaction thereby abolishing the kinetic independence of the other half-reaction. Taken
collectively, these results show that in the case of some CuAOs it is experimentaly
impossible to discern the effects of azide on copper mediated enzymatic reoxidation from
the inhibition induced during the reductive half-reaction.
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INTRODUCTION

Amine oxidases catalyze the oxidative deamination of primary amines to the
corresponding aldehydes, utilizing O, as the oxidant with concomitant production of
H,0O, and NH3. The two classes of amine oxidases present in mammals are the quinone
and copper-containing amine oxidases (CuAQOs) and the flavin-dependent monoamine
oxidases (MAO enzymes, EC 1.4.3.4). MAOs are exclusively found in the outer
mitochondrial membrane of virtualy all mammalian cell types and oxidize primary,
secondary, and tertiary amines either through a single electron transfer mechanism or
through a concerted covalent catalysis mechanism, both involving the FAD cofactor [1].
Quinone copper-containing amine oxidases, on the other hand, principally oxidize
primary amines. Copper-containing amine oxidases have been actively investigated since
their discovery, and are the first examples of enzymes in which a post-trandationally
modified amino acid side chain is present in the active site, and has aredox rolein catalysis
[2-5]. Copper-containing amine oxidases may currently be divided into two groups: the
TPQ (2,4,5-trihydroxyphenylalanine quinone) containing class (E.C. 1.4.3.6); and the
mammalian lysyl oxidase group (E.C. 1.4.3.13), which contain lysyl tyrosylquinone (LTQ)
as a cofactor. Recent results have established that the widespread, “semicarbazide-
sensitive amine oxidases’ are copper enzymes, and also contain TPQ [6-8]. The work
presented in this thesis will focus solely on the characterization of the quinone (TPQ) and
copper containing amine oxidases. Much of this work is dedicated towards the
characterization of the phenethylamine oxidase from Arthrobacter globiformis (AGAO),

abacteria enzyme.
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Post-Trand ationally Modified Amino Acid Cofactors

In addition to the twenty encoded amino acids which make up the primary
structure of most proteins, it is now widely recognized that some proteins contain
additional chemical modification(s) of amino acid side-chains which can serve to
diversify the biological functionality of these residues. This process, referred to as post-
trandational amino acid modification, requires the ateration of an intrinsic, encoded
amino acid residue. These modifications are usually required for catalytic activity and
the alteration may or may not require the participation of chaperone proteins. Copper
amine oxidase, lysyl oxidase, galactose oxidase, methylamine dehydrogenase, cytochrome
oxidase, catechol oxidases, nitrile hydratases, and numerous other enzymes are now known
to contain modified amino acids in their active sites [9]. In severa cases, redox cofactors
are generated via crosslinking of amino acid side chains, for example, galactose oxidase
(Y-O), lysyl oxidase (Y-K), amine dehydrogenase (W-W), and catechol oxidase (H-C)
[9]. Cytochrome c oxidase contains a Y-H crosslink, which may function as a new type
of cofactor [10], or have a structura role within the heme a;-Cug site, since the
crosslinked His residue is a Cug ligand [11]. Exploration of the functiona and structural
consequences of these modifications is an area of intense current interest in protein
biochemistry.

Among post-trandationally modified amino acid cofactors is a sub-group termed
quinones that are specifically derived from oxidation of either tyrosine or tryptophan
resdues. Theidentification of 2,4,5-trihydroxy-phenylaanine quinone (TPQ) in 1990 [12],

originally believed to be the noncovaently associated cofactor pyrroloquinoline quinone
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(PQQ), paved the way for the identification of a series of these quinone cofactors. Four
covalently attached amino acid derived quinone cofactors have been identified to date
(Figure 1): (1) TPQ of the copper amine oxidases; (2) LTQ found in the copper containing
lysyl oxidases; (3) tryptophan tyrptophylquinone (TTQ) present in bacterial methylamine
dehydrogenase (EC 1.4.99.3); and (4) cysteine tryptophyl quinone (CTQ) of the bacterial

guinohemoprotein amine dehydrogenase.

%T -t
\M;é(
NH\§

B) LTQ

D) CTO

Figure 1. Post-trandationally modified amino acid quinone cofactors, A) 24,5
trihydroxyphenylalanine quinone, TPQ; B) lysyl tyrosylquinone, LTQ; C) tryptophan
tryptophylquinone, TTQ; D) cysteine tryptophyl quinone, CTQ.
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Both the formation of TPQ and LTQ are now known to be self processing events,
requiring only the presence of apo-unprocessed enzyme, copper, and molecular oxygen
[5,13-16]. It is known that in addition to the two structural genes comprising thea and b
subunits of methylamine dehydrogenase, biogenesis of TTQ requires the expression of four
additional gene products, mauDEF and G [17]. The formation of CTQ remains less
understood as it is not known whether biogenesis proceeds via self processing chemistry or

through the participation of additional proteins[18].

Amine Oxidase Physiology

CuAOs have long been known to be widely distributed in nature and have been
purified from mammals, plants, and microorganisms [19-22]. With the recent
identification of the first archael copper amine oxidase sequence in Sulfolobus
solfataricus P2, CuUAOs are known to be distributed in all three super kingdoms (archael,
eubacterial, and eukaryotic). In microorganisms, amine oxidases frequently have a
nutritional role in the utilization of primary amines as the sole source of nitrogen or
carbon [19,23]. The role of amine oxidases in higher organisms is considerably more
complex and diverse. The substrate specificities of amine oxidases depend on the enzyme
source but nearly all biogenic primary amines can be substrates, e.g. histamine, cadaverine,
putrescine, agmatine, tyramine, tryptamine, dopamine, serotonin, norepinephrine,
mescaline, spermine, and spermidine. Because the physiological function of many amine
oxidases is the breakdown or transformation of biologically active amines, these enzymes
may act as regulators of physiological amine concentrations and, therefore, may participate

in numerous biological processes. For example, histamine is a potent effector of the
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cardiovascular and gastrointestina systems, and is directly involved in inflammatory,
alergic, and ischemic phenomena [24,25]. Polyamines are implicated in the stimulation
and control of cell proliferation, protein and nucleic acid synthesis, growth, and
development [26]. Polyamines may also be involved in enzyme regulation; their oxidation
products are implicated as inhibitors of cell proliferation and may play a direct role in the
immune response [27]. Polyamine and diamine oxidation and interconversion in the brain
are implicated in both normal processes and in brain injury in response to several kinds of
deleterious stimuli [28,29]. Agmatine, a compound produced in vivo via the enzymatic
decarboxylation of arginine, has been identified in mammalian brain, kidney and liver
tissues, and is believed to act as an endogenous neuromodulator or neurotransmitter [30].
The ability of recombinant human diamine oxidase (rhDAO) to oxidize agmatine in vitro
[31], coupled with the known expression of hDAO in human kidney, liver, and certain
regions of the brain, points to a possible role of hDAO in agmatine metabolism in vivo.
Furthermore, the finding that histamine is the preferred substrate for rhDAO implicates this
enzyme as playing an important role in histamine metabolism [21]. Since biogenic amines
serve so many diverse functions, it is not surprising that amine oxidases are widely
distributed in mammalian tissues, e.g. brain, plasma, kidney, placenta, and throughout the
cardiovascular and gastrointestinal systems.

Semicarbazide-sensitive amine oxidases (SSAOs) have been detected or described
in numerous mammalian tissues and are increasingly believed to have multiple
physiological roles[32,33]. SSAOs are implicated in the pharmacology and toxicology of
biogenic and exogenous amines and their oxidation products. In addition to the biogenic

amines listed above, methylamine and aminoacetone, which are not substrates of the flavin-
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containing monoamine amine oxidases (MAOs), are now recognized to be physiological
substrates for SSAO. Levels of SSAO activity are upregulated in severa pathological
states including diabetes mellitus, congestive heart failure, hepatic cirrhosis, uremia, and
Alzheimer’s disease [34-36]. The increased formation of potentially cytotoxic products of
amine oxidation by SSAO may contribute to endothelial injury, resulting in the early
development of severe atherosclerosis [36]. Human vascular adhesion protein (HVAP-1),
which mediates L-selectin dependent lymphocyte adhesion to endothelial cells, has been
recently identified as an SSAO [37-39]. It has aso been speculated that SSAOs might
participate in the regulation of physiological processes through generation of hydrogen
peroxide, awell known signaling molecule [34,40]. In this manner, SSAO has been shown
to stimulate glucose uptake in adipocytes, believed to be mediated by the generation of

H,O, during amine oxidation [35,36,39].

Amine Oxidase Structure

Seven copper-containing amine oxidases structures are known: Arthrobacter
globiformis phenethylamine oxidase (AGAQO; Figure 2) [19], pea seedling amine oxidase
(PSAO) [41], Hansenula polymorpha amine oxidase (HPAO) [42], Escherichia coli
amine oxidase (ECAO) [43], Pichia pastoris “lysyl” oxidase (PPLO) [44], the amine
oxidase from bovine serum (BPAO) [45], and human vascular adhesion protein (VAP-1)

(PDB coordinates 1US1) [46].



Figure 2: Secondary structure diagram of AGAO dimer as viewed aong its 2-fold
symmetry axis. Subunits are colored in blue and red with copper shown as a green
sphere.

Collectively, the native enzymes share considerable structural homology; al
being homodimeric and containing one active site per subunit comprising asingle Type 1
copper ion and the TPQ cofactor (Figure 3; A and C) [47-49]. The Cu(ll) ion is 5-
coordinate (3 equatoria histidine ligands and 2 H,O molecules; one equatorial, one axial)
in distorted square pyramidal geometry. TPQ isin close proximity to the Cu(ll) ion and
has been observed in two distinct states: both “on”-copper and “off”-copper (the active

state; Figure 3A) [50].



Figure 3: Active site representations of “active” AGAO (A). Apo-AGAO (B).
“Inactive” AGAO (C). Zinc-substituted HPAO (D). Panels A, B, C adapted from [19],
panel D was taken from [51].

Each monomer is composed of three or four domains (ECAO is the only CUAO
with domain 1) with a large, C-terminal 4-sandwich catalytic domain [19,43]. A b
ribbon from one subunit extends to the active site channel of the other, and residues at the
end of the ribbon form part of the entrance to this channel. These residues vary
considerably among amine oxidases [42]. An additional feature of severa CuAO

structures is the presence of a second-metal binding site located ~ 33 A from the copper

site (Figure 4). These sites are believed to be occupied by Ca(ll), Mg(ll), Mn(ll), or



9

Zn(Il) under physiological conditions. This site appears to be conserved among all
CuAOs, and athough its function(s) remains elusive, recent results with AGAO point
towards arole in proper protein folding. The finding that a point mutation (D440A; see
Figure 4) of one of the second meta site ligands in AGAO results in expression of
insoluble protein is the first clue as to the possible function of these sites in CuAOs.
Expression of this site-directed variant in an E. coli host showed recombinant AGAO to
be located primarily in inclusion bodies (K. M. Okonski and G. A. Juda unpublished

results).

D581

D440

1582
M441

Figure 4: Second metal sitein AGAO. AGAO dimer viewed along a direction paralel
to the 2-fold symmetry axis. Expanded view illustrates the residues comprising the
second metal binding site.

As stated above, the overall fold for the known CuAO structures is quite similar,
as indicated by the low rms difference (1.4 A) between the 1178 Ca positions in PSAO

and ECAO [41]. Despite the structural similarity in the tertiary folds of these enzymes, a

sequence alignment of domain 4 (the catalytic domain) from plant and bacterial sources
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indicates sequence identity of less than 35% for all known sequences [8]. However,
some trends are apparent. For instance, the plant enzymes share >50% identity and the
plasma and SSAO enzymes across species are similar, e.g. BPAO and human VAP-1
protein display 82% sequence identity [8]. Furthermore, mammalian DAO sequences are
distinct from plasma and SSAO enzymes (hDAO shares only 43% identity with HVAP-
1) [8,52]. As a further consequence of these differences in sequence, substantial
variations exist with regard to active site dimensions, TPQ accessibility, and in the
presence or absence of active site “gate” residues [42,50]. Variances in the channels
among CuAOs are believed to be one of the main reasons for observed differences in
substrate and inhibitor specificity [53,54]. For example, the active site channel of PPLO
is known to be much larger than that for other structurally determined CuAOs and as a
result it is the only CuAO known to catalyze peptidyl lysine oxidation [44]. A current
area of emphasis in the study of CuAQOs is to define the structural bases for the striking

variability in the substrate and inhibitor specificities.

TPQ Cofactor Biogenesis

The TPQ cofactor was first identified in 1990 by means of mass spectral analysis,
NMR [12], and later confirmed by resonance Raman spectroscopy [55]. This quinone
cofactor is now known to be derived from a conserved tyrosine residue present in the
consensus sequence T/S-X—X-N-Y (TPQ)-D/E-Y/N requiring only apo-unprocessed
enzyme, copper, and molecular oxygen [5,13-15]. Subequently, the work of Dooley and
coworkers demonstrated that, at least for AGAO, TPQ is oxidized in a 6e process

consuming 2 mol of O, and producing 1 mol of H,O./mol of TPQ formed, yielding the
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net stoichiometry of: 2 O, + E-Tyr  E-TPQ + H2O, [56]. Furthermore, the rate of H,O-

production was approximately equal to the rate of TPQ formation. In the precursor,
unprocessed apo-AGAO structure (Figure 3B), Cu(ll) and TPQ are not present, but the
precursor tyrosine (Y 382) is clearly resolved and poised to bind copper serving as an
axia ligand [19]. This hypothesis was subsequently supported by the crystal structure of
the unprocessed zinc-substituted HPAO (zinc replaced copper) where the tyrosine was
directly ligated to the metal [51]. Collectively, these results suggested that the precursor
tyrosine is activated by copper during cofactor biogenesis and led Dooley and coworkers

to propose a detailed, structure-based mechanism for biogenesis [15].

Figure 5. Mechanism of TPQ biogenesis. Stages A, B, E, G, and H represent
intermediates that were isolated and their structures determined by X-ray crystallography.
Figure was taken from [57].
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Strong support for this proposed mechanism was provided by the work of Kim et
al. probing biogenesis in AGAO by characterization of freeze-trapped intermediates via
X-ray crystallography and single-crystal micro-spectroscopy (Figure 5) [57]. The initial
structure reveds the Y382 (TPQ precursor)—Cu complex, as initially proposed by the
structural results of apo AGAO (Figure 3B) [19]. Of interest is the relatively long
phenolic O”*Cu bond length of 2.5 A, which might be too long for intense LMCT
transitions (B). This suggests that the hydroxyl group of Y382 remains protonated, in
agreement with previous reports with HPAO, which proposed deprotonation of the
precursor Tyr and formation of the LMCT only after binding of O, [58-61]. O, may bind
at either the vacant equatorial site at the copper center [19] or at a site adjacent to the
Tyr(TPQ) precursor [60]. A recent theoretical study concluded that the O, binding
energy to the equatorial copper position is more favorable by 11.7 kcal/mol [62]. It has
been proposed that only partial charge-transfer from the tyrosinate to copper is required
to sufficiently activate the phenol ring of Y382 towards nucleophilic attack by O, in
AGAOQ [19,63]. Further studies are required to resolve these issues.

The early intermediate structure reveals 3,4-dihydroxyphenylalanine quinone, or
dopaguinone (DPQ), coordinated to copper via the O4 atom. Note that the
water/hydroxide species bound in the equatoria position (E, 2.1 A from Cu) would be
expected to readily exchange with solvent, consistent with the previous resonance Raman
results [64]. The late intermediate structure (G) shows the cofactor to be 2,4,5-
trihydroxyphenylalanine (reduced form of TPQ; TPQe). The copper site remains four
coordinate with the three His imidazole nitrogen atoms and the C4 oxygen atom of

TPQrs. Thefinal stage structure solved at 100 K clearly shows the oxidized cofactor in a
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single, well-defined orientation with the C2=0 group directed towards the copper, which

displays the 5-coordinate distorted square-pyramidal geometry of three His imidazole
nitrogen atoms and two water molecul es observed for the resting enzyme (H).

Several studies directed towards determining the role of active site residues
during biogenesis have been performed utilizing site-directed mutagenesis. The role of
the conserved sequence N-Y-D/E-Y in the histamine oxidase from Arthrobacter
globiformis (APAO; distinct from the phenylethylamine oxidase from this organism
known as AGAQO) was probed by generating the variants N401D/Q, D403E/N, and
Y 404F [65]. The alteration of N401 to an aspartate or glutamine residue produced a 10°
10* fold decrease in the rate of copper-induced TPQ biogenesis, illustrating the
importance of this residue in rapid TPQ formation. Likewise a mutation of D403N
caused a marked decrease in the rate of biogenesis, however, the variant D403E was able
to process TPQ at rates comparable to wild-type enzyme. The results with D403 suggest
that this residue is important in maintaining the structural integrity of the active site
during biogenesis in AGAO via hydrogen bonding. While mutation of Y404 to
phenylalanine had no effect on TPQ biogenesis in this enzyme, significant effects were
seen during catalytic turnover, especialy in regards to substrate preference. The site-
directed variants E406Q and N404D (residues immediately flanking TPQ) in HPAO have
indicated that these two residues are not only important for positioning TPQ during
catalysis, but also play a key role in determining the overall rate of biogenesis [58,66].
Mutagenesis of Y305 to alanine showed an ~ 800-fold decrease in Kops fOor TPQ
biogenesis versus WT-HPAO, indicating that this residue also helps orient precursor Tyr

in a conformation more favorable for biogenesis [67]. In contrast, similar studies
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performed in ECAO concluded that mutating the corresponding residue Y369 to a

phenylalanine primarily affected key during amine oxidation [68]. Although rates of
biogenesis were not measured in ECAO, TPQ was found to be fully formed [68]. Taken
collectively, these mutational studies illustrate the importance of the conserved sequence
T/SX-X-N-Y(TPQ)-D/E=Y/N and other active site residues in forming the functional
TPQ cofactor, and aiding in efficient catalysis. Whether the roles of these residues are

similar in other CUAOs remains to be tested.

Amine Oxidase Mechanism

CuAOs from various sources preferentially oxidize a multitude of amine
compounds, from short to long chain aliphatic mono- and diamines, including several
arylalkylamines [21,42,69]. Catalysis proceeds through a Ping-Pong Bi Bi mechanism

divided into two half reactions;

Eox + RCHoNH, «  E-RCHoNH; ® Eq + RCHO (1)

Ered + O2+ HO ® Eo + HO,+ NH3  (2)

The first half reaction is conventionally known as the reductive half reaction and is
detailed in Figure 6, A ® D. The crucial step is the conversion of the initia
guinoneimine “substrate Schiff base” (B, TPQssg) to a quinolaldimine “product Schiff
base” (C, TPQpsg), facilitated by proton abstraction from the a carbon of the bound
amine substrate by a conserved aspartate acting as a general base [50,70]. Product

aldehyde is then readily released by hydrolysis.
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Figure 6. Proposed reaction mechanism for the oxidation of amines by copper-
containing amine oxidases.

The second half reaction involving reoxidation of the organic cofactor is known
as the oxidative half reaction, and is diagrammed in steps D ® A (Figure 6). Upon
release of aldehyde, the reduced enzyme exists as an equilibrium between a Cu(ll)-
aminoresorcinol (D, TPQan) and a Cu(l)-semiquinone (E, TPQy,) state. Reduction of O
to H,O, yields an iminoquinone species (F, TPQimg), Which hydrolyzes to liberate NH3
and the resting cofactor (A, TPQox) [19]. Model chemistry has suggested the release of
NHz; may also occur through a transimination reaction between substrate and the

iminoquinone, generating the substrate Schiff base (F® B) [71,72].
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Proton abstraction in most CuUAOs by the active site base has been shown to be
stereospecific, with stereospecificity varying depending on the enzyme source, and in
some cases the identity of the substrate [50,73-75]. While an enzyme-substrate complex
has not yet been crystallographically characterized at stage B, a structure of a 2-
hydrazinopyridine (2-HP) adduct of TPQ has been solved [50]. This structure showed
that C5 must be positioned near the active site base (“off” copper orientation), with O2 of
TPQ being positioned closest to the copper ion (via hydrogen bonding to the axial water)
[50]. In addition to this structure, the structures of AGAO adducts with benzylhydrazine
and tranylcypromine, two compounds that are also trapped at stage B have been solved.
Collectively, these structures have shed light on the structural changes that occur upon
substrate binding. Evidence from the crystal structures and kinetic studies of the site-
directed variants of D383 (D383A, D383N, D383E) in ECAO, have shown that the
catalytic base performs the key step of proton abstraction during catalysis and also assists
in substrate binding [70,76]. Another residue implicated in positioning TPQ-derived
intermediates during turnover is the conserved Tyr residue (Y284 in AGAQO; Y369 in
ECAO; Y305 in HPAO), that hydrogen bonds with O4 of TPQ in the ECAO-2HP
structure [50], positioning TPQ in the productive conformation [68].

The mechanism for enzyme reoxidation (Eg. 2) is not definitively established and
might vary among CuAOs. Based on the detection of appreciable quantities of Cu(l)-
TPQg present in substrate reduced CuAOs from various sources [77], as well as chemical
precedence of Cu(l)-O, reactivity, Dooley and coworkers proposed that Cu(l)-TPQg
reacts with O, with the first electron reduction of dioxygen coming directly from Cu(l).

The reaction mechanism proposed by our laboratory is illustrated in Figure 7, A® D.
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This hypothesis was supported by temperature jump relaxation measurements on APAO
[78] and PSAO [79] which showed that the electron transfer between the TPQ cofactor
and the copper center occurs in a sufficiently rapid manner to make the Cu(l)-TPQg
moiety a kinetically competent intermediate during catalytic turnover. However, an
obligatory role for a Cu(l)-semiquinone intermediate has not been established, and other
viable mechanisms have been suggested [62,80].

An examination of *°O isotope effects on the oxidative half-reaction of BPAO
demonstrated that the first electron transfer to O, was the rate-limiting step in this enzyme
[80]. Furthermore, solvent viscosity had no effect on the rate of enzymatic reoxidation
[80], suggesting that O, must prebind to the enzyme prior to its reduction [80,81]. It
should be noted that if these results are applicable to other CuAQOs, they are consistent
with all of the proposed reoxidation mechanisms to date. This prebinding of oxygen was
subsequently hypothesized to take place in a proteinaceous, hydrophobic pocket near
TPQ comprised of the residues Y407, L425, and M634 (HPAO numbering) [81]. Based
on the observation that Co(l1)-substituted HPAO was active and displayed a k¢4 close to
that of the native Cu(ll) enzyme near pH 7, Klinman and coworkers argued that the first
electron transfer to dioxygen occurs directly from TPQam and suggested copper reduction
is not essential for catalysis but rather the role of copper is to stabilize reduced oxygen
species. The differences in the kinetics of the Co(ll)-enzyme compared to the Cu(ll)
enzyme are attributed to a much larger Ky for O, [82,83]. This difference in oxygen
binding affinity for the nonmetal site is believed to arise from a change in the net charge

at the adjacent metal site from +1 (cupric hydroxide) in wild-type HPAO to +2 (cobaltous
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H>0) in the cobalt substituted enzyme. Based on these results, the alternative reaction

mechanism illustrated in Figure 7 (A2-D) was proposed.

Figure 7: Expanded sequence of possible CUAO reoxidation mechanisms. A® D
represents the pathway proposed by Dooley and coworkers. A2® D represents the
catalytic steps proposed by Klinman and coworkers.

Exogenous ligands, such as azide, inhibit the reoxidation (Eg. 2) of CuAOs with
the type of inhibition varying, depending on the enzyme source. Azide was found to
exhibit noncompetitive inhibition with respect to O, in HPAO, which was interpreted in
terms of prebound O, reacting directly with TPQam [60]. This result isin direct support
of the mechanism proposed by Klinman. In contrast, two earlier studies concluded that
azide displayed competitive inhibition with respect to substrate O, in the copper amine
oxidase from porcine plasma (PPAQO) which is consistent with O, reacting with copper
[84,85]. It should be noted that the crystallographic results of a separate study, where

both NO and a reduced oxygen intermediate bind between copper and TPQ, are
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consistent with either mechanistic possibility [86]. The nitric oxide complex of substrate-
reduced ECAO revealed that NO was bound close to copper replacing the axial water at
2.4 A and an angle of 117° [86]. The oxygen atom of NO was hydrogen bonded to the
protonated O2 of TPQ, consistent with a Cu(ll)-NO-aminoquinol structure. Electron
density attributed to a dioxygen species was resolved in the structure of crystallized
ECAO aerobically exposed to excess substrate; dioxygen occupied a position similar to
that of NO. The O, moiety was bound in a side-on conformation and was assigned as
peroxide, with TPQ in the iminoquinone state. Given the ligand binding site in the
peroxide and NO complexes, electron transfer from Cu(l) or TPQar are both plausible.
There was no evidence for dioxygen binding in the hydrophobic site proposed earlier
[60].

In order to test the hypothesis that dioxygen prebinds in the active site of CUAOs
prior to its reduction, our laboratory, in collaboration with Professor Hans C. Freeman
and coworkers (University of Sidney, Australia), collected X-ray diffraction data at 1.7-
2.2 A resolution for crystals of three CuAOs under a high pressure of xenon gas [87].
Xenon has been used in this manner as a probe for potential hydrophobic binding pockets
since 1965 when myoglobin crystals were found to form stable adducts when exposed to
Xe gas under pressure [88]. Examination of the Xe derivatized structures of AGAO
(Figure 8), PPLO, and PSAO revealed unexpectedly that only one xenon binding site is
observed in more than one structure, and this site is common to all three. This consensus
site is the Xe site closest to the copper center and is located ~7.5 A from the copper
center and ~ 9.5 A from the C° atom of TPQ (Figure 8). Electron transfer from either the

copper atom or the TPQ cofactor would require substantial migration of the O, molecule
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(4-6 A), however, the most direct trajectory for the O, molecule towards the active site
would require an initial close approach to copper. Interestingly, a Xe derivative of BPAO
identified this same potentia dioxygen binding site within the active site [45]. It isworth
mention that no evidence of Xe binding in the potential hydrophobic dioxygen binding

site proposed for HPAO was seen in any of these crystal structures.

D605 A402
\ /

TPQ382
A400 3

N s

3.8

/

V607

Figure 8. The main Xe binding site in AGAO. Copper is shown as an agua colored
sphere, while Xe is represented as a cream colored sphere. Distances and residues of
interest are labeled.
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Two recent studies of metal substituted AGAO provided valuable insight into the

role of copper in the oxidative half-reaction, and illustrated the mechanistic variability
among CuAOs [89,90]. Stopped-flow studies of substrate reduced AGAO showed that
reduced AGAO reacted very rapidly with O, (< 1ms), forming a Cu-peroxy species (I max
= 410 nm). The results were consistent with either Cu(l)-TPQg or Cu(ll)-TPQanr
reacting rapidly with O, or with rapid 1€ transfer from TPQgay to Cu(ll). Formation of
the charge delocalized, oxidized TPQ was proposed to be the rate-determining step in the
oxidative half-reaction of AGAO [90]. In marked contrast to the reports on HPAO
[82,83], Co(Il) and Ni(Il) reconstituted forms of AGAO had Ky, values for amine and O,
substrates that were essentially identical to the native enzyme; however, ke values for
Co(I1)- and Ni(I1)-AGAO were ~ 1 sec’!, as compared to 110 sec™ for Cu(l1)-AGAO
[89]. Metal substituted AGAO and HPAO differ in two critical aspects: (i) Compared to
other metal ion substituted enzymes, the Co(l1) forms display the most activity in both
AGAO and HPAO, but the levels of recovery vary substantially (2% in AGAO and 19%
in HPAO, relative to the native copper enzymes); (ii) The major cause of the reduced
activity in HPAO was the large increase in Ky for O,, whereas it is the substantial
decrease in ke in AGAO, with Ky (O2) remaining unchanged. X-ray crystal structures of
Co(11)- and Ni(I1)-AGAO established that the hydrogen-bonding network in the active
site was preserved [89]. The coordination of both Co(Il) and Ni(ll) was octahedral, with
the addition of another H,O molecule as a ligand. The results indicate that the low
catalytic activities of Co(Il)- and Ni(I1)-AGAO were associated with impaired efficiency
of the oxidative half-reaction. Rate constants for reoxidation (measured by decay of the

TPQan) were 0.18 s* and 0.17 s for Co(ll)-and Ni(I1)-AGAO, respectively, and
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conclusively show that the initial reaction with O, is substantially slower in the metal

substituted enzymes. These reported Kops Values probably underestimate the true rate
constants; nonetheless, it is clear that oxidation of TPQam and subsequent formation of
TPQimq Occurs over 20 seconds, a rate which is two orders of magnitude slower than the
Cu(ll) enzyme. The rate acceleration of the initial reaction of substrate-reduced enzyme
with O, observed for the native copper enzyme was regarded as consistent with the
participation of a reactive Cu(l) semiquinone, but cannot be regarded as conclusive.
Kishishita et al. propose that copper plays an essential role in catalyzing electron transfer
between TPQa and O,, at least in part by acting as a binding site for reduced dioxygen
species to be efficiently protonated and released [89].

In lentil seedling amine oxidase (LSAO) neither Ni(ll) nor Zn(ll) substituted
LSAOQ displayed any catalytic activity, while Co(I1)-LSAO displayed minor (7%) activity
relative to the wild-type enzyme [91]. Detailed mechanistic studies of LSAO concluded
that the reoxidation of the reduced enzyme at pH 7 proceeded mainly through the reaction
of the Cu(l)-TPQg With Oy, with a rate constant of 1.56 x 10’ M's* [92]. This rate
constant is consistent with the rapid intramolecular electron transfer rate of 20,000 s*
from TPQreg to Cu(ll) obtained from the closely related enzyme PSAO [79]. Taken
together, these data suggest that enzymes from different sources may utilize distinct
mechanisms to reoxidize the reduced quinone species [60,89]. It also must be
acknowledged that the fundamental difference between the proposed mechanisms for the
oxidative half-reaction may ultimately be a relatively subtle one concerning the timing
between the electron-transfer step relative to the migration of O, from its initial binding

site to the metal ion. Nevertheless, these mechanistic issues are important ones, with
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implications for dioxygen reactivity in other enzyme systems, and surely warrant further

investigation.

Research Goals

In order to efficiently carry out biochemical, kinetic, spectroscopic, and structural
studies of a particular protein, a consistent means of protein expression and purification is
needed to supply milligram gquantities of homogeneous protein. One goal of this research
project is to accelerate the current protocol for the purification of a copper amine oxidase
from the soil bacterium Arthrobacter globiformis (AGAO) in order to provide a
substantial quantity of this protein for such studies. Thiswork describes the devel opment
of arevised purification protocol for afusion construct of this protein utilizing the Strep-
tag Il affinity purification system. The purification of AGAO using this protocol served
as the source for all experiments utilizing this protein that are detailed in the pages that
follow.

A second goal of this work is to contribute to the growing body of knowledge
concerning the molecular factors which control substrate specificity and recognition as
well as inhibitor selectivity among CuAOs. This work describes the kinetic and
structural characterization of an exciting new class of highly potent CUAQO inhibitors with
inhibition constants in the low nanomolar range.

Lastly, an investigation of the molecular details of copper amine oxidase catalysis
isintended; in particular, mechanistic studies on the controversial oxidative half reaction.

Experiments outlined concern the interaction of the monodentate copper ligands cyanide
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and azide with multiple CuUAOs and the implications with regards to a comprehensive

catal ytic mechanism for amine oxidation.



25
CONSTRUCTION, OVEREXPRESSION, AND PURIFICATION OF Arthrobacter

globiformis AMINE OXIDASE STREP-TAG II FUSION PROTEIN

Introduction

In order to carry out detailed structural, kinetic, and spectroscopic studies on an
enzyme in a timely fashion, it is imperative to have a consistent source of protein
expression and be able to carry out large-scale purification of that protein in a timely
manner. Along these lines, we set out to reduce the time required for the purification of a
CuAO from the soil bacterium Arthrobacter globiformis (AGAO, accession number
U03517). This protein has played a magor role in laying a foundation for the
understanding of both the mechanism of amine oxidation and TPQ biogenesis owing to
the vast array of biochemical, kinetic, spectroscopic, and structural work amassed
utilizing AGAO to date. Recent work with AGAO in our laboratory has established the
exact stoichiometry of copper and O, required for TPQ biogenesis [56], and provided
spectroscopic and kinetic information concerning TPQ formation [15].

AGAQO is an attractive target for mechanistic and structural investigations of the
mature enzyme and of its biogenesis owing to the availability of structures of both the
mature and the apo enzymes [19]. Moreover, its expression in E. coli will facilitate the
use of site-directed mutagenesis to explore these issues. Expression of AGAO was first
accomplished in E. coli using a pET-3c expression vector from Novagen (Madison, WI)
as described by Tanizawa et al. [93]. This expression clone was generously provided by
Professor Katsuyuki Tanizawa and protein purification was previously accomplished in

our laboratory using a modified protocol based on that described by Shimizu et al. [94],
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which involved the use of two successive ion-exchange steps followed by gel filtration.
This procedure proved to be quite lengthy, requiring 6 days for a given protein
preparation. In order to facilitate the rapid, large-scale purification of both native, apo,
and site-directed variants of AGAO, the Strep-tag 11 affinity peptide purification system
(Genosys Biotechnologies Inc., The Woodlands, TX) was implemented.

The Srep-tag Il is an eight amino acid peptide having the sequence NH-
WSHPQFEK-COOH that can be engineered to either the N- or C-terminus of a protein to
alow for its one-step purification under mild buffer conditions using an immobilized
variant of streptavidin called StrepTactin [95]. More recently, immobilization of
StrepTactin on a POROS 20 or POROS 50 carrier has alowed for StrepTactin
chromatography to be performed at elevated pressures using FPLC (Pharmacia Biotech)
or BioCAD™ (PerSeptive Biosystems) workstations.  Herein is reported the
overexpression and purification of recombinant AGAO-Strep-tag 11 fusion protein in E.
coli. AGAO-Srep-tag Il fusion protein purification using StrepTactin POROS
chromatography at elevated pressures is described in detail and can now be accomplished
in 2 days. Detailed characterization of the AGAO-Srep-tag |1 protein established that the
fusion protein displays essentially identical turnover and active-site properties as wild-
type AGAO. This methodology should be very robust for the purification of site-directed
variants of AGAO. Moreover, inspection of the published crystal structures of amine
oxidases suggests that the C-terminal Strep-tag methodology should be generally
applicable to amine oxidase purification because the C-termini of all six published
structures are readily accessible and distant from the active sites and the substrate

recognition channels.
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Materials and Methods

Cloning of AGAO-Srep-tag || Fusion Protein

Figure 9 summarizes the cloning strategy described below. The entire coding
sequence for AGAO was lifted from the pPEAQO2 construct (Tanizawa et al. [93]) by
PCR using primer-adapters containing newly-engineered Bsal sites (forward primer: 5'-
GACCATGGTCTCAAATGACGC-CCTCCACTATCCAAAC; reverse primer: 5'-
GACCATGGTCTCAGCGCTGCCG-TGGCAGTGGGAGCC). The pASK-IBA3 vector
(Genosys Biotechnologies Inc.) and PCR product were then digested with Bsal (New
England Biolabs, Beverly, MA) and the resulting fragments ligated to form expression
vector pAGAOL (Figure 9a).

Since the expression levels of AGAO using construct pAGAQOL were not nearly
as high as observed previously using the pPEAO2 construct, it was desirable to engineer
the C-terminal portion of the coding sequence including the Strep-tag 11 back into the
origina pet vector (Figure 9). The C-termina portion from pAGAOL, including the
Srep-tag |1 sequence (~190 base pairs), was lifted from the pAGAOL1 construct by PCR
using a forward primer-adapter  containing an  Xcml ste (5-

CAGCTACCATCATGCCGGTGGAC) and areverse primer-adapter containing a newly

engineered Blpl site located downstream of the stop codon (5'-
GAAGCTCAGCCACTTCACAGGTCAAGCTT). The PCR product (Figure 9b) and
pPEAO2 were digested using Blpl and Xcml (New England Biolabs) and the resulting
fragments ligated with T4 DNA ligase (New England Biolabs). Electrocompetent E. coli

expression strain BL21(DE3) (Novagen) was transformed with the ligation product and
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presence of the new construct was confirmed by PCR screening of colonies. DNA
sequence anaysis was performed using an ABI PRISM BigDye Terminator Cycle
Sequencing Ready Reaction Kit from PE Applied Biosystems (Foster City, CA). The

expression plasmid constructed was designated pAGAO2 (Figure 9c).

—
bla
tet repressor tet promoter
pPAGAO1
() 3.3kb
AGAO
“Xcml
Srep-tag - \ o
PCR
Srep-tag II\
(b) BIle —Xcml
Insertion
>
ori
PAGAO2
() bl 6.6 kb
AGAO
Blpl WPXch
Strep—tag [

Figure 9: Cloning strategy used to construct pAGAQO2 as described in the text. (a)
pASK-IBA3 vector containing AGAO coding sequence; (b) PCR product containing C-
terminal portion of AGAO coding sequence and Strep-tag |1; (c) Final pet3c expression
construct containin full AGAO coding sequence with Strep-tag |1.
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Cell Growth and Expression

E. coli strain BL21 DE3/pAGAQO2 was streaked onto a Luria-Bertani (LB)
(Ampicillin 100 g¢/mL) plate and allowed to incubate at 37° C overnight. Single
colonies were used to innoculate four 2.5 mL LB (carbenicillin 100 nmg/mL) cultures
which were grown in a 37° C shaking incubator (200 rpm). Cells were allowed to grow
to an ODgp Of ~1 and subsequently used to innoculate four 50 mL LB (carbenicillin 100
ng/mL) culture flasks which were al'so grown at 37° C with shaking (200 rpm). When
the cells had reached an ODgy Of ~0.7 the cells were centrifuged and the cell pellets
resuspended in 2.5 mL of LB media. These resuspended cells were used to innoculate
four 500 mL LB (carbenicillin 100 ng/mL) cultures which were grown at 37° C with
shaking. Cells were induced at an ODgy Of 1 by addition of IPTG to a finad
concentration of 0.34 mM and moved to a room temperature (25° C) platform shaker
(150 rpm). Cell cultures were harvested 9 hours after induction. Harvested cell pellets

were resuspended in 0.1 M Tris-HCI, pH 8.0, at aratio of 10:1 (vol:wt).

StrepTactin Column Packing and Handling

StrepTactin POROS media was received from Genosys Biotechnologies Inc. in
the form of a2 mL dlurry (suspended in 100 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.02%
NaNs). A StrepTactin POROS PEEK column (4.6 mm x 100 mm) was packed on a
BioCAD SPRINT (PerSeptive Biosystems) workstation with the media using a POROS
Self-Pack packing device. The column was packed using equilibration buffer (100 mM
TrissHCI, pH 8.0) at sufficient pressure (400 psi) to alow for the manufacturer®

recommended flow rate (2-4 mL/min) for protein purification, and a maximum column
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pressure limit of 340 psi was set in the BioCAD purification method. Once equilibrated

the column was stored at 4 °C.

Purification of AGAQO

During protein purification, al steps were carried out on ice or in a cold room
unless otherwise noted. PMSF was added to the harvested cell suspensions to a final
concentration of 0.1 mg/mL immediately prior to sonication. After cell disruption, the
sonicate was centrifuged at 15,000 rpm (Sorvall ss34 rotor) and the supernatant retained.
A post-lysis incubation was then performed by adding CuSO, to the supernatant to afinal
concentration of 1 mM (30° C for 1 hour with 100 rpm shaking). The purpose of this
step was to saturate the enzyme with copper in order to obtain a maximum level of
copper loading, processing, and enzyme activity. After copper incubation, the sample
was ultracentrifuged for 1 hour (45,000 rpm in a Beckman 50TI rotor). The supernatant
was pooled and run through a 0.2 mm syringe filter prior to loading onto a DEAE
Sepharose Fast Flow column (9.6 cm? x 8 cm) equilibrated with 0.1 M Tris-HCI, pH 8.0
buffer. The protein-bound column was washed with ~700 mL of 0.1 M Tris-HCl, pH 8.0,
and the absorbance of the wash was monitored at 280 nm to determine completion of the
wash step. Bound protein was batch eluted using 150 mL of 0.1 M Tris-HCI, pH 8.0,
containing 0.5 M KCI. A total of three 50 mL fractions were collected with AGAO
found to have eluted ailmost exclusively in fraction 2. This fraction was then run over a
StrepTactin POROS PEEK column (4.6 mm x 100 mm) at elevated pressure using a
BioCAD SPRINT perfusion chromatography system. The column was kept at room

temperature with all buffers and fractions kept on ice. The method for this affinity
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chromatography described by the manufacturer® protocol was used for each run of the
column and upon regeneration, the column was ready for additional runs [95].

Fractions containing purified AGAO using the StrepTactin column were
identified by measuring the absorbance at 280 nm. These fractions were pooled, dialyzed
against 4 1L of 50 mM HEPES, pH 7.0, for 12 hours (changing buffer every 3 h), and
assayed for specific activity. The dialyzed protein was then concentrated for storage at
-80° C using a Millipore Ultrafree-15 centrifugal filter (50 kDa molecular weight cut off).
Activity assays were performed on all fractions by spectrophotometrically monitoring
H,0, production, coupled to the oxidation of 2,2€azinobis(3-ethylbenzthiazoline-6-
sulfonic acid) by horseradish peroxidase (Sigma, St. Louis, MO) as described previously

[96]. Specific activity isreported as micromoles of product per minute per milligram.

Protein Characterization

Copper analysis by flame atomic absorption spectroscopy was performed using a
Buck Scientific Model 210 VGP. Phenylhydrazine titrations of AGAO were conducted
as previously described [97] by monitoring the increase in absorbance at 450 nm. All UV
and visible absorption data were acquired using either a Hewlett-Packard model 8452A
or 8453 diode-array spectrophotometer. CD data were recorded using a JASCO J-710
spectropolarimeter and resonance Raman spectroscopy was performed on a Spex
Triplemate spectrometer equipped with a CCD detector, featuring excitation by a

Coherent argon-ion laser.
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Results

Using the StrepTactin POROS column a total of 50 mg of recombinant AGAO
were purified from 2 L of E. coli culture in two major steps. (1) a DEAE Sepharose as an
initial clean-up of the centrifuged extract; followed by (2) StrepTactin POROS
chromatography on a BioCad workstation. The recombinant AGAO-Strep-tag |1 protein
was purified to homogeneity as judged by SDS-PAGE (Figure 10). Table 1 shows the
results of a typical two-step purification of AGAO from 2 L of culture, with the pure
pooled fractions accounting for 53% of the total activity units loaded onto the column

(DEAE fraction 2).

94 kDa
67 kDa
43 kDa

30 kDa

20.1 kDa
14.4 kDa

Figure 10: 8-25% gradient SDS PAGE gel analysis of purified AGAO. Left lane,
molecular mass standards (Pharmacia); center lane, recombinant AGAO-Strep-tag Il
protein (1.6 mg/mL); right lane, recombinant AGAO-Srep-tag Il protein (0.38 mg/mL).
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Table 1: Purification of Recombinant AGAO-Sreptag Il Fusion Protein

Step Protein (mg) Total activity  Specific % Yield Fold Purification
units Activity?

Crude 2385 2085 0.874 100

Extract

DEAE 782 1606 2.05 77 2.3

Sepharose

StrepTactin 50 851 16.9 41 19

POROS

2mmol min™® mg™?

During development of the purification procedure, we observed that higher
pressures were needed in order to sustain the same flow rates after the StrepTactin
POROS column was used several times. Increasing the pump pressure in order to
maintain a desired flow rate may be used as long as the pressure limit of the column is
not exceeded. However, decreased flow rates were prevented (or minimized) by
ultracentrifuging the extract, followed by a 0.2 mm syringe filtration of the protein
sample, prior to loading onto the StrepTactin POROS column. Removal of any insoluble
membrane or protein aggregates that did bind to the media can be accomplished by
treatment of the Streptacin POROS column with up to 1 M guanadine HCI in accordance

with the manufacturer® protocol.

Table 2: Kinetic Comparison of Tagged vs. Wild-Type AGAOQ (for benzylamine)

Protein Ve (DAzso/min) Ky (M) Kea (SC7)  kea/Ki (sectmM ™)
WT AGAO 0.039+0.002 42+49 0.52 0.013
Tagged AGAO 0040+ 0.002  42+36 0.47 0.011

After purification, the tagged AGAO was extensively characterized in order to
establish that it was spectroscopically and kinetically identical to wild-type AGAO.

Turnover kinetics (Table 2) were obtained using the canonical amine oxidase substrate
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benzylamine, with the rates measured by directly monitoring benzal dehyde production at
250 nm [98,99]. Wild-type enzyme and the AGAO-Srep-tag Il fusion protein are
kinetically indistinguishable within experimenta error. Atomic absorption spectroscopy
was used to determine the copper content of the purified AGAO-Srep-tag Il fusion
protein. The stoichiometry of copper was found to be 1.94 Cu atoms/dimer AGAO,
which is consistent with the wild-type stoichiometry [94]. Phenylhydrazine titrations are
routinely used to assess the TPQ content of amine oxidases [97], and this reagent reacts
specifically with the oxidized form of the quinone cofactor. The results of such an
analysis of the purified, tagged AGAO revealed the presence of 1.3 phenylhydrazine

reactive TPQs/protein dimer.
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Figure 11: Optical spectraof AGAO-Srep-tag |1 protein. Upper spectrum representing
TPQ (480 nm) absorbance band of AGAO (19.6 mg/mL); lower spectrum representing
protein (280 nm) absorbance band of AGAO (0.2 mg/mL). Spectra are offset for clarity.
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The integrity of the active site of the tagged AGAO was evaluated using a variety

of spectroscopic techniques previously shown to be sensitive to the structure and bonding
of active-site Cu(ll) and TPQ, and the active-site microenvironment. The absorption
spectrum of the purified AGAO displayed the characteristic protein maximum at 280 nm
(with a small shoulder around 290 nm), and an exceptionally well-resolved band at 480
nm (Figure 11) associated with oxidized TPQ. Previous spectroscopic studies of amine
oxidases demonstrated that CD spectroscopy resolves electronic transitions of both Cu(ll)
and TPQ. CD spectra of the AGAO-Srep-tag 1l and wild-type AGAO proteins are
shown in Figure 12. Clearly all the transitions of the wild-type protein are also present in
the tagged enzyme at the same energies. Also, the intensities of the transitions are quite
similar, with the exception of the band at 310 nm. The proximity of this band to the
intense transitions associated with aromatic residues tends to make its intensity somewhat
variable and sensitive to the presence of minor impurities. Notably, the (-) band at 715
nm arises from Cu(l1) ligand-field (d-d) transitions so the similarity of this band between
the two proteins is consistent with essentially identical Cu(ll) site structures. Another
powerful probe of the active-site structures of amine oxidases is resonance Raman
spectroscopy [100]. Resonance Raman data for the wild-type and tagged AGAO are
presented in Figure 13. All of the observed bands are associated with vibrational modes
of the TPQ moiety; the frequencies and relative intensities of the bands in the 1200 —
1700 cm™ region are significantly influenced by the environment of the quinone. Hence,
the near identity of these spectra provides strong support for the proposition that the

Srep-tag |1 peptide does not perturb the structure of the AGAO active site TPQ.
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Figure 12: Circular dichroism spectra of wild-type AGAO and AGAO-Srep-tag Il
proteins. Solid line, AGAO-Strep-tag Il protein (0.079 mM); dotted line, wild-type
AGAO (0.076 mM).

Figure 13: Resonance Raman spectra of wild-type AGAO and AGAO-Srep-tag 1l
proteins obtained with 514.5 nm excitation at 298 K. Upper spectrum, AGAO-Srep-tag
11 (1.38 mM); lower spectrum, wild type AGAO (0.99 mM).
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Discussion

AGAO was initially "tagged" by insertion of the AGAO coding sequence into a
Genosys tet-vector (pPASK-IBA3) that contained the sequence for a C-terminal Strep-tag
I1. This vector (P AGAQOL) was under the control of the promoter/operator from the tetA
resistance gene, which can be fully induced by adding anhydrotetracycline at a level
where it is ineffective as an antibiotic. However, expression levels of the pAGAOL
construct based on SDS-PAGE analysis were found to be considerably less than that
previously observed for the pPEAQO2 construct (unpublished results). Accordingly, the
Strep-tag |1 sequence was engineered into the pPEAO2 plasmid (pET-3c (Novagen)
expression vector containing the AGAO coding sequence), previously shown to exhibit
high levels of AGAO expression in our laboratory. Although the purification procedure
described herein is straightforward, discussion of some additional details may be helpful.
As provided by the manufacturer, the StrepTactin column resin volume has a limited
binding capacity (4-5 mg per run for AGAO), thereby requiring multiple cycles to load
al of the tagged protein to be purified (DEAE fraction 2). If an appropriate
chromatography workstation is available, multiple runs are a convenient and cost-
effective procedure. To obtain the 50 mg of protein (Table 1), atotal of 11 runs over the
1.7 mL StrepTactin column were needed. Seven runs were required to load all of fraction
2 from the DEAE Sepharose column onto the StrepTactin column. Any fractions
collected during column loading or washing that contained amine oxidase activity were
pooled, concentrated, and dialyzed and then re-applied to the StrepTactin column. For

the purification summarized in Table 1, four additional runs were required. Strep-tagged
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amine oxidase was sufficiently stable such that rechromatographed protein samples
behaved identicaly to the original sample. Because the StrepTactin POROS media is
expensive and has a limited lifetime (up to 40 runs), it is desirable to balance the number
of column runs required and the amount of material needed to achieve a particular
column capacity. A factor that must be considered is the subunit composition of the
protein. Since both subunits of the amine oxidase dimer are labeled with the Strep-tag 11,
one enzyme molecule may occupy two binding sites on the affinity column. Binding
capacities higher than those obtained in this work would therefore be expected for
monomeric proteins.

Purified AGAO-Strep-tag 11 fusion protein had a specific activity of 17 unitsmg
toward 2-phenylethylamine. Previous purification and characterization of the wild-type
AGAO reported values for specific activity as high as 20.8 unit¥Ymg toward 2-
phenylethylamine [94]. Results of a phenylhydrazine titration indicate a quantity of 1.3
TPQg/dimer of the Strep-tagged AGAO. This ratio is dlightly lower than the 1.5
TPQs/dimer of wild-type AGAO previously reported [94], which is completely consistent
with the dependence of the specific activity on the amount of titratable TPQ present in
the active site [97]. Although substoichiometric amounts of TPQ were observed for the
tagged protein, the optical spectrum is consistent with TPQ in afully oxidized form [86].
Specific activities of individual fractions varied considerably and the specific activity of
17 units/mg reported herein was determined for the final pool of all fractions found to
contain purified AGAO-Srep-tag Il fusion protein. Previous work with E. coli amine
oxidase (ECAO) has also demonstrated variability in the determined quantity of

TPQ/dimer, dependent on the enzyme preparation used [101]. This led to the suggestion
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that the observed variance in TPQ processing and specific activity could be attributable to
the processing system in the recombinant strain and the conditions used during
overexpression.

The purified AGAO-Srep-tag Il fusion protein was shown to exhibit nearly
identical characteristics to wild-type AGAO. Kinetic characterization of both the tagged
AGAO and wild-type AGAO indicated no significant perturbation of key or Ky with
respect to substrate benzylamine The copper content as determined by atomic absorption
spectroscopy was found to be 1.94 Cu atoms/dimer of AGAO, as expected for a dimeric
protein containing one mononuclear copper atom per subunit. Obtaining the correct
copper content for the recombinant, overexpressed protein appears to be an advantage of
expression in prokaryotic host organisms; tightly-bound zinc has been reported for two
heterol ogously-expressed amine oxidases in eukaryotic cells[102].

The optica spectra of the AGAO-Srep-tag 1l protein showing the TPQ
absorbance band (480 nm) is represented in Figure 11. This spectrum is consistent with
AGAO that has a high degree of homogeneity and relatively consistent TPQ processing
in the active site (for reviews of TPQ biogenesis see [5,15,19, 57,103]). Detailed analysis
of absorption spectra of overexpressed ECAO suggested that incompletely processed
TPQ, or biogenesis side products, might contribute spurious intensity on the high-energy
side of the TPQ electronic absorption band [101]. In contrast, unmodified tyrosine
residues would not be expected to absorb in this region. Thus the apparent bandwidth of
the TPQ transition may reflect the degree to which tyrosine oxidation, once initiated, is
carried through to TPQ. The CD and resonance Raman spectra data presented in Figures

12 and 13 are both consistent with previously published results [64], and confirm the



40
integrity of the AGAO active site. Taken collectively, the kinetics data and spectroscopic

results argue strongly that the fusion of the Strep-tag 11 polypeptide to the C-terminus of

AGAO has not resulted in any significant perturbation of the active site environment.

Conclusions

The Strep-tag |1 affinity purification system has proven useful for the large-scale,
rapid purification of AGAQO, and significantly reduced the time required to purify AGAO
compared to earlier protocols. This procedure can be readily adapted to both smaller and
larger scales, and is likely to be generally applicable for the purification of this
widespread class of enzyme. The purification of Strep-tag 1l fusion proteins from
eukaryotic expression hosts has proven to be equally successful, having been
accomplished in both yeast and SF9-cells. The advantages of protein purification using
StrepTactin POROS media, over aternative StrepTactin medias such as StrepTactin
Sepharose, include higher binding capacity, faster separation, and increased column life.

The work reported herein has been published in Journal of Protein Expression
and Purification [104]. Since the development of the purification protocol reported
herein, over one gram of AGAO has been purified in our laboratory and has served as the
basis for numerous kinetic, spectroscopic, and structural studies to date [54,87,105-107].
It should be noted that subsequent to this work appearing in press, two modifications to
the overall protocol were made: 1) a larger column volume of Streptactin POROS (10
mL) is now used for increased binding capacity; and 2) the pAGAO2 construct has been
transformed into a strain of E. coli in which two of the three genes encoding for catalase

have been disrupted (for description see Appendix A). The latter modification has
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eliminated catalase contamination during protein purification, a feature common to most

CuAO protein preparations.
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NANOSECOND ELECTRON TUNNELING WIRES AS NOVEL INHIBITORS OF

A COPPER AMINE OXIDASE FROM Arthrobacter globiformis
[ntroduction

Our laboratory initiated a collaboration with Professor Harry B. Gray and
coworkers (California Institute of Technology) in an attempt to measure the reduction
potential of the TPQ cofactor in AGAO. The strategy was to bind an electrode—coupled,
diethylaniline-terminated oligo-(phenyl-ethynyl)-thiol (DEA-OPE-SH) wire (Figure 14)
in the AGAO substrate channel, thus providing a conduit for electron transfer between
gold-bead electrodes and the buried TPQ [106]. Inhibition studies indicated that
diethylanaline was a strong inhibitor of phenethylamine turnover in AGAO, suggesting
that the DEA terminus of the wire acts as a protein specific functionality. Following
functionalization with the DEA-OPE-SH wire, gold bead electrodes were incubated with
purified AGAO. Cyclic voltammetry of the absorbed protein on electrodes that had been
modified in this fashion showed a reversible 2e’, 2H" reduction of TPQ at -140 mV
versus SCE in phosphate buffer, pH 7, which is the first direct determination of the TPQ
redox potential in CuAOs. This reduction potential is in agreement with that published

for quinone model complexes[108].

Figure 14: Structure of the diethylaniline-terminated oligo-(phenyl-ethynyl)-thiol (DEA-
OPE-SH) wire described in text.
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These studies were extended to the development of a fluorescent probe (Figure
15A) for the copper amine oxidase AGAO. The design of this compound (called Rul1Q)
was centered on allowing the amine terminus to bind in the active site channel of AGAO,
thereby blocking its interaction with the 4-4’-diphenyl-2,2’ -bipyridyl-coordinated Ru(ll)
terminus, and relieving the intramolecular fluorescence quenching. The two ends of the
molecule were connected by a flexible 11 hydrocarbon tether which allowed for the
interaction of the termini when free in solution. This strategy was very successful and the
initial compound is considered an excellent lead for the development of high sensitivity,
in vivo probes for the presence of CuAOs. However, the diphenyl-bipyridine ligands
proved to be very hydrophobic and as a result, concentrated stocks of the compound
would only remain soluble in organic solvent. To circumvent the solubility issue, two
bipyridine ligands were used to coordinate the ruthenium metal center (Figure 15B). This
compound, initially synthesized with an 11 hydrocarbon tether (called Rubpyl1Q),
proved to be soluble in both water and buffer solutions at millimolar concentrations.
Further, this compound was found to exhibit potent competitive inhibition with respect to
substrate benzylamine in AGAO, supporting the hypothesis that the tertiary amine
portion of the molecule binds in the active site channel. The effectiveness of this
inhibitor was unanticipated, with a calculated K; in the low nanomolar range. In order to
investigate what properties of this compound were responsible for the observed potency,
a series of variants of this compound were assessed as AGAO inhhibitors. These were
based on the design principle of varying the “linker” between the substrate analogue

functionality and the surface group to obtain a*“best fit” within the active-site channel.



Figure 15: Structures of ruthenium probes. (A) Water insoluble Ru11Q fluorescent
probe. (B) Generic structure for water soluble RubpyQ series of inhibitors.

Materials and Methods

AGAO was purified as described previously [104]. Amine oxidase activity was
determined by monitoring benzaldehyde production over the course of 3 minutes (at 25
°C) at 250 nm using an extinction coefficient of 12,800 M*cm™ [99]. Kinetic analysis
involved first equilibrating each enzyme with a given amount of inhibitor for one minute
under magnetic stirring, followed by addition of substrate benzylamine to initiate each
assay. Assays were at least run in duplicate, most often triplicate, at varying inhibitor
concentrations and data were fit to the MichaelisMenten equation using Origin 7.0
software (Microcal, MA, USA). Error bars on each plot represent the standard deviation
of the rate at a particular substrate concentration. Steady-state kinetic data were collected
on a Hewlett-Packard 8453 diode-array spectrophotometer equipped with a thermostatted
cell chamber connected to an Endocal RTE-5 circulating water bath. Inhibitor stocks of

the bipyridine coordinated ruthenium probes were prepared using esss = 14,500 M cm™.
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All inhibitors with the exception of N,N-dimethyl-m-anisidine (Acros Organics) were
synthesized by Harry B. Gray and coworkers at California Institure of Technology,
Pasadena, CA. N,N-dimethyl-m-anisidine was distilled prior to its use to remove
potential impurities. Inhibitor stocks of N,N-dimethyl-m-anisidine were made up in

acetonitrile.

Results

Table 3: Inhibition constants for Rubpy variants

| nhibitor Ki

(1) C11Q 92+ 11 nM
(2) C9Q 92+ 9nM
(3) C6Q 80+ 11 nM
(4) C5Q 43+ 1.5nM
(5) C4Q 37+3nM
(6) C1Q 300 18nM
(7) C4-phenyl 680 35nM
(8 N,N-dimethyl-m-anisidine 8+1nM

Characterization of RullQ (Figure 15A) indicated this compound to be a very
potent classica noncompetitive inhibitor of AGAO with respect to substrate
benzylamine, having a calculated K; of ~200 nM (data not shown). This result was
surprising since it was expected that the tertiary amine terminus of the molecule would
not be recognized by the active site channel of AGAO, given that this class of enzymes
acts on primary amines. A modification of the Ru(ll) ligands of this molecule gave rise
to a series of water soluble compounds for which a generic structure is illustrated in
Figure 15B. Table 3 lists the calculated inhibition constants for this series of compounds.

All of the inhibitors listed in Table 3 exhibited clean competitive inhibition with respect
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to substrate amine, indicating that they bind in the substrate channel, or otherwise

interfere with substrate amine binding. It should be noted that inhibition by these
compounds was found to be completely reversible upon dialysis. In order to provide
definitive proof that these inhibitors are indeed binding within the substrate channel, we
have solved the X-ray crysta structure of the AGAO-C4 inhibitor complex (Figure 16),
in collaboration with Professor Hans C. Freeman (University of Sidney). This structure
has provided definitive proof of the tertiary amine terminus binding in the active site

channel, in close proximity (2.94 A) to the TPQ cofactor.

Figure 16: Crysta structure of AGAO-Rubpy-C4Q complex. Active site view illustrating
the C4Q inhibitor bound within close proximity to the TPQ cofactor. Red text shows a
distance of 2.94 A from inhibitor to the TPQ cofactor.

From an examination of the inhibition constants reported in Table 3, it can be seen

that the potency of the inhibition by this class of compounds increases as the length of the
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hydrocarbon tether is decreased, with the Rubpy-C4Q compound being the most effective

inhibitor characterized. Asthe hydrocarbon linker is shortened to one carbon, however, the
inhibition constant goes up, indicating that the Rubpy-C1Q compound is not as tightly
associated with AGAO as the Rubpy-C4Q compound. In addition to varying the length of
the hydrocarbon linker, two additional compounds (Figure 17A, B) were characterized with
regards to their inhibition of AGAO in order to provide information concerning what

structural features of these compounds are responsible for the tight interaction with AGAO.

Figure 17: Structures of Rubpy C4-phenyl (A) and N,N-dimethyl-m-anisidine (B).

Interestingly, the Rubpy-C4-phenyl variant shows competitive inhibition with
respect to substrate benzylamine with a calculated K; in the high nanomolar range. This
result was unexpected given the considerable differences between the phenyl terminus of
this molecule and traditional primary amine substrates. The N,N-dimethyl-m-anisidine was
also shown to be a competitive inhibitor with a K; in the low micromolar range (Table 3).
Since stocks of this compound were made up in acetonitrile, it was necessary to run control
assays in the presence of acetonitrile in order to exclude possible inhibition arising from
this solvent. Acetonitrile was shown not to affect the rate of amine oxidation. Kinetic

characterization of all compoundsin Table 3 is shown in Figures 18-33.
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Figure 18: Inhibition kinetics of Rubpy-C11Q with AGAO. Data fit to Michaglis-Menten
model. Inset shows the concentration of inhibitor used for each curve.
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Figure 19: K; plot for Rubpy-C11Q. Treatment of kinetic data for a competitive inhibitor

according to Segel [109]. K; iscalculated from alinear plot of Kyapparent VS. [1] where the x-
intercept is equal to -K;.
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Figure 20: Inhibition kinetics of Rubpy-C9Q with AGAO. Data fit to Michaglis-Menten
model. Inset shows the concentration of inhibitor used for each curve.
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Figure 21: K; determination for Rubpy-C9Q.
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Figure 22: Inhibition kinetics of Rubpy-C6Q with AGAO. Data fit to Michaglis-Menten
model. Inset shows the concentration of inhibitor used for each curve.
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Figure 23: K; determination for Rubpy-C6Q.
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Figure 24: Inhibition kinetics of Rubpy-C5Q with AGAQO. Data fit to Michaglis-Menten
model. Inset shows the concentration of inhibitor used for each curve.
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Figure 25: K; determination for Rubpy-C5Q.
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Figure 26: Inhibition kinetics of Rubpy-C4Q with AGAO. Data fit to Michaglis-Menten
model. Inset shows the concentration of inhibitor used for each curve.
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Figure 27: K; determination for Rubpy-C4Q.
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Figure 28: Inhibition kinetics of Rubpy-C1Q with AGAQO. Data fit to Michaglis-Menten
model. Inset shows the concentration of inhibitor used for each curve.
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Figure 29: K; determination for Rubpy-C1Q.
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Figure 30: Inhibition kinetics of Rubpy-C4-phenyl with AGAO. Data fit to Michaelis-
Menten model. Inset shows the concentration of inhibitor used for each curve.
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Figure 31: K; determination for Rubpy-C4-phenyl.
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Figure 32: Inhibition kinetics of N,N-dimethyl-m-anisidine with AGAO. Data fit to
Michaglis-Menten modedl. Inset shows the concentration of inhibitor used for each curve.
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Figure 33: K; determination for N,N-dimethyl-m-anisidine.
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Discussion

Investigation into the inhibition of copper amine oxidases has increased in recent
years with the identification of at least three human copper amine oxidases [21,110,111].
Pentamidine and related diamidines are front line therapeutics in the treatment of
Pneumocystis carinii pneumonia (PCP) and other types of fungal or protozoa infectionsin
immunosuppressed patients, such as those with AIDS [112-115]. Recently, Elmore and
Dooley demonstrated that pentamidine is an extrememly potent inhibitor of rhDAO in vitro
[31], thus supporting the hypothesis that some of the deleterious side effects of pentamidine
administration may be related to its inhibition of diamine oxidase in the patient.
Diamidines and numerous other compounds with guanyl functional groups are potent
inhibitors of amine oxidases [112,115-117]. Furthermore, numerous inhibitors of amine
oxidases and amine metabolism have shown promising antileukemic, antitumor, antifungal,
and antiprotozoal activity [116-124]. With the number of potential inhibitors of this class
of enzymes, it isof primary interest to identify the molecular factors which govern inhibitor
potency and selectivity.

Recently, work in our laboratory has actively investigated the interaction of
different inhibitors with six copper amine oxidases [53,54,105,125]. These studies have
emphasized the importance of intrinsic structural differences between the active sites of
CuAOs which in turn affects reactivity with a given inhibitor. In addition, recent results
suggest that it may be feasible to design selective mechanism-based inhibitors of copper
amine oxidases. The results of the computer modeling of 4-(2-naphthyloxy)-2-butyn-1-

amine into the AGAO active sSite as a Schiff base derivative indicated the presence of a
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hydrophobic pocket in the active site channel [53]. Several aromatic rings outline this

pocket and are positioned to possibly form -stacking interactions with inhibitors or
substrates. The structural and kinetic results of an investigation into the interaction of a
family of 4-(aryloxy)-2-butynamines with AGAO provided support for this hypothesis
[54]. In this study, it was proposed that van der Wads interactions between this
hydrophobic pocket and a given inhibitor may play a key role in determining the overall
potency of inhibition.

The results reported herein provide an exciting new lead for the development of
highly potent, reversible inhibitors of CUAOs. These inhibitors (Table 3), which exhibit an
unexpected level of potency, bind to the active site channel of AGAO with the tertiary
amine terminus in close proximity to the active site cofactor (Figure 16). It was shown that
as the hydrocarbon linker in these compounds is shortened, the inhibition constant
decreases. However, as the length of the hydrocarbon linker is further decreased to one
carbon, the calculated inhibition constant rises dramatically, indicating a decreased affinity
of the Rubpy-C1Q for AGAO, compared with a hydrocarbon linker containing at least four
carbons. These results illustrate the feasibility of designing highly potent inhibitors of
CuAOQOs based on small subtleties in structure to obtain the “best fit” within the CuAO
active site channel. It is reasonable to assume that the hydrocarbon linker is responsible for
a tight interaction with the active site channel of AGAO, which has been shown to be
charged near the surface of the protein and become increasingly hydrophobic near the base
of the channel as the active site is approached [19,53,54]. A dtriking finding of these
studies is that even in the absence of the tertiary amine functionality, as in the case of the

Rubpy-C4-phenyl inhibitor (Figure 17A), the phenyl terminus still binds and inhibits with a
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nanomolar inhibition constant. This non-covalent association could be the result of -
stacking interactions within the active site, as the base of the substrate channel is known to
contain numerous aromatic residues which could potentially interact with an inhibitor [53].
These residues may aso be important for substrate recognition in AGAO, as it is well
documented that the aromatic substrate b-phenylethylamine is the preferred substrate of
this enzyme during turnover [94]. The fact that the inhibition constant for N,N-dimethyl-
m-anisidine, which lacks a hydrocarbon linker, is two orders of magnitude greater than that
for the Rubpy-C4Q thru Rubpy-C11Q series of inhibitors illustrates the importance of this
hydrophobic, hydrocarbon portion of the molecule in interacting with the active site

channdl of AGAO.

Conclusions

A series of highly potent AGAO inhibitors (Table 3) have been developed in
collaboration with Professor Harry B. Gray and coworkers. The results of structural
analysis have shown these inhibitors to bind in the active site channel of AGAO with the
amine terminus in close proximity to TPQ. N,N-dimethyl-m-anisidine (Figure 17B) has
an inhibition constant in the micromolar range, as compared to low nanomolar for
Rubpy-C4Q, indicating the hydrocarbon linker is responsible for increasing the potency
of this class of inhibitors. In addition, characterization of Rubpy-C4-phen, which lacks
the tertiary amine moiety at its terminus, illustrates the importance of this amine
functionality for the tight interaction of these compounds with AGAO. It is likely that

the non-covalent binding of these inhibitors to AGAO is governed by the extent of
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favorable van der Waals and hydrophobic interactions between the compound and the
residues lining the active site channel of the enzyme.

These compounds have only been screened for their inhibition efficacy against
AGAO to date, however, it is necessary to perform inhibition profiles of these
compounds with other amine oxidases to test the generality of these findings. These
studies will provide information concerning the overall selectivity of this class of
inhibitors. Given the results reported herein it is not unreasonable to envision the design
of a copper amine oxidase inhibitor with picomolar affinity. Determining what
functional groups on these inhibitors confer the highest level of potency of inhibition

should set the course for design of future potent and selective amine oxidase inhibitors.
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CYANIDE AS A COPPER AND QUINONE-DIRECTED INHIBITOR OF A COPPER

AMINE OXIDASE FROM Arthrobacter globiformis: EVIDENCE FOR BOTH
COPPER COORDINATION AND CYANOHYDRIN DERIVITIZATION OF THE

QUINONE COFACTOR

Introduction

Monodentate ligands such as N3, SCN’, and CN" replace the equatorial water
ligand of copper and have all been described as inhibitors against O,-mediated quinone
regeneration and amine oxidation [84,126-128]. These ligands preferentially bind
copper, and their monodentate coordination generally precludes removal of copper from
the enzyme. Thus, investigation of the electronic and mechanistic effects of ligand-
substitution reactions provide very useful probes of active site structure and catalytic
mechanism of copper-containing amine oxidases [127-130].

Cyanide inhibition has been described as competitive [85], non-competitive [84],
and mixed [129] with respect to substrate dioxygen. Implications concern whether or not
O, binds in an off-metal, proteinaceous site as indicated by the noncompetitive inhibition
of N3 with respect to O, in HPAO [60]. Cyanide has classically been described as a
mixed or uncompetitive inhibitor versus substrate amine [84,129]. A previous study
demonstrates that azide and cyanide effects on catalysis for severa CuAOs can be
rationalized in terms of copper coordination by these exogenous ligands and their effects
on the interna redox equilibrium TPQan-Cu(ll) « TPQs«-Cu(l) [128]. In addition,
inhibition due to cyanide has been proposed to arise from both Cu(l) coordination and

TPQ-cyanohydrin formation [84,129,130]. As reported in the case of pyrroloquinoline
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quinone (PQQ), cyanohydrin derivatization resulted in competitive inhibition versus
substrate glucose in glucose dehydrogenase [131]. Even though cyanide readily and
reversibly reacts with quinones, no direct spectroscopic evidence for cyanohydrin
derivatization of TPQ has been observed in CuAOs [128,132], despite a report indicating
dlight perturbations in the absorption spectrum of PKAO upon addition of CN™ [129].
Thiswork describes the first direct spectroscopic evidence, using both model and enzyme
systems, for cyanohydrin derivatization of TPQ and outlines the mechanism for CN°

inhibition against substrate amine in Arthrobacter globiformis amine oxidase.

Materials and Methods

Protein Preparation

Arthrobacter globiformis amine oxidase was purified as described previously
[104]. Only protein of the highest quality was utilized for experimentation (at least 1.4
TPQ/dimer). Protein concentrations were calculated using extinction coefficients at 280
nm as previously reported for AGAO [93], and using an extinction coefficient of 2,500

M tem™ for TPQ[72].

Spectroscopic Characterization

UV and visible absorption data were acquired utilizing a Cary 6000i UV/vis/NIR
spectrophotometer (Varian, Australia) connected to a Cary dual cell Peltier accessory for
temperature control. All spectroscopic data were collected at 25 °C in 100 mM

phosphate buffer, pH 7.2, and analyzed using Origin 7.0 software (Microcal, MA, USA).
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Samples of AGAO (85.1 mM) were titrated with NaN3 (Fisher) stock solution (1.5

M NaN3 in 0.1 M KPOy, pH 7.2) and the absorbance was monitored at 388 nm to
determine Ky values for the Cu(l1)-N3" complex in this enzyme. Following addition and
thorough mixing of each aliquot, five minutes were alowed for equilibration before
taking spectra. Longer incubation times yielded no significant increases in absorbance of
the LMCT band. The A at 388 nm was plotted versus azide concentration and the data
were fit to a second order equation in order to determine the K4 value for the Cu-N3°
complex.

In order to determine the Kq for the Cu(11)-CN" complex in AGAO, a sample of
enzyme that was preequilibrated with near saturating amounts of N3 was then titrated
with a stock solution of NaCN (Fluka Biochemika) using the method as described by He
et a. [129]. All cyanide stock solutions (0.025 — 1.0 M) were prepared prior to each
experiment using NaCN in 100 mM KPO, buffer, pH 7.2, and were kept anaerobic
during the course of experimentation. AGAO (51 nM) was incubated with 600 mM N3’
for 30 min at 25 °C in the dark prior to the first addition of NaCN. NaCN was then added
in small aliquots to afinal concentration of 66 mM, allowing 10 min between subsequent
additions, and the A at 388 nm was monitored as azide was displaced from Cu(ll) by
cyanide. The ratio of the two equilibrium constants (Kcn- to Knsz-) was then determined

by linear least squares analysis according to the equation [129]:

—(A=AQ)/(A—Az) = (Ken/Knz) © ([CNT/[NsT)
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where A is the absorbance at 388 nm, and Ao and A are the absorbance values at the
beginning and end of the experiment, respectively.

A buffered sample (0.1 M KPO,, pH 7.2) of wild-type AGAO was titrated with
cyanide in order to determine if any spectroscopic alterations of the native TPQ
chromophore occurred. AGAO (18.1 nM) was titrated with ~1 — 2 mM additions of CN
up to a final concentration of 100 mM, allowing 5 minutes equilibration between

additions. Spectroscopic changes were monitored at both 345 nm and 500 nm.

Kinetic Characterization

The effect of cyanide on enzymatic catalysis was investigated for AGAO. All
kinetic data were collected at 25 °C in 100 mM phosphate buffer, pH 7.2. Kinetic
analysisinvolved first equilibrating the enzyme with a given amount of cyanide for 5 min
under magnetic stirring, followed by addition of substrate benzylamine to initiate each
assay. Amine oxidase activity was determined by monitoring benzaldehyde production
over the course of 3 minutes at 250 nm using an extinction coefficient of 12,800 M ‘cm™
[99]. Assays were at least run in duplicate, most often triplicate at varying cyanide
concentrations and data were fit to the MichaelisMenten equation using Origin 7.0
software (Microcal, MA, USA). Error bars on each plot represent the standard deviation
of the rate at a particular substrate concentration. All steady-state kinetic data were
collected on a Hewlett-Packard 8453 diode-array spectrophotometer equipped with a

thermostatted cell chamber connected to an Endocal RTE-5 circulating water bath.



Results

Cyanide as a Cu(l1)-Directed Ligand

The Kq for Cu(l1)-N3 complex in AGAO was found to be 247 + 22 mM (Keg =
4.05 + 0.36 M e355 = 1970 M cm™) as determined by monitoring the formation of the
LMCT band at 388 nm. This value represents the average obtained from a second
orderfit and areciprocal plot of 1/DAsssnm VS. L/[N3] utilizing the raw data. Determining
a Kq value for the Cu(11)-CN™ complex is more difficult given that there exists no LMCT
band in the visible region. AGAO was therefore titrated with cyanide following
preincubation with near saturating amounts of azide, as established by He et al. [129]. As
seen in Figure 34, CN" binding to Cu(ll) was indirectly determined by monitoring the
decrease in absorbance at 388 nm due to the displacement of N3 by CN". Linear |least-
squares analysis (Figure 35) of DA versus cyanide concentration produced a K4 value of
29 £ 04 MM (Kegg = 347 + 48 M™) for AGAO. Spectroscopic and kinetic analysis
following extensive dialysis of the protein sample (four exchanges against 1 L of 100
mM KPOg4, pH 7.2) showed complete recovery of the native TPQ.x absorbance feature

and full restoration of activity.
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Figure 34: Cyanide as a Cu(ll)-directed ligand in AGAO. CN displacement of azide
bound to copper monitored via the decrease in the Cu(l1)-N3” LMCT band as described in
text. NaCN added in small aliquots (~1-10 mM) to final afinal concentration of 66 mM.
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Figure 35: Linear least-squares analysis of the displacement of N3 from Cu(ll) by CN".
Data was analyzed according to: — (A — Ag)/(A — Az) = (Ken/Knz) - ([CN/[Ns]) as
described intext. Data pointsin red were masked for linear the analysis.
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During addition of cyanide, azide was observed to be titrated off cleanly up to a
concentration of 25 mM CN' (Figure 34), establishing that CN™ preferentially reacts with
Cu(ll) rather than the TPQ cofactor in this enzyme. Interestingly, at higher
concentrations of cyanide (26 — 66 mM), a spectral feature with a |l 5 of about 340 nm
began to grow in with successive additions of cyanide. The appearance of the 340 nm
shoulder was isosbestic with the disappearance of the TPQ. feature at 480 nm,

suggesting a possible derivitization of the TPQ cofactor.

Cyanohydrin Derivatization of the Native Quinone Cofactor

To focus more directly on the spectroscopic feature near 340 nm (Figure 34) and
eliminate the complexity of azide displacement, wild-type AGAO (18.1 nM) was titrated
with cyanide. Figure 36 illustrates the results of this titration up to a final cyanide
concentration of 71 mM. Absorbance at 480 nm (TPQ.x) was seen to decrease at
relatively high concentrations of cyanide (30-100 mM), with the formation of a species
with a shoulder at 340 nm. This behavior is similar to that seen during the displacement
of azide with cyanide in AGAO (Figure 34), however, the intensities of the spectral
features are reduced compared with the titration in the presence of azide. Possible
reasons for this are discussed below. It should be noted that formation of the ~345 nm
species was observed to be rapid (less than 3 min). Additionally, it was determined that
pH did not remain constant in this experiment even in the presence of 0.1 M KPO,, pH
7.2. The pH of the 100 mM cyanide stock was measured to be 9.5, with the pH in the
enzyme titration experiment gradually shifting to a more basic pH (final pH ~8.5). The

protein sample was extensively dialyzed following titration (four exchanges against 1 L
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of 100 mM KPO,, pH 7.2) and kinetically and spectroscopicaly analyzed. The native

TPQox chromophore was observed to completely return and activity was fully restored to

control levels.
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Figure 36: Cyanohydrin derivatization of the native quinone cofactor in AGAO (18.1
nmM). NaCN added in ~12 mM additionsto afinal CN" concentration of 71 mM.

The Effect of Cyanide on Amine Oxidation

The effects of cyanide on enzymatic catalysis were examined for AGAO. Data
analysis revealed that Vi and Kuap decreased as cyanide concentration increased,
indicating that cyanide was an uncompetitive inhibitor versus substrate benzylamine
(Figure 37). Treatment of the data according to Segel (1975) [109] produced the
reciprocal plot seen in Figure 38. The calculated K; value with respect to substrate

benzylamine was 1.05 + 0.13 mM for AGAO. Control inhibition studies were performed
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using NaCl in order to determine whether there were any inhibitory effects that could be
attributed to either ionic strength or the presence of Na” or CI". No inhibition of AGAO

was observed to occur at levels up to 300 mM NaCl.
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Figure 37: The effect of cyanide on amine oxidation for AGAO. Plots represent initial

rates of reaction versus substrate benyzlamine concentration at various cyanide
concentrations. All data curves werefit to the Michaelis-Menten equation.
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Figure 38: K; plot for AGAO with CN™ as an uncompetitive inhibitor. Plot represents
1/Kmapp VS [Inhibitor] for treatment of uncompetitive inhibition as described in [109].

Discussion

Cyanide has traditionally been used to probe the electronic environment of the
copper center, in both the oxidized and substrate reduced forms of CuAOs
[84,85,128,129,132]. This research has been primarily concerned with determining how
catalysisis affected relative to substrate amine and O,. The ligand substitution chemistry
of cyanide is comparable among CuAQOs, preferentialy displacing a water molecule at
the equatorial, as opposed to the axial position [84,127]. Consequences are reflected in
the reactivity of the quinone cofactor and the copper ion, however, variability in the

nature of inhibition exists anong CuAOs from different sources [84,85,129]. An early
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report by Barker et al. (1979) [84] with PPAO interpreted the observed inhibition patterns

(uncompetitive versus benzylamine; non-competitive versus O,) as CN™ ligating copper
and reacting with active site carbonyl groups. This explanation was supported by a
subsequent study with BPAO and PKAO [129]; however, no evidence for cyanohydrin
formation was discovered in a report by McGuirl et al. (1997) [128]. The latter study led
to the proposal that the main mechanism of inhibition was the stabilization of Cu(l) by
CN’, thereby preventing reaction with O, during reoxidization of the reduced enzyme.
Herein, direct spectroscopic evidence for cyanohydrin derivatization of the quinone
cofactor in AGAO is described. Furthermore, a mechanism for CN inhibition against
substrate amine in Arthrobacter globiformis amine oxidase is presented. These results
were published in conjunction with similar studies using the enzyme PSAO as well as a
thorough investigation of the TPQ model chemistry with regards to cyanohydrin

formation [107].

TPQ-Cyanohydrin Formation

Interaction of AGAO with CN isfeatured by areversible conversion of the native
TPQ chromophore to a moiety with an absorbance at ~340 nm (Figures 34 and 36).
Similar results were obtained with PSAO, for which cyanohydrin derivitization of the
TPQ cofactor resulted in a species absorbing at 345 nm [107]. Cyanide addition to TPQ
in both AGAO and PSAO was concluded to occur exclusively at TPQ(C5) by virtue of its
reversibility (dialysis results in return of the TPQoy absorbance band and full recovery of
activity) and the similarity of the absorbance for the C5 cyanohydrin TPQ model 1

chromophore (Figure 39) [107]. This indicates that CN" reversibly binds in the active
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sites of both these CuAOs at CN™ concentrations up to 100 mM (AGAO) and 50 mM

(PSAO). The observation in the model chemistry that irreversible addition of CN
occurred at C1 rather than C5 of TPQ at high pH [107] was surprising given the steric
bulk (tert-butyl group) at this position, and raises the question as to whether this could
occur in an enzyme system. Although no evidence was obtained for addition of CN™ to
Clinthe cases of AGAO and PSAO, addition at TPQ(C1) might occur in other CUAOs if

the steric and conformational consequences of C1 addition can be accommodated by the

N
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Figure 39: TPQ model chemistry with cyanide. (1H) TPQ model 5-tert-butyl-2-
hydroxy-1,4-benzoquinone and (1) its enolate form. (2H) The C5 cyanohydrin form of
the TPQ model compound and (2) its enolate form.

active site.

Certainly, there should be differences between CuAQOs aso in the likelihood of
cyanohydrin formation at C5. In AGAO, cyanohydrin formation is observed to form at

concentrations of cyanide which are an order of magnitude greater (~26 mM; Figure 34)
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than concentrations required to derivatize TPQox in PSAO (~700 nM) [107].

Interestingly, the extent of cyanohydrin formation in AGAO appears to be greater in the
presence of azide (Figure 34) than in the absence of azide (Figure 36), suggesting that
ligand substitution at the Cu(Il) center could affect the reactivity of TPQqx towards CN'".
Substantial evidence exists concerning how either ligand substitution at copper or TPQ
modification influences the reactivity and spectroscopic properties of the other cofactor
[128,129,133-136]. These results suggest that microenvironmental differences between
the active sites of different CuAOs may be responsible for the reactivity of the C5
carbonyl of TPQ towards cyanide. Furthermore, the finding in the model system that
cyanide adduction is favored more in DM SO than in water indicates that the equilibrium
is quite sensitive to environmental effects [107]. Although one might surmise that the
active site of PSAO is more hydrophobic and that the active site of AGAO is more
hydrophilic, the much greater ease of cyanohydrin formation in PSAO may aso arise
from specific hydrogen-bonding or other non-covalent interactions within the active site
that stabilize the adduct relative to the starting carbonyl.

Cyanohydrin derivatization of TPQ was examined by EPR and resonance Raman
spectroscopies for APAO and PKAO in a previous report by Dooley and coworkers
[128], concluding that CN™ was not bound to either TPQg or TPQan. For the EPR
experiments, CN" isotopes were added following anaerobic substrate reduction of the
enzymes, and yet we now know that CN" interacts only with TPQu. The lack of any
observed effects suggests that APAO, like AGAO, does not as readily form the TPQ-CN

adduct.
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M echanism of CN’ interaction with AGAO and PSAO

Cyanide displays uncompetitive inhibition towards turnover of amine substrate in
both AGAO (Figure 37) and PSAO [107] with K; values of 1.05 £ 0.13 mM (AGAO) and
648 + 77 MM (PSAO), respectively, meaning that inactivation arises when CN™ binds to
the substrate reduced form of the enzyme (ES complex or E.) [137]. Although CN
interacts with both TPQox and Cu(ll) in the resting enzymes, uncompetitive inhibition
suggests that cyanohydrin formation, which would be expected to result in competitive
inhibition of substrate turnover, is not primarily responsible for the observed inhibition.
The finding that inhibition arises when CN’ interacts with E.o is consistent with the
report by McGuirl et al. (1997) [128], where stabilization of Cu(l) against reaction with
O, was attributed to be the source of inactivation.

In an effort to confirm this, the Ky for the Cu(l)-CN" complex in PSAO was
determined to be 302 + 82 nM [107]. However, due to the difficulties with this
experiment, an anaerobic substrate reduced CN" titration of AGAO was not attempted.
With thisin mind, it is only appropriate to make the following qualitative statements: 1)
the affinity (Kq) of CN” for Cu(l) is an order of magnitude greater than the K4 of CN™ for
Cu(ll) in PSAO; and 2) the magnitude of Kq for this association is of similar magnitude
to the calculated inhibition constant (K;) for CN™ inhibition of amine oxidation in PSAQ,
relative to substrate amine. Higher affinity of CN™ for Cu(l) over Cu(ll) is expected
owing to metal to ligand p* back bonding [138], which is more extensive for the electron
rich d* Cu(l) relative to d® Cu(ll). Classical uncompetitive inhibition, it seems, does not

appear to be a completely accurate description of the interaction of CN™ with these
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enzymes, especialy given the disparity between the K; values for AGAO and PSAO with

substrate amine and the Kq4 for the Cu(l)-CN" complex in PSAQ, as these values should
be approximately equal if the sole mechanism of inhibition was due to Cu(l)
complexation. A possible explanation for the difference in these values could arise from
the difficulty in obtaining an accurate Ky for the Cu(l)-CN™ complex. A more likely
explanation, however, is that the K; is a result of Cu(l) complexation as well as TPQ-
cyanohydrin formation, a result more consistent with noncompetitive inhibition where |
bindsto E and ES and S bhindsto E and El [137]. This behavior may help to explain why
cyanide has been classically described as a mixed and/or uncompetitive inhibitor with
respect to substrate amine for several CuAOs, especially at relatively high CN°
concentrations.

It is understandable why it may be difficult to discern the true mode of inhibition
towards substrate amine for a set of CuAOs, especially owing to the finding that
cyanohydrin formation occurs in such varying affinities between AGAO and PSAO. In
this study, only avery small subset of the quinone cofactors present would be modified at
the concentrations of CN™ used in the kinetic analysis. Substantial inhibition is observed
at 1 mM CN' in the kinetic experiments (Figure 37), an effect which is inconsistent with
the level of TPQ-CN formation. These results taken collectively lend support to the idea
that the dominant mode of inhibition towards amine oxidation is indeed uncompetitive
with CN" stabilizing Cu(l). For PSAO, the observation of the slow reoxidation of TPQ,
to TPQx in the presence of CN™ [107] is consistent with this scheme and concurs with

previous reports [77,128-130,132].
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Figure 40: Proposed mechanism of CN" inhibition of CUAO catalysis. The left panel
indicates normal catalysis, as also shown in Figure 6 of this work. Abbreviations are
given in the text

Substrate analogs (phenylhydrazine) and presumably substrates react with
unmodified TPQ cofactors at similar rates in the presence and absence of CN. TPQ
cofactors modified by cyanide, however, cannot react directly with substrate amine.
Therefore, conversion back to TPQoy through perturbation of the TPQ-CN « TPQqx
equilibrium, as mediated by binding of amine to TPQox, becomes the determining factor
for reactivity with amine substrate. This is supported by results with PSAO indicating
that complete phenylhydrazine reactivity is slowed by a factor of ~4 when CN' is present
during the titration [107]. Consequently, preequilibration with CN" yields a group of

derivatized cofactors which do not rapidly react with substrate amine. Based on these
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results, a scheme for catalytic turnover of amine substrate in the presence of cyanide was

developed (Figure 40).

Conclusions

In summary, the results presented here and in conjunction with those reported in
[107] provide the first unequivocal spectroscopic evidence, using both model and enzyme
systems, for cyanohydrin derivatization of the quinone cofactor. Cyanide addition to
TPQ in both AGAO and PSAO was concluded to occur exclusively at TPQ(C5). The
observation in the model chemistry that addition of CN™ can also occur at TPQ(C1) at
high [CN'] [107] raises the question as to whether this addition might occur in other
CuAOQOs if the steric and conformational consequences could be accommodated by the
active site.  The finding that cyanohydrin formation occurs so much more readily in
PSAOQO than in AGAO is remarkable and suggests there are profound differences in the
dielectric microenvironment and/or the availability of nearby active site residues with
non-covalent interaction potential, in the vicinity of the TPQ(C5) carbonyl between the
two enzymes. Nonetheless, this type of interaction does not play a significant role in the
mechanism of inhibition towards substrate amine in either enzyme. Stabilization of Cu(l)
by CN" appears to act as the dominant mode of inhibition, presumably acting in direct
competition with O, for binding to Cu(l), thereby preventing reoxidation of the reduced
enzyme [128,129]. It has been argued that the TPQs-Cu(l) species is off-pathway. In
this case, CN" ligation of Cu(l) would then be expected to perturb the equilibrium with
the on-pathway, TPQan-Cu(ll) moiety. Furthermore, cyanide complexation to copper

may disrupt electrostatic interactions between copper and reduced dioxygen species, as
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implicated as being potentially significant in O, affinity [83]. However, given the greater

similarity between the K; value for inhibition of substrate amine (648 77 mM) and the
Kg for the Cu(l)-CN™ complex (302 82 mM), relative to the Ky for the Cu(l1)-CN
complex (3.4 0.3 mM) in PSAO [107], the data suggest that Cu(l)-TPQg is likely a
catalytically competent intermediate in PSAO. Whether dioxygen is reduced via Cu(l) in

AGAO remains ambiguous.
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A COMPERATIVE STUDY OF THE BINDING AND INHIBITION OF TWO

COPPER CONTAINING AMINE OXIDASESBY AZIDE: IMPLICATIONS FOR

THE ROLE OF COPPER DURING THE OXIDATIVE HALF-REACTION

Introduction

It iswell established that CUAO catalysis proceeds through a Ping-Pong Bi Bi

mechanism divided into two half-reactions [163]:

Ex + RCHoNH, «  E-RCHzNH; ®  Ejeq + RCHO (1)

Eieg + O+ HO® Eo + HOo + NH3 (2)

The first half-reaction is conventionally known as the reductive half-reaction and is
detailed in chapter 1 of thiswork (Figure 6, A ® D). The second half-reaction involving
reoxidation of the organic cofactor is known as the oxidative half-reaction, and is
diagrammed in Figure 6, D ® A. The principal unresolved issue in CUAQO catalysisis
the precise role of copper during enzymatic reoxidation, as outlined in Figure 7. We have
suggested that, at least in certain cases, the first electron reduction of dioxygen occurs via
Cu(l), resulting in a Cu(ll) bound superoxide species (Figure 7, A ® C) [77,107]. This
proposal is supported by the ample precedence among copper-containing metalloproteins
for the reactivity of three-coordinate Cu(l) sites with dioxygen [139-142]. In addition,
this mechanism circumvents the well-known spin conversion problem associated with
two-electron reductions of oxygen [143]. A detailed kinetic study of the catalytic

intermediates in LSAO provided direct support for this mechanism [92,144]. Recently, a
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kinetic and structural study of a metal substituted CuAO from Arthrobacter globiformis

suggested two possible reoxidation mechanisms [89]. In one, the initial electron transfer
to dioxygen comes directly from the TPQ.n Species and the reduction of Cu(ll) is not
required. The role of Cu(ll) in this mechanism is to bind the superoxide anion and
facilitate the second electron transfer from the one electron reduced cofactor. However,
this study also points out that the rate enhancement for reoxidation observed in the native,
copper containing enzyme compared with the metal-substituted forms is consistent with
reduction of Cu(ll) to Cu(l), thereby implicating the Cu(l)-TPQs Species as a
catalytically viable intermediate [89].

Substantial research on the CuAO from Hansenula polymorpha (HPAO) has led
to the proposal that copper reduction is not essential for regeneration of the resting
cofactor, leading to the suggestion of an alternative reaction pathway (Figure 7, A2 ®
C2) [60,82,83]. These studies suggest that dioxygen receives the first electron directly
from TPQan (A2 ® B2; rate limiting step), with the superoxide species subsequently
migrating to Cu(ll) (B2 ® C2) [72]. An essential feature of this mechanism is that the
copper-bound axial water serves as a proton source in TPQ reduction, resulting in a
Cu(11)-OH" species. It is believed that following the first electron transfer to O,, the pK,
of TPQg is perturbed in away to allow for rapid proton transfer back to the metal bound
hydroxide species forming H,O. The metal bound water would then be expected to
undergo rapid substitution with superoxide anion [72]. In addition to these proposals, a
theoretical study utilizing density functional theory has implicated the paramagnetic

copper center in the triplet (T) ® singlet (S) spin transition of the reduced quinone
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cofactor, thus facilitating electron transfer directly from TPQan to dioxygen [145].

Finaly, a structural study of the steady-state intermediate that accumulates in ECAO
upon aerobic exposure to excess b-phenylethylamine indicated the presence of a reduced
dioxygen species bound axially to copper and equidistant to the copper and TPQ cofactor,
consistent with electron transfer to dioxygen occurring from either Cu(l) or TPQanr
[61,86]. In light of these mechanistic questions, it is clear that detailed kinetics and
spectroscopic experiments of structurally characterized CuAOs are required to examine
the possibility of mechanistic variability among CuAOs.

The monodentate ligands N3~ and CN™ are known to replace the equatorial water
ligand of copper and have been described as inhibitors against O,-mediated quinone
regeneration and amine oxidation [84,126-128]. These ligands preferentially bind
copper, and their monodentate coordination generally precludes removal of copper from
the enzyme. Thus, investigation of the electronic and mechanistic effects of ligand-
substitution reactions provide insight into both active site structure and the catalytic
mechanism of copper-containing amine oxidases [127-130]. A previous study
demonstrated that azide and cyanide effects on catalysis for severa CuAQOs can be

rationalized in terms of copper coordination by these exogenous ligands and their effects
on the internal redox equilibrium TPQan-Cu(ll)  TPQg-Cu(l) [128]. Recently we have
published a detailed spectroscopic and kinetic report on the interaction of cyanide with
two CuAOs [107].

In CuAQs, the mode of inhibition by azide with respect to substrate amine has

previously been reported to be uncompetitive [146,147], however, mounting evidence
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suggests that the mode of inhibition varies depending on the enzyme source. In the
oxidative half-reaction, azide inhibition has been described as competitive with respect to
O, in pig plasma amine oxidase (PPAQO) [84,85] and nhoncompetitive with respect to O, in
HPAO [60]. Although the results from inhibition experiments conducted under turnover
conditions are not unambiguous, the data provide and important foundation for assessing
possible mechanisms, and in this case can provide an informative test of hypotheses for
the role of copper in the reaction of reduced CuAOs with O,. Herein, a detalled
spectroscopic and kinetic characterization of the interaction of azide with respect to both
the reductive and oxidative half-reactions in the copper-containing amine oxidases
AGAO and PPLO is presented. The results are discussed in light of the outcome of

similar studies with rhDAO and PSAO.

Materials and Methods

Enzyme Purification and Isolation

AGAO and PPLO were purified as described previously [104,148]. Protein
concentrations were calculated using extinction coefficients at 280 nm as previously
reported for AGAO [93] and PPLO [148], and using an extinction coefficient of 2,500 M"
Tem™ for TPQ [72]. All experiments for AGAO were carried out in 100 mM potassium
phosphate buffer, pH 7.2, while those for PPLO were performed in 50 mM HEPES

buffer, pH 7.0.
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Azide Titrations of Oxidized Amine Oxidases

A sample of AGAO (85 nM) in 100 mM phosphate buffer, pH 7.2 was titrated
withal.5-2.5 M stock of NaN3 (Fisher Chemicals, NJ, USA) to afinal concentration of
900 mM and the LMCT band for the Cu(l1)-N3" complexes was monitored at 388 nm. A
sample of PPLO (39.3 nM) in 50 mM HEPES, pH 7.0, was titrated with a 5 M NaN3
stock solution in 50 mM HEPES buffer, pH 7.0. The Cu(ll)-N3° LMCT band was
monitored at 385 nm.

All sodium azide stocks were made fresh immediately prior to use and were
adjusted to the respective experimental pH values as listed above. Following addition
and thorough mixing of each titration aliquot, 2 — 3 min was alowed for equilibration
before recording spectra. Longer incubation times yielded no significant increases in the
respective LMCT bands. UV and visible absorption data were acquired utilizing a Cary
6000i UV/Vis/NIR spectrophotometer (Varian, Australia) connected to a Cary dua cell
Peltier accessory for temperature control. Absorbance data were analyzed using Origin
7.0 software (Microcal, MA, USA). The A of the respective LMCT bands were plotted
versus azide concentration and the data were fit to a second order equation in order to
determine respective K4 values for the Cu(l1)-N3s” complex. All titrations of AGAO, and

PPL O were performed at 30 °C.

Azide Titrations of Substrate-Reduced Amine Oxidases

In order to determine if the affinity of azide for copper was atered in the
substrate-reduced form of the enzymes, samples of PPLO (50 niM) and AGAO (25 V)

were purged with Argon passed through a vanadium bubbler, HCO;, H,O setup
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[107,149] and then reduced with a ~5 fold excess (over active site concentration) of
substrate benzylamine. Stocks of benzylamine and azide were made anaerobic by
purging with argon preceding introduction to the protein samples. As previousy
described, a glucose, glucose oxidase, catalase solution was added to the protein sample
prior to addition of substrate to ensure that anaerobic conditions were maintained
throughout the titration [107]. The DA of the respective LMCT bands were determined
from difference spectra and plotted versus azide concentration to determine respective Kq4

values for the Cu(l1)-N3 complex using a second order equation.

Azide Inhibition of the Reductive Half-reaction

In order to determine the effects of azide upon the first half-reaction (Eq. 1),
kinetic characterization was determined at three different azide concentrations for AGAO
and PPLO. Substrate O, was kept at near saturating amounts (~ 185 niM dissolved O,)
while substrate amine was varied below and above respective Ky values for each
enzyme. The preferred amine substrate varied depending on the enzyme source, with b
phenylethylamine being used for AGAO, and benzylamine for PPLO. lonic strength was
controlled for all kinetic assays (both those for the reductive and oxidative half-reactions)
by addition of either potassium chloride for PPLO or potassium sulfate for AGAO. KCl
and K,SO, were determined to have no inhibitory affect on respective CuUAO activity, as
determined through a series of control assays conducted prior to experimentation (data
not shown). Assays (including those described below for the oxidative half-reaction) for
AGAO were performed at a controlled ionic strength of 440 mM by varying the ratio of

azide to K,SO,. Likewise, al assays for PPLO were conducted at an ionic strength of
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150 mM, supplemented by KCI. The factor controlling ionic strength was determined by

the amount of azide required to achieve adequate levels of inhibition. It isimportant to
point out that the rate changes observed with increasing NaN3 (up to 250 mM) appear to
be specific and not to reflect a general salt effect [107].

The rate of b-phenylethylamine oxidation by AGAO was monitored using a
horseradish peroxidase (HRP)-ABTS (2,2’ -azino-bis(3-ethyl)benzthiazoline-6-sulfonic
acid) coupled assay. HRP reacts with the H,O, produced through CuAO catalytic
activity and produces an activated form which in turn oxidizes ABTS to produce a
chromophore with | .« a 414 nm [96]. For PPLO, amine oxidase activity was
determined by monitoring benzaldehyde production over the course of 3 min at 250 nm
using an extinction coefficient of 12,800 M*cm™ [99].

Kinetic analysis involved first equilibrating each enzyme with a given amount of
azide for two minutes under magnetic stirring, followed by addition of substrate amine to
initiate each assay. Assays were at least run in duplicate, most often triplicate at varying
azide concentrations and data were fit to the Michaelis-Menten equation using Origin 7.0
software (Microcal, MA, USA). Error bars on each plot represent the standard deviation
of the rate at a particular substrate concentration. Steady-state kinetic data were collected
on a Hewlett-Packard 8453 diode-array spectrophotometer equipped with a thermostatted
cell chamber connected to an Endocal RTE-5 circulating water bath. All steady-state

kinetic datafor AGAO and PPLO were conducted at 30 °C.
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Azide Inhibition of the Oxidative Half-reaction

In order to determine the effects of azide on the oxidative half-reaction of amine
oxidation (Eq. 2), levels of substrate amine were kept at saturating amounts while
substrate O, was varied. Rates of oxygen uptake in the presence of varying amounts of
azide were determined using an Instech (Plymouth Meeting, PA) model 125/05 Clark-
type oxygen electrode interfaced to a single channel Instech model 103 oxygen electrode
amplifier. All assays were conducted at 30 °C in a thermostatted, 680 nL sealed batch
cell equipped with an Instech model 103 magnetic stirring mechanism. The ionic
strength of all assays was adjusted to identical levels as described for the reductive half-
reaction (see above). Levels of amine substrate varied given the respective Ky values for
the different enzymes with 50 nM and 200 mM &-phenylethylamine used for AGAO and
460 M benzylamine utilized for PPLO.

The following procedure was used for each enzyme with the only difference being
the composition of the buffer and the ionic strength. Buffer was made at the appropriate
ionic strength and allowed to equilibrate overnight in a 30 °C H,O bath. Substrate amine
was then freshly added to the temperature and air-equilibrated buffer, which was
subsequently divided into two flasks. The first flask was left exposed to air while the
second flask was purged with Ar passed through a vanadium bubbler, HCO3, H,O setup
[149] for at least 1 hour. Mixtures of air-equilibrated and anaerobic buffer were then
injected into the cell chamber via gas tight syringes to achieve a desired level of
dissolved O,, as monitored using the Clark-type oxygen electrode. When desired levels

of dissolved O, were reached, the output reading was monitored for a period of 10
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seconds to ensure there was no electrode drift (Figure 41). Assays were then initiated by
addition of 2 — 3 nlL of respective enzyme samples via a gas tight syringe. Initiation of
kinetic assays by addition of enzyme could be accomplished due to the fact that azide
binding in CuAOs has been shown to be rapid [60,107,128].

Substantial efforts were made in order to ensure the reproducibility of
experimental rates. For each kinetic curve obtained, over a range of oxygen
concentrations, a minimum of 14 — 20 data points were collected. Each data point
represents the rate of oxygen depletion from the assay chamber, determined from a fit of
the change in dissolved oxygen levels over time (Figure 41). Reported error bars arise
from the standard error associated with the linear fits to the initial reaction rate data. In
several cases, rates of O, consumption were obtained on consecutive days at the same
concentrations of dissolved oxygen, and in each case examined the respective rates were
within error of one another. Data were fit to the Michaelis-Menten equation using Origin

7.0 software (Microcal, MA, USA).
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Figure 41: Representative oxygen consumption kinetics followed in the assay chamber.
Trace represents an AGAO control assay initiated at 177 mnM O,. Arrow indicates the
point at which enzyme was injected into the chamber. Black squares () represent data
points used to calculate rates of oxygen consumption. Grey squares () represent data
points not included in linear fits.

Results

Azide as a Cu(l)-Directed Ligand in Oxidized Amine Oxidases

Respective | max values for the LMCT bands for Cu(l1)-N3” complexes were found
to be 388 nm for AGAO (esss @2000 M*cm™®; Figure 42) and 385 nm for PPLO (Figure
43). The experimentally determined Ky values for the Cu(ll)-N3 complexes in these
enzymes are 213 18 mM for AGAO and 153 16 mM for PPLO (Table 4). In
addition, Table 4 reports K4 values for the Cu(l1)-N3” complexesin rhDAO and PSAO for
comparison as reported in [150]. The Ky values determined for the Cu(l1)-N3 complex in

AGAOQO isin close agreement with that previously reported at 25 &C [107].
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Figure 42: Azide coordination to Cu(ll) in AGAO. Inset depicts the changes in
absorbance of the LMCT band fit to a titration curve, yielding a Kq4 value for the Cu(ll)-
N3 complex.

Azide titrations for PPLO did not display the typical saturation behavior observed
for the other CUAO enzymes (Figure 43). Once azide levels reach ~ 200 mM, ionic
strength effects complicated analysis of the titration data. These effects are most likely a
consequence of the greater degree of solvent accessibility in the active site environment
of PPLO [44]. Subsequently, the reported Ky value of 153 16 mM was estimated by
fitting only the absorbance changes associated with azide additions up to 200 mM (Figure

43, inset).
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Figure 43: Azide coordination to Cu(ll) in PPLO. Inset depicts the changes in
absorbance of the LMCT band fit to a titration curve, yielding a Ky value for the Cu(ll)-
N3 complex.

Azide Titrations of Substrate-Reduced Amine Oxidases

In order to examine the affinity of azide for Cu(ll) in the substrate-reduced forms
of AGAO and PPLO, the enzymes were reduced with benzylamine under anaerobic
conditions and the azide titrations were carried out as previously described for PSAO
[107]. The experimentally determined Ky value for the substrate-reduced AGAO was 34

5mM (es30 = ~ 2000 M'em™) (Figure 44). Notably, there is a 6-fold increase in the
affinity of azide for Cu(ll) in the substrate-reduced form of the enzyme and the | gy Of
the LMCT band for the Cu(ll)-N3 complex is red-shifted 42 nm with respect to the
oxidized, resting enzyme. The shift in the energy of the LMCT transition suggests that
the redox state of the TPQ cofactor perturbs the electronic structure of the Cu(ll) center

in AGAO. For substrate-reduced PPL O, the approximate Kq4 for the Cu(l1)-N3~ complex
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was determined to be 87 21 mM with the | o of the LMCT band at 379 nm (Figure

45). Although the affinity of azide for substrate-reduced PPLO is greater than that for the
oxidized enzyme, it is important to note that the anaerobic titration was subject to the

same ionic strength effects as described above.
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Figure 44: Azide coordination to Cu(ll) in substrate-reduced AGAO. Dashed spectrum
(---) represents the oxidized, resting protein sample. Dotted spectrum (- - - ) represents the
substrate reduced protein prior to addition of azide. Arrows represent the spectral
changes associated with the addition of azide. Inset depicts the second order fit used for
the determination of K4 for the Cu(l1)-N3” complex.
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Figure 45: Difference spectra of azide coordination to Cu(ll) in substrate-reduced PPLO.
Dashed spectrum (---) represents the substrate reduced protein prior to addition of azide.
Arrow represents the spectral change associated with the addition of azide. Inset depicts
the second order fit used for the determination of K for the Cu(l1)-N3” complex.

Azide Inhibition of the Reductive Half-reaction

The effects of azide on the reductive half-reaction (Eq. 1) were determined by
analyzing the kinetic parameters of each enzyme for a given amine substrate in the
presence of increasing amounts of azide, at saturating O, levels. The control kinetic
parameters for substrates amine and O, for each enzyme examined are listed in Table 4.
The mode of azide inhibition with respect to substrate amine varied depending on the
enzyme source. For AGAO, azide was found to exhibit cleanly noncompetitive
inhibition at lower azide concentrations (0-10 mM) with respect to substrate 6
phenylethylamine, however, a mixed-type mode of inhibition cannot be ruled out at
higher concentrations of azide (45 mM). For this reason, the 45 mM azide point has been

excluded from the Kmapp/Vmax(i) versus azide concentration plot for noncompetitive
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inhibition (Figure 47). It should be noted that the relatively low Ky (1.4 nM) and high

kea (44 sech) for b-phenylethylamine contribute to the inherent difficulty of accurately
determining initial rates of amine oxidation for this enzyme at low substrate
concentrations, due to the rapid oxidation of b-phenylethylamine upon initiation of the
assay. Substrate inhibition for AGAO with b-phenylethylamine was similar to that
observed for rhDAO using histamine and putrescine [21] with one notable exception;
while increasing ionic strength abolishes substrate inhibition of rhDAO [31], ionic
strength has little to no effect on substrate inhibition of AGAO. While no substrate
inhibition was observed (up to 75 mM 6-phenylethylamine) in the absence of azide,
substrate inhibition appeared to increase at lower substrate concentrations in the presence
of azide (Figure 46). This same effect was seen for the inhibition of PSAO by azide and
cyanide with respect to substrate amine [107,150]. In order to exclude the complicating
effects of substrate inhibition, kinetic fits were generated by utilizing only the points
where substrate inhibition was not observed. Nonetheless, it can be said with confidence
that the dominant mode of inhibition is noncompetitive with a calculated K; value of 7.0

1.5mM (Figure 47).
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Azide Inhibition of the Oxidative Half-reaction

The effects of azide on the oxidative haf-reaction (Eq. 2) were determined by
analyzing the kinetic parameters of each enzyme (Table 5) with saturating amine
substrate (at least 10 © Ky) in the presence of increasing amounts of azide, while O,
levels were varied from ~ 10 — 180 mM. The mode of azide inhibition with respect to
substrate amine varied depending on the enzyme source. For the enzyme AGAO, the
effects of azide on the oxidative half-reaction can be interpreted as a purely
noncompetitive mode of inhibition (Figure 48). Due to the observation that substrate
inhibition decreases the maximum rate of amine oxidation a levels of &
phenylethylamine substrate in excess of 75 M, assays were performed at two fixed
concentrations of amine substrate to exclude possible effects of substrate inhibition on the
mode of azide inhibition. Rates of oxygen consumption collected in the presence of both
50 MM (~ 35 °~ Ky; data not shown) and 200 M (~ 140 = Ky; Figure 48) b
phenylethylamine are both consistent with noncompetitive inhibition. The inhibition
constants at 50 mM and 200 M &-phenylethylamine substrate were determined to be 5
2mM and 20 2 mM (Figure 49), respectively. Interestingly, these values are in close
agreement with the inhibition constant determined for inhibition of the reductive half-
reaction by azide (K; = 7.0 1.5 mM). The kinetic constants (Kwmapparent @Nd V maxapparent)
for al enzymes studied are reported in Table 5. This table includes data for rhDAO and

PSAQO for comparative purposes and to aid in interpretation of the discussion below.
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In the case of PPLO, azide exhibited noncompetitive inhibition at lower azide
concentrations (5 and 15 mM), with the mode of inhibition shifting to mixed-type at
higher azide concentrations (30 and 45 mM), as clearly seen in Figure 50. Kinetic
constants for oxygen consumption at al azide concentrations are reported in Table 5.
Treatment of the data at 5 and 15 mM azide levels for noncompetitive inhibition [109]
yields a K; value from the reciprocal plot of 38 3 mM (Figure 51). Linear mixed-type
inhibition may be considered a mixture of pure noncompetitive inhibition and partial
competitive inhibition [109]. Accordingly, inhibition arises from the inhibitor binding to
both free enzyme (K;) and enzyme bound to substrate (aK;), with the resulting ESI
complex being inactive. Mathematical treatment of the 30 and 45 mM azide curvesin a
manner consistent with mixed-type inhibition reveals a K; value of 23 3 mM and an
aK; value of 108 12 mM (data not shown). Asin the case with AGAO, these values
are in relatively good agreement with the calculated K; from the reductive half-reaction
(18 0.3 mM) andthe Kq (87 21 mM) for the Cu(l1)-N3 complex in substrate-reduced

PPLO.
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Figure 50: Azide inhibition of the oxidative half reaction of PPLO. Experimental data
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Table 4. Properties of Copper Amine Oxidases

Enzyme | TPQ? Km (mM) Kea dimer (s Kq Cu(11)-N3 (mM)
Amine O, Amine O, Oxidized Reduced
PSAO 18 |420+18° | 49+4 | 252+3 308+9 53 5 59 10
rhDAO | 14 20+ 1° 6x1 | 79x02 | 2901 38 3 ND
AGAO 14 [14+03%| 38+5 44 + 2 53+2 213 18 34 5
PPLO 16 38+3° | 37+3|11.2+03 | 126+03 | 153 16 | 87 21

/aluesarereported as TPQ content per protein dimer. PAmine substrate

putrescing; 100 mM K POy, pH 7.2 at 30 °C with | =540 mM (KCI). “Amine

substrate putrescine; 50 mM HEPES, pH 7.2 at 37 °C with | =250 mM (K CI).

dAmine substrate b-phenylethylamine; 100 mM K POy, pH 7.2 at 30 °C with | = 440

mM (K,SOg4). “Amine substrate benzylamine; 50 mM HEPES, pH 7.0 at 30 °C with

| =150 mM (KCI). "Valuereported in ref [128].
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Table 5: Kinetic Parameters for the Oxidative Half Reaction

Enzyme Azide (mM) Ky apparent (MM) V mmax apparent (MMoles Oz/min)

PSAO 0 49 4 043 0.01
25 70 5 0.39 0.01
55 104 7 0.39 0.01
90 172 23 0.42 0.03
rhDAO 0 6 1 —2
50 23 2 0.110 0.003
100 32 4 0.100 0.004
200 38 4 0.090 0.004
AGAO 0 34 2 0.310 0.010
25 29 2 0.130 0.002
50 36 4 0.090 0.003
PPLO 0 37 3 0.30 0.01
5 40 3 0.28 0.01
15 38 3 0.22 0.01
30 71 6 0.24 0.01°
45 82 11 0.21 0.01

anygen kineticsfor control curve were performed using a different stock of protein,
thusthe V. value does not allow for direct comparison to the values obtained in the
presence of inhibitor. TheKy reported herein isthe average obtained from two
independent control curves, both providing values within error of oneanother. The
fact that K\, isindependent of protein concentration allowsfor the inclusion of this
value. "An inspection of thekinetic parametersfor PPL O suggests a shift in kinetic
inhibition patter ns from noncompetitive to mixed-type at this azide concentration.
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Discussion

The monodentate ligands azide and cyanide are known to displace the equatorial
water ligand of copper and inhibit both half-reactions of copper amine oxidase catalysis
(Egs. 1 and 2) [107,128,151,152]. Therefore, investigations of the electronic and
mechanistic effects of these ligand-substitution reactions can provide insight into the
active site structures and the catalytic mechanisms of copper containing enzymes.
Although these ligands have been used extensively in the study of CuAOs, significant
variations in the methodology, as well as the quality, and reproducibility of the data, have
led to ambiguities in interpretation. Furthermore, comparisons among CuAOs are
necessary, as it has become increasingly clear that significant differences may exist in the
interaction of CuAQOs with these ligands [107,128,129]. The data presented herein are
part of the first comparative study that analyzes the effects of azide on both half-reactions
of multiple amine oxidases (AGAO, PPLO, PSAO and rhDAO), and includes bacterial,

yeast, plant, and mammalian enzymes.

Azide as a Cu(l1)-Directed Ligand

Variations in the binding affinity of azide to Cu(ll) among resting, oxidized
CuAOs have been previously described [60,84,127,128,146,147]. The data herein extend
these findings as K4 values for Cu(l1)-N3 complexes in the oxidized enzyme range from
38 — 213 mM (Table 4). In addition, it has been reported that the oxidation state of the
guinone cofactor in some amine oxidases may affect the affinity of azide for Cu(ll). A
marked increase in affinity of N3 for Cu(ll) has been reported for APAO when TPQ isin

the reduced aminoquinol state, relative to the oxidized state, however, no difference in
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affinity was noted between these two enzymatic states in PKAO, PPAO, or PSAO

[84,85,128,147]. Results obtained for BPAO indicated a slightly higher binding affinity
for azide in the resting form of the enzyme [127]. The present results indicate that N3’
binds to Cu(ll) with higher affinity in the substrate-reduced forms of AGAO and PPLO,
compared to the oxidized (resting) states. Moreover, the LMCT | na red shifts by ~ 42
nm in substrate-reduced AGAO (relative to oxidized enzyme), which correlates with Kg
decreasing from 213 18 mM (oxidized enzyme; Figure 42) to 34 5 mM (substrate-
reduced enzyme; Figure 44). The binding affinity of azide in PPLO was observed to only
dlightly increase from aKy of 153 16 mM (oxidized enzyme; Figure 43) to 87 21 mM
(substrate-reduced enzyme; Figure 45). It should be noted that the binding affinity of
azide has been measured only for the two forms of these enzymes that are easily trapped
(Cu(IN-TPQox and Cu(l1)—TPQam), While in actuality this small anion may bind with
varying affinity to any of the remaining Cu(ll) states during enzymatic catalysis (Figure
6). These differences in the binding affinities and energies of the LMCT transitions for
azide coordination to different enzymatic forms reinforce the concept that changes in the
chemical state of the quinone cofactor or in the active site environment can influence
copper site reactivity and electronic structure, for which there is substantial precedence in

the literature [107,127,128,134].

Steady State Kinetic Interpretation of Azide Inhibition of CUAOs

In order to gain insight into the effects of azide on the mechanism of CuAOs,
kinetic parameters were determined for both the reductive and oxidative half-reactions in

the presence and absence of azide. Specifically, we wished to survey the effects of azide



102

on the turnover kinetics of multiple amine oxidases in order to test the previously
articulated hypothesis that azide competes with O, for a copper binding site during
enzymatic reoxidation. Owing to an intrinsic property of the amine oxidase Ping-Pong Bi
Bi mechanism, the two half-reactions (i.e. substrate amine oxidation and substrate O,
reduction) may be kinetically independent [81,153-155]. In an attempt to cleanly dissect
the effects of azide during each half-reaction, kinetic experiments were performed with
variable concentrations of one substrate (either amine or O,), while the other substrate
was kept at saturating (steady-state) concentrations. By definition, steady-state
conditions are maintained when the effective concentration of the ES complex remains
relatively unaltered during turnover in the presence of saturating substrate [156]. For a
Ping-Pong Bi Bi mechanism (Egs. 1 and 2), this directly trandates to the steady-state
concentration of either E Or Eox depending on which substrate is saturating.
Henceforth, the opposite half-reaction that is kept under conditions of saturating substrate
during a kinetic experiment may be referred to as the “ steady-state half-reaction”. Due to
the kinetic independence of each half-reaction, the effects of azide on either amine
oxidation or O, reduction can be differentiated as long as the opposite half-reaction is
kept under steady-state conditions and the reaction velocity (Vmax) for this opposite half-
reaction remains largely unperturbed in the presence of the inhibitor. In the present case,
thisimplies that the inhibitor cannot affect the rate of steady-state formation of either E;eq
or Eox without affecting the kinetics of the opposite half-reaction. It should be noted that
Vmax Of the steady-state half-reaction can only remain unaltered if the rate constants

leading up to and including the rate limiting step are not perturbed by the inhibitor [157].



103

Using the notation of Cleland, there are two enzyme-substrate complexes, EA and
FB, for a Ping-Pong Bi Bi mechanism [156]. A reduction in reaction velocity of the
steady-state half-reaction will occur if an inhibitor serves to decrease the effective
concentration of the enzyme-substrate complex (EA or FB), via formation of a
catalytically inactive ESI complex (uncompetitive or noncompetitive inhibition) or
through formation of a catalytically inactive EI complex (competitive inhibition).
However, the reaction velocity for the steady-state half-reaction in the presence of
inhibitor may be close to the same as the rate in the absence of inhibitor (i.e. Vmaxg) »
Vmax) If either ESI is not formed in appreciable amounts, or the concentration of the
steady-state enzyme-substrate complex (ES) can be largely maintained as the

concentration of inhibitor isincreased (competitive inhibition) [157,158].

Azide Inhibition of the Reductive Half-reaction

The inhibition of PPAO by azide with respect to substrate amine has previously
been described as uncompetitive [146,147] while inhibition patterns for BPAO have been
reported as mixed at low amine concentrations with a shift to uncompetitive at higher
substrate concentrations [127]. In this study, azide was discovered to exhibit a range of
inhibition patterns (competitive, uncompetitive, or noncompetitive) during the reductive
half-reaction (Eg. 1), depending on enzyme source. The inhibition of AGAO and PPLO
by azide with respect to substrate &-phenylethylamine and benzylamine, respectively,
was observed to be noncompetitive in nature. These results indicate that the inhibition
arises from azide binding to multiple forms of the enzyme, independent of the binding of

substrate. Our current results suggest that the affinity of azide for Cu(ll) is higher in the
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substrate-reduced (TPQanr) forms of AGAO and PPLO than the oxidized enzymes,

however, nothing is known about the stability of the Cu(ll)-N3s~ complex during any of
the other stages of catalysis. For AGAOQO, the determined inhibition constant of 7.0 1.5
mM is lower than the calculated Ky for both oxidized (213 18 mM) and substrate-
reduced forms (34 5 mM) of AGAO. A similar trend is observed in PPLO for which
the K; of 18.0 0.3 mM is lower than the experimentally determined K4 values for the
Cu(I1)-N3 complex in both the oxidized (153 16 mM) and substrate-reduced forms (87
21 mM) of the enzyme. Comparisons of the dissociation constants (Kq) determined for
both resting (oxidized) and substrate-reduced forms of CuAOs indicate that the chemical
state of TPQ influences copper site reactivity, and more importantly shows that azide can
bind to multiple forms of the enzyme with varying affinities. Due to these active site
specific variations, it is reasonable to assume that the affinity of azide for Cu(ll) may be
higher in one of the three catalytic states for which this complex is not easily
characterized (TPQsss, TPQpss, Or TPQimg). The data suggest that inhibition arises from
azide binding to Cu(ll) at discrete steps during the catalytic cycle. Given the
noncompetitive nature of azide binding in AGAO and PPLO, it is essential to note that
once azide levels approach or exceed the calculated K; values (vs. substrate amine) a
substantial decrease in reaction velocity (Vmaxiy) Will result during the reductive half-
reaction of these enzymes. The significance of this becomes apparent when discussing
the oxidative half-reaction (see below).
The result that azide acts as a competitive inhibitor in rhDAO [31,150] with
respect to substrate putrescine was surprising and can rationalized in one of two ways: 1)

azide binds directly to the substrate binding site, thus competing directly with substrate
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amine for binding to the free enzyme; or 2) azide binding to copper in the free enzyme
perturbs the active site of the free enzyme in such a way as to produce a complex that is
catalytically inactive. In light of the clear evidence for azide binding to copper and the
complete lack of evidence for azide reacting with TPQ, the latter possibility was
considered more likely. One possibility is that azide binding to Cu(ll) at the equatorial
position disrupts the active-site hydrogen bonding network and thereby alters the
orientation of the reactive TPQ C5 carbonyl, rendering it inaccessible to substrate amines.
Hydrogen bonding has been shown to play an essential role in positioning the TPQ
cofactor during both biogenesis and amine oxidation [66,68,159-161]. This hypothesis
was further supported by the nearly identical values determined for the K4 (38 3 mM )
of the Cu(ll)-N3" complex and the calculated K; (37 3 mM) for azide inhibition with
respect to substrate putrescine [150].

In the case of PSAO, azide displayed uncompetitive inhibition towards substrate
amine with a calculated K; value of 740 200 mM [150]. This indicates that azide binds
to PSAO only after putrescine has bound, meaning that azide binds to the enzyme-
substrate complex (ES or Erq). Therefore, the uncompetitive nature of azide's inhibition
of amine oxidation with the relatively high K; value of 740 200 mM may represent N3’
complexing Cu(ll) at either the TPQpsg, TPQamr, Or TPQimq Stage of catalysis (Scheme 1).
Inhibition by azide at the TPQpsg Stage of catalysis would be expected to arise from an
effect on hydrolysis of the Schiff base adduct, thereby generating product adehyde.
Along these lines, it has been reported that the steady-state species in the closely related
amine oxidase from lentil seedlings (LSAO) was identified as TPQpsg with the

subsequent formation of TPQam and release of adehyde product being the rate limiting



106
step [162]. Uncompetitive inhibition would also be expected if azide binding to Cu(ll) at

the TPQar Stage of catalysis prevented the first electron transfer to O,. In addition, this
mode of inhibition could also arise from Cu(l1)-N3* complexation at the TPQing Stage of
catalysis, thereby preventing either hydrolysis of TPQimg to TPQox or the direct reaction
of substrate with the iminoquinone. In any case, significant inhibition of the reductive
half-reaction does not occur at the concentrations of azide used during the oxidative half-

reaction experiments (see below).

Azide Inhibition of the Oxidative Half-reaction

Considerable disagreement exists with regard to the observations and the
interpretation of the effects of exogenous Cu(ll) ligands on the oxidative half-reaction
(Eg. 2). Two independent studies with PPAO concluded that azide was a competitive
inhibitor with respect to substrate dioxygen, with calculated inhibition constants being
consistent with measured Ky values for the Cu(ll)-N3s* complex [84,85]. These results
implicated the copper site as having a direct role in O, binding. A subsequent study with
HPAO found the inhibition by azide to be noncompetitive with respect to substrate
dioxygen during the oxidative half-reaction [60]. The results of this latter study are
viewed as consistent with the proposal that oxygen binds to an off-metal site in close
proximity to TPQ prior to its reduction, with the rate determining step being initial
electron transfer from TPQan to O, [51,60,72,80-82]. In HPAO, this hypothetical
dioxygen binding site is situated ~ 3 A from TPQ and ~ 4.7 A from Cu and is lined by the
residues Y407, L425, and M639 [87]. Recently, we have experimentally identified a

hydrophobic pocket in AGAO, PPLO, and PSAO by utilizing xenon as a probe for
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potential dioxygen-binding sites [87]. The crysta structures of these enzymes revealed

one common xenon binding pocket in close proximity to the active site (~ 7 A from Cu; ~
9 A from TPQ). Xenon was subsequently shown to bind in this exact site in BPAO [45].
It is important to note that the potential dioxygen binding site in these Xe-CuAO
structures is distinct from the proposed sitein HPAO. Xenon was not observed to bind in
the site previously proposed by Klinman et al. in any of the CUAO — Xe structures.
While the experimental identification of a consensus Xe binding site does not rule out
dioxygen binding in the site proposed by Klinman et al. [81], it is clear that the most
direct trgjectory for O, from the experimentally observed Xe binding site towards the
active site would involve initial close approach to the copper center (Figure 52).

The results obtained with PSAO and rhDAO clearly show that azide exhibits
competitive inhibition against substrate O, with K; valuesof 45 7mM and, 35 5mM
respectively [150]. These values are in excellent agreement with the measured Ky values
for the Cu(l1)-N3 complexes of 53 5 mM (PSAO) and 38 3 mM (rhDAO) (Table 4).
As mentioned previoudly, a critical component of analyzing the oxidative half-reaction
concerns the ability to maintain a largely unaltered reaction velocity (Vmaxi » Vmax)
during the reductive half-reaction, while the concentration of azide is progressively
increased. This was not an issue with PSAO since the K; value obtained for the
uncompetitive inhibition of substrate amine oxidation by azide is ~15 times greater than
the affinity of azide for Cu(ll) in either the oxidized, resting state or the substrate-reduced
TPQam State [128,150]. It has been proposed that the kinetic expectation for a Ping-Pong
Bi Bi enzymatic reaction is that an inhibitor which is competitive with respect to

substrate B will display uncompetitive behavior with respect to substrate A [154].
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Interestingly, thisis what is observed in PSAO, most likely due to the fact that azide has

aminimal effect on the rate of the reductive half-reaction while amine is saturating (10

Kwm) and O isvaried.

Y286

F298
“Gate’ Substrate

Channel

Inland TPQ
Lake

77A 9.4 A

D300

Figure 52: Xenon binding pocket in PSAO (PDB coordinates 1W2Z). Both Xe (purple)
and Cu(ll) (cyan) are represented as van der Waals spheres. Residues of interest are
labeled. The productive orientation of TPQ is shown colored by atom (oxygen, red;
carbon, green). The copper ligands (H442, H444, H603; gray) and the residues forming
the xenon binding pocket (1405, L407, Y446, 1601, L616, T618; green) are not labeled
for clarity. The approximate locations of the substrate channel and the inland lake are
given (seeref 18). Xenon to Cu(ll) and xenon to TPQ(O2) distances are also shown (see
ref 81). Thisfigure was generated by E. M. Shepard using PyMOL [164].
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Perturbations in steady-state conditions, where the concentration of the enzyme-
substrate complex (Eq) Ccan be expected to change over time, complicate the
interpretation of kinetic results from turnover experiments. This was experimentally
observed for the oxygen kinetics of PSAO obtained at 1 mM putrescine (2~ Kyu) where
the mode of inhibition exerted by azide with respect to substrate O, was found to shift
from competitive (at steady-state) to noncompetitive (non steady-state) [150]. The
noncompetitive mode of inhibition observed under non steady-state conditions is an
erroneous result, most likely originating from the more pronounced effects of azide on
the reductive half-reaction when not at steady-state conditions.

In the case of rhDAO, both K; values for the reductive and oxidative half-
reactions are within error of the calculated Cu(ll)-N3 Ky value, and competitive
inhibition results in both cases [150]. While the observation that azide is a competitive
inhibitor with respect to substrate amine is unprecedented for this class of enzyme, the
fact that V max remains relatively unaltered in the presence of a competitive inhibitor when
substrate is saturating suggests that it is still possible to drive the reaction velocity
(Vmax()) to a level comparable with the control Vma in the reductive haf-reaction. By
increasing substrate amine concentrations to a level where any inhibition by azide with
respect to amine is negligible (100~ Ky at 0 azide; 14~ Ky & 200 mM azide) it was
possible to ensure maximum reaction velocity in this half-reaction, thereby allowing the
true effects of azide on the oxidative half-reaction to be observed. Collectively, the
results for PSAO and rhDAO demonstrating the competitive nature of inhibitor azide

with respect to substrate dioxygen and the close agreement of the K; and Ky values is
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strong evidence in support of the hypothesisthat O, reacts with or binds to copper during
enzymeatic reoxidation.

Azide was observed to exhibit noncompetitive and mixed-type (pure
noncompetitive and mixed partial competitive) inhibition with respect to O, in AGAO
and PPLO, respectively (Figures 48 and 50). Thus, the interpretation of these results is
more complicated than for PSAO and rhDAO, where the competitive nature of inhibition
allows for a more straightforward interpretation. The differences in the inhibition
patterns displayed by AGAO and PPLO, compared to PSAO and rhDAO, may be
rationalized by considering the effects of azide on the velocity of the reductive half-
reaction while O, concentration is varied. While, at least to a good approximation,
maximum reaction velocity could be maintained for the first half-reaction (Eq. 1) in the
cases of PSAO and rhDAO, such kinetic conditions could not be sustained for either
AGAO or PPLO in the presence of azide. Given the calculated K; values for azide
inhibition with respect to substrate amine, which are significantly lower than the Ky
values for Cu(l1)-N3s~ complexes in the substrate-reduced enzymes, substantial inhibition
in the reductive half-reaction occurs at the concentrations of azide used during the
oxidative half-reaction experiments. Moreover, since the mode of inhibition with respect
to substrate amine in both of these enzymes is noncompetitive, the inhibition will be
manifested as a decrease in Vma through formation of a catalyticaly inactive ESI
complex. Thus, the resulting noncompetitive (AGAQO) or mixed-type inhibition (PPLO)
patterns in the oxidative half-reaction are likely a consequence of the effects of azide on
the velocity (Vmaxg)) during the reductive half-reaction. Despite the kinetic independence

of each half-reaction in principle, the specific rate reduction in the rate of formation of
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Ereq may influence the kinetics of the oxidative half-reaction. Consequently, we suggest
that inhibition by azide with respect to dioxygen is intrinsically competitive in AGAO
and PPLO, but that this effect cannot be deconvoluted experimentally from the effects of
azide on the reductive half-reaction. This might be the case for HPAO as well [60].
Although it is not possible to unambiguously determine the effects of azide on the
oxidative half-reaction in AGAO and PPLO, it is worthwhile to address the mechanistic
implications of the competitive nature of thisinhibition in PSAO and rhDAO, with regard
to the different mechanistic proposals discussed in the introduction. We believe the
results with PSAO and rhDAO are most consistent with mechanistic proposals placing
Cu(l) on-pathway in these enzymes, with the Cu(l)-TPQs, moiety principally involved in
O, activation (Figure 7, A ® D). Despite the fact that azide binds Cu(ll) and O, reacts
with Cu(l), ligation of Cu(ll) by azide should appear competitive towards O, for the
following reasons. 1) Cu(ll)-TPQan is in direct equilibrium with Cu(l)-TPQg with an
intramolecular electron transfer rate in PSAO of ~ 20,000 s* [77,79]; and 2) tetragonal
Cu(ll) complexes are known to display facile ligand substitution and therefore the
reversible coordination by N3 should be rapid [127,152]. In addition, azide is known to
stabilize Cu(ll) in substrate-reduced CuAOs [128]. Further evidence of this was
observed during the azide titration of substrate-reduced AGAO in this study, with rapid
disappearance of the Cu(l)-TPQs, bands observed to occur upon addition of azide (Figure

44; Table 4). It can be expected that during the oxidative half-reaction the binding of

azide to Cu(l1)-TPQayr shifts the Cu(ll)-TPQamr  Cu(l)-TPQg equilibrium in favor of
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the former species, thereby preventing electron transfer to Cu(ll) from TPQamr, in a
manner consistent with competitive inhibition.

Kishishita et al. [89] consider their results in terms of mechanisms in which
copper reduction is not required (O, is reduced via the TPQgay with Cu(ll) simply acting
as a dite for superoxide binding) and in which the Cu(l)-TPQg moiety is a catalytic
intermediate. Indeed, they indicate that the rate enhancement in wild-type AGAO
(relative to metal-substituted forms) is consistent with kinetically significant reduction of
Cu(ll). In the former mechanism, for which copper reduction is not required, azide
would exert competitive inhibition towards O, only if it affected the rate constant for
superoxide binding to Cu(ll) in a manner that would be experimentally detected as arise
in the apparent Ky for O,, assuming that no other step becomes rate limiting in the
presence of azide. While possible, this does not seem not likely given the fact that both
azide and superoxide are anions, and Cu(ll) is known to undergo facile ligand
substitution.

If CuAOs operated through the scheme proposed by Klinman and coworkers
(Figure 7, A2 ® D) [72], we can conceive of two possibilities for azide to exhibit what
could be experimentally detected as competitive inhibition towards substrate dioxygen:
(1) azide coordination to copper directly perturbs the affinity of dioxygen for the off-
metal, hydrophobic dioxygen binding pocket as described in HPAO (shown in species
A2, Figure 7) [81]; or (2) the binding of azide to copper prevents direct electron transfer
from TPQam to O, In regards to the former possibility, it has been argued that,
comparing the kinetics of the Cu(I1)-OH" and Co(l1)-H>0 forms of HPAO, the increased

net charge at the metal center has a direct effect on the affinity of dioxygen for this
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hydrophobic binding site, which was manifested as an increase in Ky(Oy) in Co(ll)
substituted HPAO [83]. Therefore, the first possibility above appears unlikely since the
presence of azide at the copper center would result in the same net charge as copper-
bound hydroxide. For the second possibility to occur, it seems azide coordination to
copper would have to disrupt the position of the reduced cofactor in a manner that would
prevent electron transfer from TPQam to O,. It is not clear why this would be the case.
Furthermore, the results reported for rhDAO and PSAO are difficult to reconcile with the
proposed role of the paramagnetic copper center advocated by Prabhakar and Siegbahn
[145]. Since the coordination of azide to Cu(ll) has been shown not to significantly
perturb the spin-orbit coupling of the copper center [84,127], it seems unlikely that the
paramagnetic metal center in the Cu(l1)-N3 complex would be unable to facilitate the
spin conversion (T ® S) of the cofactor, as postulated by Prabhakar and Siegbahn, for
electron transfer to dioxygen. Finally, while it could be argued that azide binding to
Cu(ll) effects either the pK, of the axial water (implicated in the hypothetical formation
of a catalytically active metal bound hydroxide) or the ability of superoxide to effectively
migrate from the hydrophobic pocket towards the metal center, neither effect should be
expected to generate the competitive mode of inhibition observed in the enzymes PSAO

and rhDAO.

Conclusions

Despite the fact azide ligand-substitution reactions have been extensively studied
in multiple CuAOs over the last 30 years, no detailed kinetic comparison among CuAO

enzymes has previously been performed. In al probability, inhibition of CUAOs by azide
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arises from azide coordinating Cu(ll) at discrete steps during enzymatic turnover.
Complicating the inhibition patterns is the fact that for several CUAQs, azide has varying
affinity for Cu(ll), depending on the redox state of the quinone cofactor. We have found
that a comparative study of azide's effects on the reductive and oxidative half-reactionsis
necessary to clearly interpret the inhibition results for each half-reaction. Not
surprisingly, our results illustrate the critical importance of maintaining steady-state
conditions and keeping the maximum reaction velocity near constant levels in one half-
reaction of an enzyme operating through a Ping-Pong Bi Bi mechanism, while
performing kinetic inhibition studies on the opposite half-reaction. This can be easily
performed for enzyme systems in which the inhibitor of interest has an effect with respect
to only one substrate, however, when a single inhibitor induces substantia inhibition in
both half-reactions, maintaining a consistent reaction velocity (Vma) may not be possible.
This is illustrated in the case of AGAO and PPLO for which azide is a potent
noncompetitive inhibitor (low K; values) with respect to substrate amine so the presence
of this inhibitor decreases the maximum reaction velocity for this half-reaction. This
result may complicate deconvolution of the effects of azide on the reoxidation reaction.
It is clear that it is critical to maintain consistent Vmax) for the reductive half-reaction as
inhibitor concentration is increased in order to accurately discern effects of azide on O,
reduction.

The fact that azide exhibits competitive inhibition with respect to substrate
dioxygen in PSAO and rhDAO, with inhibition constants equivalent to the K4 values for
Cu(l1)-N3’, is strong evidence in support of O, reacting directly with Cu(l) during the

oxidative half-reaction. Competitive inhibition cannot readily be reconciled in terms of
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oxygen prebinding to the off-metal proteinaceous site proposed by Klinman and
coworkers (Figure 7, A2), with the subsequent rate limiting step being electron transfer
from TPQar to O,. However, if the recently identified xenon binding pocket in AGAO,
BPAO, PPLO, and PSAO truly represents a transient dioxygen binding site in these
enzymes, then our results can be rationalized by the fact that migration of O, towards the
active site would result in an initial close approach to copper, from which electron
transfer should readily occur (Figure 7, A ® B; Figure 52). This hypothesis is in
reasonable accord with the results reported for PSAO and rhDAO [150]. In addition, our
recent report with the enzyme PSAO provided additional support for the catalytic
viability of the Cu(l)-TPQy intermediate by illustrating the close agreement between the
Kg for Cu()-CN™ and the K; for inhibition of this anion with respect to substrate amine
[107].

Collectively, the results concerning the competitive interaction of azide with
respect to dioxygen in three CUAOs (rhDAO, PSAO, and PPAO) provide strong support
for adirect interaction of dioxygen with the metal center during enzymatic reoxidation in
these enzymes. Although we suspect this to be the case in AGAO and PPLO as well, the
inability to maintain a consistent reaction velocity during the reductive haf-reaction in
the presence of azide obscures the behavior of thisinhibitor in the oxidative half-reaction.
With this in mind, a thorough characterization of the effects of azide on the reductive
half-reaction of HPAO may be warranted; however, given the large body of evidence in
support of a non-redox role of copper in this enzyme, mechanistic differences may exist
between CuAQOs. Although it istempting to put forth a unifying mechanistic proposal for

all CuAQOs based on the similarities among the active sites, mounting evidence suggests
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that copper amine oxidases from different sources may in fact utilize discrete

mechanisms to reoxidize the reduced quinone species.
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CONCLUDING REMARKS

Increased interest in copper amine oxidase mechanism and inhibition has
developed in recent years with the revelation that human vascular adhesion protein
(HVAP-1) is of the same enzyme class (E.C. 1.4.3.6). With the potential for therapeutic
applications, substantial efforts have been made to determine the molecular factors which
govern inhibitor sensitivity and selectivity for copper amine oxidases. Since the human
CuAOs have proven much more difficult to isolate, the majority of our understanding of
CUuAO structure, mechanism, and inhibition has come through the characterization of
bacterial and yeast CUAOs. The similarity in active site structure of the seven
crystallographically characterized CuAOs lends credibility to using this approach for
mechanistic studies. Despite these similarities, considerable disagreement still exists
concerning the precise role of copper during oxygen activation and enzymatic
reoxidation. To address these mechanistic uncertainties and expore the potential for a
recently introduced series of inhibitors, the phenylethylamine oxidase from Arthrobacter
globiformis was chosen as a model CuAO for this work owing to its ease in purification
and the availability of a high resolution X-ray structure.

In an attempt to explore the molecular recognition of inhibitors and define the
factors that control inhibitor potency and selectivity, a series of Ruthenium based,
fluorescent compounds containing a tertiary amine that binds in the active site channel of
AGAO were screened for their ability to inhibit amine oxidation in AGAO. These
compounds, which are some of the most potent CuAO inhibitors studied to date, bind

reversibly with inhibition constants in the mid to low nanomolar range and are considered
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excellent leads for the development of highly potent CUAQO inhibitors. It is believed that

the potency of these compounds is governed by the extent of favorable van der Waals and
hydrophobic interactions between the inhibitor and the residues lining the active site
channel of AGAO. Characterization of the interaction of these compounds with other
CuAOQOs, however, iswarranted in order to test the generality of these findings.

Inhibition studies were expanded from substrate analogues to the use of the small
molecule copper ligands cyanide and azide. These copper ligands were characterized
with regards to their effects on catalysis in order to probe the role of copper during
enzymatic reoxidation. This work demonstrates the first evidence of cyanohydrin
derivitization of the TPQ cofactor in AGAO and presents a general mechanism of CUAO
inhibition by cyanide. It is believed that the primary mode of inhibition by cyanide is the
stabilization of the Cu(l)-TPQg Species thereby preventing electron transfer to dioxygen.
Although not definitive, these results lend support to the hypothesis that oxygen
activation in CuAOs is facilitated by reaction with Cu(l) during enzymatic reoxidation.
The results of inhibition by azide are considerably more complex and their interpretation
must consider the inhibition with respect to both substrate amine and dioxygen. Unlike
the enzymes rhDAO and PSAO, in which the minimal effect of azide on the velocity of
the reductive half-reaction allows for a straightforward analysis of the inhibition observed
during enzymatic reoxidation, azide was shown to have a pronounced effect on the
velocity of the reductive half reaction in AGAO and PPLO. This effect abolishes the
kinetic independence of each haf-reaction in AGAO and PPLO and precludes an
accurate examination of azide's inhibition with respect to substrate dioxygen in these

latter two enzymes. Thus the observed noncompetitive inhibition by azide in these
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enzymes is possibly an erroneous result. Although it is likely that copper plays a redox
role during catalysis in all copper amine oxidases, definitive proof of whether initial
electron transfer to dioxygen originates from reduced quinone or from Cu(l) in AGAO
and PPLO remains elusive. Currently, efforts are underway to establish whether the
Cu(l)-TPQs moiety is a catalytically viable intermediate during enzymatic reoxidation in
AGAO by means of temperature jump relaxation measurements. Using this procedure,
the electron transfer rate between the organic cofactor and the copper center (ker) can be
determined. The possibility of a direct reaction of dioxygen with Cu(l) can be explored
by determining whether this electron transfer is kinetically competent with respect to the

overall rate limiting step during catalysis.



120
APPENDIX A

During the purification of AGAO that has been expressed in E. coli cells, care
must be taken to separate the AGAO from a catal ase expressed by the host E. coli cells.
The presence of catalase can be readily identified by an intense absorption feature at 410
nm. To minimize the amount of catalase contamination, two (katG and katE) of the three
catalase genes found within the chromosome of the host E. coli BL21 (DE3) strain were
disrupted by the P1 phage-mediated transduction and homologous recombination. This
catalase deficient strain of E. coli was generously provided to us by Professor Katsu
Tanizawa (Osaka University, Japan). A complete summary of the engineering of this cell
strain can be found in [89]. In summary, the katE gene was first disrupted using the
phage lysate obtained from a catalase-deficient E. coli mutant UM120 (thi-1 HfrH
katE12.7Tn10) and the katG gene was then disrupted from the chromosome of the katE-
deleted E. coli BL21 (DE3) using the phage lysate obtained from another catalase-
deficient E. coli mutant SNO027 (supE44 hsdR endAl pro thi katG..Tn5). The resulting
katGE disrupted E. coli BL21 (DE3) cells (designated CDO03) produced AGAO as
efficiently as the origina strain upon transformation with the expression plasmid

PAGAO2 (described in Chapter 2).
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