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The discovery of 2,4,5-trihydoxyphenylalanine quinone, substrates, primary amines and molecular oxygen, to alde-
or topaquinone [TPQ1)]* in copper amine oxidases (CAOs) hydes and hydrogen peroxide, respectively. Since the kinetics
defined a new class of enzymatic redox cofactors derived of the TPQ enzymes display a classical ping pong mechanism
from the post-translational modification of tyrosine or trypto- (9), itis relatively easy to examine each of the half reactions
phan protein side chains to form quinonoid structures. Figure involving substrate amine oxidation (reductive half reaction,
1A shows the structures of the cofactors which have beeneq 1) and dioxygen reduction (oxidative half reaction, eq
characterized, namely, TPQ, lysine tyrosyl quinone [LTQ, 2):
formed via the cross-linking of a tyrosine and a lysine side
chain Q)], tryptophan tryptophyl quinone [TTQ, formed via Eoy + RCHZNH;L - EOX—RCHZNH;r —
the cross-linking of two tryptophan side chair®]( and E .+ RCHO+ H.O
cysteine tryptophyl quinone [CTQ, formed via the cross- red 2
linking of a cysteine and a tryptophan side chaf)j.(It has
been shown that TPQ formation in CAOs proceeds through
a copper-ion-dependent autoxidation which does not require
a_nother e'nzymels( 6). The detail; of the mechanism of TPQ _REDUCTIVE HALF REACTION ( keafKm FOR
biogenesis are less well established than those for catalytchMlNE)
turnover and are an active area of investigation (cf. refs
and8). In the present review, we focus on the increasingly  In the reductive half reaction, CAOs catalyze the conver-
well-described role for TPQ in the conversion of the sion of an aliphatic or aromatic primary amine to an
aldehyde, which results in the reduction of TPQ to an
aminoquinol form. This first half reaction has been well

E.q+ O, +H,0—E,, + NH,” + H,0,

T Supported by grants from the NIH (GM39296 to J.P.K.) and

(GM08352 to S.AM.). characterized for a number of CAOS)( providing solid
* To whom correspondence should be addressed. Tel: 510-642-2668.evidence for the aminotransferase mechanism presented in
Fax: 510-643-6232. E-mail: klinman@socrates.berkeley.edu. Scheme 1. As illustrated, TPQ undergoes reduction by two

*Both of these authors contributed equally. : “ P :
§J.P.K. is also in the Department of Molecular and Cell Biology. electrons, thereby serving as a "storage site” for reducing

1 Abbreviations: CAO, copper containing amine oxidase; AGAO, €quivalents that are ultimately transferred to molecular
Arthrobacter globiformisamine oxidase; BSAO, bovine serum amine  oxygen in the formation of hydrogen peroxide (see Oxidative

oxidase; ECAQ Escherichia coliamine oxidase; HPAGHansenula Half Reaction below) The intermediates in Scheme 1 have
polymorphaamine oxidase; WT-HPAO, wild-type HPAO; €#PAO, . ) s . N,
Co(ll)-substituted HPAO: PSAO, pea seedling amine oxidase; PPAO, P€€N characterized by a combination of chemical, kinetic and

Pichia pastorisamine oxidase; TPQ, 2,4,5-trihydroxyphenylalanyl Spectroscopic means.

quinone, or topaquinone; TRQoxidized form of TPQ; TPy, reduced Resting Form of CAO1(in Scheme 1)Prior to their
form of TPQ, TPQ, semiquinone form of TPQ; TTQ, tryptophan  yaaction with amines, CAOs show a characteristic broad
tryptophyl quinone; CTQ, cysteine tryptophyl quinone; LTQ, lysine . . -
tyrosyl quinone; NHE, normal hydrogen electrode; TMPA, tris (2- absorption band with &na,at around 480 nm, arising from
pyridylmethyl) amine. the oxidized form of TPQ (TP&) and resulting in their
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Ficure 1: (A) Structure of protein-derived quinonoid cofactors. TPQ, 2,4,5-trihydroxyphenylalanyl quinone, or topaquinone; TTQ, tryptophan
tryptophyl quinone; CTQ, cysteine tryptophyl quinone; LTQ, lysine tyrosyl quinone. (B) Schematic of key residues in the active site of
HPAO. Hydrogen bonding interactions are shown with dotted lines, and the distances are in A.

Table 1: Absorption Maxima of CAOs

Amax €

enzyme source (nm) (M~tcm™?)
bovine serum (BSAO) 476 1906Q)
pea seedling (PSAO) 500 24564
H. polymorphaHPAO) 472 240065)
P. pastoris(PPAQO) 480 207083)
E. coli (ECAOQ) 474 199014
A. globiformis(phenethylamine) (AGAO) 475 17001
A. globiformis(histamine) 498 19006Q)
TPQ model (pH 2) 388 700LO)
TPQ model (pH 7) 488  180Q0)
TPQ model (in acetonitrile) 372 7003
TPQ model (in acetonitrile- tert-butylamine) 498 21001Q3)

distinctive pink color. Depending on the source of CAO, the
Amax €an vary from 472 to 500 nm (Table 1). TR@xists
as an oxoanion due to the acidity of the 4-hydroxyl group
[pPKa = 4.1 in a model compoundL() and ca. 3 in BSAO
(10) and AGAO (11)]. Comparison of the resonance Raman
spectra of the resting form of CAOs with a TRQ@nodel

aqueous solution, the model compound showgaat 488
nm, which shifts to 380 nm upon acidificatiod ). The
differences in thelmax among the CAOs are believed to
reflect variations in the extent of the charge delocalization
of TPQ, within the active site. The X-ray crystal structures
of HPAO and ECAO show a highly conserved axial water
molecule of the active site cupric ion and a strictly conserved
Tyr (Y305 in HPAO, Y369 in ECAO), which form hydrogen
bonds with the oxygens on C-2 and C-4, respectivél; (
15) (Figure 1B). The latter is a relatively short hydrogen
bond (2.6 A in HPAO, 2.7 A in ECAO), suggesting that
this interaction is strong in these enzymes and may control
the extent of charge localization at C-4. Elimination of the
interaction by mutation of Tyr to Ala in HPAQLE) or Phe

in ECAO (14) results in about a 15 nm red shift of thgax

of TPQyx. However, the rate of enzymatic turnover with
alipathic amines is practically unaltereti4( 16).

The anionic form of TP is resonance stabilized with
reduced electrophilicity at the C-2 and the C-4 positions,

compound shows extensive delocalization of charge betweenwhich directs nucleophilic addition of an amine exclusively

the oxygens on C-2 and C-43). A fully delocalized TPQ
model compound has/a.axat 498 nm in anhydrous aprotic
solvents, which shifts to 372 nm upon protonatidd)( In

to the C-5 position13, 17 (cf. next section). Clearly, TPQ
must be in a specific orientation to expose the C-5 to the
substrate-binding site. There are a number of active site
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Ficure 2: (A) Active site structure of HPAO showing residues important to orient TPQ for optimal catalysis. TPQ (in red), Y305 (in blue),
D319 (in purple), N404 (in light blue), H458, H456, H624 (in orange)?'Qin light green), and the axial water ligand toyin yellow)

are highlighted. (B) Putative £hinding site of HPAO. The proposed hydrophobic pocket is composed of Y407, M634, and L425 (all
shown in white). TPQ (in red), D319 (in purple), H458, H456, H624 (in orange), aRd @ulight green) are also highlighted.

Scheme 1: Mechanism for the Reductive Half Reaction of CAOs
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residues that have been implicated in controlling this D319E (low activity) and D319N (inactive) show the reverse
orientation, shown in Figures 1B and 2A. One line of exchange patternl@). Further, the mutant N404A (low
evidence for the dynamic nature of TPQ comes from isotope- activity) shows rapid exchange at both positioP@)( These
labeling studies. Both the C-5 oxygen and C-3 proton of results can be explained if TPQ exhibits conformational
TPQ. analogues undergo exchange with O-18 water and mobility where, in the wild-type, most of the TBQis
D,0, respectively12). In wild-type HPAO, the C-5 oxygen doriented in the catalytically active conformation, and in
of TPQ. rapidly exchanges with solvent water, whereas the D319E and D319N, this is reversed. In the X-ray crystal
C-3 proton is honexchanging. This has been interpreted instructures of CAOs, TP has been seen in different
terms of the relative solvent accessibility of these ring orientations, depending on the conditions under which the
positions (8). In contrast to the wild-type, the mutants crystals were grown and the form of CAO and active site
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mutant studied 14, 15, 21—24). In some cases, TRQIs Schiff base compounds is localized by electrostatic inter-
actually disordered. Recent solution studies of exchange byaction, maintaining the anionic electron density primarily on
resonance Raman spectroscopy show good correlation withthe C-4 oxygen to yield almax at 346-350 nm. The
results from X-ray crystallography¥). It should be noted  delocalization of the charge results in a shift of fhex to
that the X-ray crystal structure of ECAO in which the active 454 nm.
site base, an aspartate residue, has been converted to a At the enzyme active site, there are two possible inter-
glutamate residue (corresponding to D319E in HPAO) shows actions that may be responsible for charge localization at
TPQ. in a productive orientation (analogous to WT); the the C-4 oxygen: a hydrogen-bonding interaction between
exchange studies carried out on D319E of HPAO have yet the C-4 oxoanion of TPQ and the nitrogen of the protonated
to be repeated on this mutant form of ECAO. Schiff base at C-5 or a hydrogen-bonding interaction between
For WT-HPAO and its D319E mutant form, NHas well the C-4 oxoanion of TPQ and an active site residue. The
as other cations incapable of covalent addition to JR€uch X-ray crystal structure of the ECAO-2-hydrazino pyridine
as cesium and dimethylammonium ions) cause a substantiacomplex provided the first direct observation of a substrate
blue shift in thelmax to around 345 nm at pH 94.9). These Schiff base-like species in the enzyme active site, where the
results indicate that the blue shift does not arise from covalentdistance between the C-4 oxygen and Y369 is shorter than
addition of ammonia to TPQ but, rather, is produced by that observed in the resting enzyme (2.4 A versus 2.7 A),
binding of the cations in the vicinity of TR The fact that implying a strengthening of this interactio26).
this species forms most readily at pH 9 suggests that the The positive charge on the protonated Schiff base nitrogen
ionization of the active site base (D319) helps cation binding. at C-5 is also close to the active site base. Studies of the pH
In fact, cations have no effect on the D319N mutar®) ( It dependence of the reductive half reaction for BSAD) (
has been proposed that these cations interact with the C-4and HPAO (6) have implicated an elevatecKp for the
oxoanion of TPQ, thereby causing the blue shift in the active site base in the resting form of the enzymk,(p
absorption of TPQ (19); however, the extinction coefficient  8), presumably due to charge repulsion with the anionic form
value of the species (2366700 Mt cm™?) is much larger of TPQ., together with a reduced<@ of 5—6 in the substrate
than that obtained for the charge localized TR@00 M Schiff base complex (see below). Thus, the charge on the
cm) (Table 1). Interestingly, the structures of ECAO and protonated nitrogen at C-5 of the substrate Schiff base is
AGAO obtained from colorless crystals grown in 2.3 M expected to be stabilized by interactions involving both the
ammonium sulfate at pH-78.3 show TPQ bound to the deprotonated active site base and the C-4 oxoanion of TPQ.
active site copper through the C-4 oxygen, although no Product Schiff Base Intermediat8 {n Scheme 1)The
ammonium ions were identified in the active siteg,(23). conversion of the substrate Schiff bageir{ Scheme 1) to
It is conceivable that the reported spectroscopic data forthe product Schiff base3(in Scheme 1) occurs via base-
HPAO in the presence of monovalent cations reflect an inner catalyzed abstraction of a proton at the C-1 position of the
sphere complex between the active site copper and,d PQ substrate in a step that is sensitive to deuterium or tritium
Substrate Schiff Base Intermediat i6 Scheme 1)A labeling of the substrate3Q, 31). In the case of BSAO, the
channel for amine substrate binding has been identified fromlarge size of the measured kinetic isotope effeckaKn
X-ray crystallographic studied §, 23). The substrate binds  for benzylamine and their nonclassical temperature depen-
to the active site in its protonated form and must be dence have been used to implicate hydrogen tunneling in
deprotonated to facilitate the nucleophilic addition to TPQ the C—H cleavage step3@). Detailed kinetic studies of the
(9). This deprotonation is most likely effected by the active pH dependence of substrate oxidation by BSAO support the
site base. Covalent adduct formation is known to take place participation of a catalytic residue witikKpof 5.6 30). X-ray
at the C-5 carbonyl group of TRQ as inferred from the  crystallographic studies on the active form structures of
reaction of CAOs and model compounds with inhibitors and CAOs reveal a strictly conserved aspartate group (D319 for
substrate analogue4?, 26) and from isotope exchange of HPAO in Figures 1B and 2A) close to the C-5 position of
the oxygen at C-5 observed by resonance Raman spectrosthe cofactor. The structure of the inhibited ECAO-2-
copy (12, 18, 27). The reaction between the substrate amine hydrazino pyridine complex shows that this Asp is in an ideal
and the C-5 carbonyl group of TR{forms the first stable  position to act as the catalytic bas®4). The mutation of
intermediate, the substrate Schiff base spedas Scheme the Asp to Asn completely eliminates the catalytic activity
1). Formation of is expected to proceed via initial formation of HPAO (19) and ECAO g4), but if Asp is mutated to
of a carbinolamine which then loses water, presumably by Glu, there is some activity, albeit less than with the wild
taking up a proton from the protonated active site base. type. The reduced activity of the Glu mutant in solution could
However, the carbinolamine has thus far not been observedbe explained if most of the TRRQis in a nonproductive
The intermediacy of the substrate Schiff base species hasorientation, due to steric repulsion between the longer side
been further implicated by chemical trapping experiments chain of Glu and the TPQ (19).
on BSAO @8) and Arthrobacter P1 amine oxidas29). In contrast to the substrate Schiff bas®, (the product
Rapid-scanning stopped-flow experiments with BSAO under Schiff base 8) has never been directly detected under the
anaerobic conditions indicated a transient species with,a normal catalytic turnover conditions28, 29). This is
at 340 nm in the oxidation of benzylamine. The species with expected from the large hydrogen kinetic isotope effect on
aAmax at 340 nm was proposed to be a substrate Schiff basek../Km (amine) and the implication of the accumulation of
complex stabilized by a strong electrostatic interaction the substrate Schiff base, together with model chemistry,
between the protonated imine nitrogen at C-5 and the C-4 which predicts the high reactivity of the product Schiff base
oxoanion of TPQ. This assignment is supported by TPQ toward hydrolysis 17). Formation of3 has been inferred
model compoundsl{) where the C-4 oxoanion of substrate from tritium exchange experiments using-phenethylamine
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labeled at the C-2 position, where the label was lost during Only if such prior protonation confers exceptional reactivity,

turnover B0). This result indicates enamine formation from as suggested recently from density functional calculations
3, in which the C-2 protons would be acidic and undergo (36), would proton transfer to the C-2 oxygen be expected
exchange with solvent. Further, a spectral intermediate, to precede loss of proton from the C-1 position of substrate.

believed to be a delocalized form 8f was observed in a Aminoquinol 4 in Scheme 1)The properties of the
stopped-flow spectroscopic study usipgra-hydroxyben-  aminoquinol have been studied via the synthesis and
zylamine as a substrat83). characterization of model compound&0) and through

In active site mutant forms of HPAO, such as E408M)(  studies of substrate reduced forms of CAOs in the absence
and N404A p0) where these residues flank TPQ, a species of O, (33, 37). Model compounds for the aminoquinol
with almaxat 380 nm accumulates in the steady-state reactionindicate almax0f 310 nm at neutral pH and a redox potential
with methylamine as the substrate. Resonance Raman spectref 0.11 V versus NHE, pH 6.8, as compared to the quinol
of the 380 nm species indicate it is the neutral form of the derived from the reduction of TRQ(0.09 V versus NHE,
product Schiff base3(in Scheme 1). This absorbing species pH 6.8). In solution, three i, values have been detected
is believed to arise from rotation of the protonated Schiff for the aminoquinol by UV-vis titration and from cyclic
base away from the active site base (analogous to that seeroltammetry (K.! = 5.88, K2 = 9.59 and K2 = 11.62).
@n tlh'e.resting form of.TPQ) leading to deprqtonatior} and A species absorbing at 310 nm can also be seen in
inhibition of hydrolysis. At low pH 7), this species  gypstrate reduced enzyme under anaerobic condit@B)s (
disappears, supporting the hypothesis that this Schiff basez7) The first (K, for aminoquinol appears to be elevated in
can be reprotonate@), undergoing facile hydrolysis to yield  the enzyme active site, presumably due to the proximity of
the reduced TPQ (TRE) in the aminoquinol form 4 in the active site base in its ionized form, which can stabilize
Scheme 1) and a corresponding product aldehyde. Thean adjacent protonated amine at C-5 of TRQnalogous
formation of a similar species with &nax at 388 nm was g charge stabilization within the substrate and product Schiff
observed in Y305 mutants (Y305A or Y305F)§). In pase complexes). From UwWis titration of the aminoquinol
contrast to the E4A06N and N404A intermediate, this speciesgng an EPR study of the semiquinone (EPG@hat forms
has a much shorter lifetime and rapidly disappears abovefrom the neutral aminoquinol, thekgt has been assigned a
pH 7. value of 7.2 in BSAO 37) and 6.8 in HPAO 38),

The formation of the product Schiff base involves the comparable to a kinetically determinedKg value for

formal transfer of two electrons from the substrate amine to reduction of molecular oxygen (see Oxidative Half Reaction
TPQ,. Additionally, the oxygens at the C-2 and C-4 pelow).

positions of TPQ are expected to be protonated as iae p The formation of a protein bound TRQwas first observed

of these positions increase upon reduction of the TPQ g ¢rom anaerobic EPR studies of the substrate reduced form
(10) (see belovy): The proton at the C-4 oxygen has been of a variety of CAOs as a function of temperatu®)( The
proposed to originate from the C-1 carbon of the substrate f,mation of TPQ, results from a disproportionation reaction
via the protonated active site base, regenerating D319 as agyeen the active site Cu(ll) and the aminoquinol, where a
anion hydrogen bonded to the protonated imine nitrogen athighly variable titer of TPQ, can be detected, depending

C-5 (9). This protonation state of the active site base has ,'the source of the CAO. It appears that subtle differences
been inferred from isotope exchange studies with BSAO i, 4tive site structure are sufficient to alter the relative
where the radiolabel was lost from the C-2 position of o, ction potentials for Cu(ll) versus TRQ Since electron

tritiated phenethylamine substrat&). Protonation of the_ _transfer between Cu(ll) and TR@was shown to be faster
C-4 oxygen is certainly one cause of the reduced stability w5 catalysis, it appeared logical to conclude that Cu(l)
of the product Schiff base intermediate that arises from a,,5.1d be the site of reactivity for © As shown below

loss of electrostatic stabilization by the neighboring oxoanion o vever the mechanism of,@eduction turns out to be

(9, 17). o ) contrary to original expectations (see Oxidative Half Reac-
The origin of the proton on the C-2 oxygen is less well tion).

e o S ynher 22 Rate-Determining Sefthe degree of rte mition by
oxidize.d ﬂ5y21 23, 35) or )r/educed 25 forms of T?DQ the various steps in the reductive half reaction is dependent
L on bhoth the source of CAOs and which mutant is being

indicate that the axial water on copper is close to the C-2 . . .

oxygen of TPQ. In the reductive half reaction, it is assumed \?J;g'reedp' o-lr-tr;_?j ts(;J gztrlaéeS(?grutBeSn’lAJ\gq;ss\tﬁﬁg fifrfi'cﬁfg Tt
tk;z::ep(;gtson?t;on roef dLhCEEiOi'ztoox¥\?:nT;OII%Wfﬁerarggirtr;?an is reduced to 4.51(). This suggests that the reductive half
pre: i Q . 9 ) . . reaction is controlled more by-€H bond cleavage in the
aminoquinol form along with copper hydroxid@)(This is BSAO reaction. For the D319E mutant of HPAO, no isotope

because the C-4 oxygen of the substrate Schiff base .
. . L effect was seen oke../Km, and it has been suggested that a
intermediate is likely to be deprotonated (cKp= 3 for conformational change limits the ratég).

TPQx in BSAO). Further, the significantly blue-shiftégax
of the substrate Schiff base relative to TR@dicates charge OXIDATIVE HALF REACTION (  kea/Km FOR O»)
localization at the C-4 oxygen while the C-2 oxygen remains

neutral (see above). The highekpfor metal-bound water On the basis of the observation of TR@ the substrate
(estimated as 67 from the kinetics of the oxidative half reduced form of CAOs under anaerobic conditions, a
reaction, see below) relative to TRQredicts a very low mechanism39) was proposed involving direct reduction of
concentration of a protonated TBQ copper hydroxide O, by Cu(l) to form Cu(ll}-superoxide. Further reduction
intermediate that could be formed in a preequilibrium step. by TPQq would yield Cu(ll)-peroxide, and the imino-
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Scheme 2: Mechanism for Direct Reduction of Oxygen by

TPQed (37)

E E E
1 2 3
H 0,  H HO
—
NH, 0=0 NH, 100 NH,
Cu2* OH Cu2+ OH Cu2+ OH
E E E
HO 4 O 5
——
(P—OT H,0, +
Cu? NHe cu® NHe o NH,  Cu? °©

quinone form of TPQ. Hydrogen peroxide is then released
from the protein and subsequent hydrolysis of the imino-
quinone regenerates TRQInteraction of Cu(l) with Qis
well known in model systems4() as well as in several
protein systems, including dopamifienonooxygenase and
peptide amidating enzymd ).

Spectrophotometric studies émthrobacterP1 CAO @2)
and PSAO 43) showed that electron transfer from Cu(ll) to
TPQeq Was too rapid to be rate-limiting. An absence of a
solvent viscocity effect oto/Kn (O2) for BSAO ruled out
O, binding to Cu(l) to form Cu(ll}-superoxide as rate-

Current Topics

The inability to reconcile the experimental results on
BSAO with predictions for a Cu(l) mechanism led to a
consideration of alternatives and a final proposed mechanism
that places the Cu(l)/TPQspecies off the reaction pat8).
According to the mechanism in Scheme 2, electrons are
transferred directly from TPQ to O, in the catalytic cycle,
and Q binds initially to a nonmetal site on the enzyme.
Following reduction by TPQy superoxide can move onto
Cu(ll), facilitating the transfer of a second electron and two
protons from TPQ, Analogous to earlier proposed mech-
anisms, the completion of the oxidative half reaction involves
release of bound hydrogen peroxide and hydrolysis of the
iminoquinone to release ammonia and regenerate,lPQ

O, Binding Site.Examination of the X-ray crystal struc-
tures for CAOs indicates a dimer interface that is extensively
hydrated, with the subunits held together by protruding arms
[i.e., the subunits hug each othdrs( 21, 23)]. It has been
postulated that @ dissolved in the water pocket between
the subunits, enters the active site via a discrete channel that
leads to a site near, but not on the copper ion (Figure 3).

The exact nature of a nonmetal binding site fori©of
considerable interest and not yet fully resolved. Recognizing
that G, was likely to bind to a hydrophobic portion of the
enzyme, a cavity was identified in HPAO which is equatorial

limiting (37); the absence of a solvent isotope effect also to the copper and lined by three hydrophobic amino acids
eliminated peroxide protonation as a rate-limiting step. — Y407, L425, and M63437), Figure 2B. In BSAO, the

Finally, rate-limiting peroxide release, where all steps leading analogous residues are Tyr, Ala, and Thr. Position 634 in
up to peroxide release are reversible, was ruled out, asHPAO appears most critical, since M634T confers BSAO-

formation of TPQx was not biphasic as predicted for this
mechanism 7). Further, the relative redox potentials for
O,/H,0; (¢° = 0.28 V at pH 7 versus NHEX#) and TPQ,/
TPQed(e° =0.11V at pH 7 vs NHE)10), made it unlikely

like behavior on HPAO, with regard to the magnitude of
kealKm (O2) (45). Systematic change in the side chain at
position 634 in HPAO indicates a strong correlation between
the size of this residue and the magnitudek@fKnm (O,),

that peroxide could be formed reversibly at the enzyme active with relatively small effects ok Since the latter parameter

site.

is limited by cofactor oxidation (see below), it was concluded

Ficure 3: Dimer interface showing channel with water molecules (in gray). Subunits are shown in pink and blue. TPQ (in red), D319 (in
purple), H458, H456, H624 (in orange), and?Cyin light green) are also highlighted.
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that residue bulk impacts the strength of knding @5). to prepare metal-substituted CAOs was developed for HPAO
The precise accommodation of a prebounddd acceptance  (46). This involves reaction of the Cu(ll)-depleted HPAO
of an electron from TPgy has been invoked to explain the with the inhibitor, phenylhydrazine. The TP{@henyl-
finding that N does not compete with {for its binding hydrazone complex only forms at subunits that retain metal,
site @5). thereby inactivating any subunits that have bound residual

Electron Transfer to @ Electron transfer from TP to copper. Subsequent reconstitution of inhibited enzyme
O is the first chemical step in the proposed mechanism, stepeliminates the possibility that measured activity reflects
2 in Scheme 237). Although a two-electron oxidation of  residual Cu(ll). The activity of the Co(ll)-substituted HPAO
an organic molecule by Qs spin-forbidden, the chemistry  prepared in this manner was examined for the first time as
of TPQ model compounds shows that these compoundsa function of Q concentration. This study shows that
undergo facile one electron transfer to reduce(@5). A replacement of Cu(ll) by Co(ll) alters th&, for O, but that
second-order rate constant for TRfxidation by Q has saturating @ leads to essentially an identical value Qg
been determined as 18.6 Ms ™ at pH 7.1 46), which, at pH 7.1. Since the redox potential for Co(ll) to Co(l) is
though slower than enzymatic catalysis, indicates a reason-expected to be ca. 800 mV more negative than that for Cu(ll)
ably efficient direct interaction of TPg with molecular reduction 63), this rules out an obligatory reduction of the
oxygen. metal during the oxidative half reactioAq).

The measurement of O-18 kinetic isotope effects reveals In a very recent comparison of the properties of WT-
a discrimination between O-16 and O-18 wWitfk.a/Km (O,)] HPAO and Ce-HPAO, limiting kinetic parameters were
~ 1.01, identifying electron transfer to,@s the rate-limiting obtained at optimal pH value88), showing thak../Km (O5)
step for both BSAOJ7) and HPAO 88). The reduction in is reduced 250-fold for CoHPAQO while ko is down ca.
the size of the kinetic isotope effect in relation to a calculated 3—4-fold. The possibility that the large decreasei/Knm
value of 1.03 for conversion of £to superoxide ion47) (Oy,) for Co—HPAO was due to a change in rate determining
may have indicated some participation of the active site step was ruled out by the finding of almost identical
Cu(ll) in stabilizing superoxide ion as it is formed. However, properties as for WT-HPAO. These include (i) a lack of
recent studies with both WT-HPAO and a cobalt-substituted dependence on solvent viscosogen, (i) a small solvent
form, Co—HPAQO, indicate that displacement of metal-bound isotope effect, within experimental error of unity, and (iii) a
water occurs after electron transfe&d8[. The size of the measurable O-18 kinetic isotope effect that is similar to WT-
measured O-18 kinetic isotope effect is more likely correlated HPAO (38).
to the ligand reorganization and reaction driving force for ~ Perhaps most significantly, the pH dependenck.gK,
oxidation of TPQ.q4 by O, (48). (O,) for Co—HPAO shows only a singleiy value, leading

The pH profile ofk.a/Km (O) indicates two s where to the conclusion that CeHPAO functions without ioniza-
catalysis is dependent on the free base forms of two ionizingtion of one of the metal-bound waters. This is almost
residues. As noted above (under Reductive Half Reaction), certainly the origin of the large increase K, for O, with
one of the ;s [7.2 in BSAO 87) and 6.8 in HPAQO 38)] Co—HPAO, which is attributed to an effect of the increased
can be assigned with some assurance to the aminoquinolpet charge on the metal complexH{) for WT-HPAO that
whose redox potential is reduced upon deprotonation. Thecontains Cu(Il}>-OH vs (+2) for Co-HPAO with Co(ll)—
second K, is likely to be the metal-bound water, since this OH,] (38). Though not previously recognized, the charge at
pKais lost upon substitution of Cu(ll) by Co(ll) (see below), the metal site can be expected to impact the ability ptdD
which is expected to raise th&pfor metal-bound water by  bind effectively at the adjacent, hydrophobic site (Figure 2B).
several pH units49). Interaction of Superoxide Anion With Cu(INlechanistic

A key feature of the mechanism of Scheme 2 is the lack studies led to the conclusion that the metal ion of HPAO
of a requirement for a valence change at the metal center.and superoxide ion interact at some point along the reaction
This is expected to have the effect of reducing or eliminating path @6), consistent with the X-ray crystallographic study
the contribution of a metal ligand reorganization term to the of ECAQO that shows binding of product peroxide in close
rate determining electron transfer. By contrast, the Cu(l) proximity to metal and without an intervening water molecule
mechanism is critically dependent on the availability of a (35). In contrast to Co(ll), other divalent metals [Zn(ll) and
lower valence form of the active site metal for effective Ni(ll)] appear unable to support catalysis, implying that
catalysis. Characterization of metal-substituted forms of something beyond simple electrostatics is involved in the
CAOs is a logical way to distinguish between these mech- metal-superoxide interaction, possibly involving charge
anisms, and metal replacement studies on the CAOs haveransfer 46). The very low reduction potential for Co(ll)
been attempted for close to 20 years with mixed results. In versus Cu(ll) 3, 54) indicates that charge-transfer com-
an early study0), the Cu(ll) of BSAO was replaced with  plexes between superoxide and these two metal ions would
Zn(11), Ni(Il), and Co(ll). Co(ll) was the only ion other than  be very different, involving charge donation from superoxide
Cu(ll) that gave any activity. Recent investigations have re- in the case of Cu(ll-enzyme and charge acceptance for the
examined the activity of the Co(ll) substituted form of BSAO Co(ll)—enzyme.
(51), together with the reactivity of Co(ll)-substituted BSAO The stage at which the metal-bound water has been lost,
toward various amine substraté&g). In all of these studies,  opening up a site for superoxide, has been addressed in the
the Co(ll)-substituted enzyme was found to be significantly more recent study38). From a comparison of the pH
less active than for the native, CufHgnzyme. dependencies on boky,andkea/Km (O,) for WT- and Co-

One troubling aspect of metal replacement studies has beerHPAO, it has been possible to eliminate mechanisms in
the potential for contaminating copper in metal-substituted which displacement of metal-bound water either precedes
CAOs. A somewhat different and more rigorous approach O, binding to enzyme or occurs concomitant with the first
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electron transfer to £(38). These results indicate that loss

Current Topics

the oxidative half reaction with methylamine (the optimal

of water follows the first electron transfer step and leads to substrate for HPAO)16). For this reason, a discussion of

a positioning of superoxide, most likely in the axial position
of metal. The latter is implicated from the structural
characterization of reduced ECAO following incubation with
O,, showing oxidized aminoquinol (iminoquinone) and
peroxide ion in the axial positior3p).

steps limitingkey is limited to an individual enzyme and
cannot be generalized to the entire CAO family.

Steps Limiting & in HPAO. The lack of a deuterium

isotope effect ork., with labeled methylamine contrasts
sharply withk../Kn, for amine (6) and strongly suggests

In WT-HPAO, the axial water has been suggested to be athatk.in HPAO is controlled by the oxidative half reaction.
proton source in TPQ reduction, leading to copper-hydroxide The pH dependence fdi./Kn (O,) [see Oxidative Half

in the reduced form of enzymetl). The first electron
transfer to @ from the neutral aminoquinol will significantly
perturb the K, in the TPQq (37), such that rapid proton

Reaction ke.{Knm (O2)] increases from pH 6 to 9, with two
pK.s, 6.8 and 7.9, and a maximal value above pH39).(
The pH profile fork.y is bell-shaped with K.s of 6.1, 7.7,

transfer would be expected to proceed from the C-2 oxygenand 8.7 and a maximal value at pH 7.38). The kinetic

of TPQqto the metal hydroxide. The resulting metal-bound

pKzs of 7.9 kealKm (O2)] and 7.7 kea) have been assigned

water could then undergo the proposed rapid exchange byto ionization of a copper-bound water as a result of

the superoxide anion.

Proton and Electron Transfer to Copper Superoxide to
Form Hydrogen PeroxideThe kinetic properties ofca/Knm
(O,) do not allow us to address the details of the final
chemical steps in ©reduction. It is anticipated that the
second electron comes from the TR@nd that one of the
protons required for hydrogen peroxide formation will come
from the C-4 oxygen of TPQ. The proximity of the active
site Tyr (Y305 in HPAO, Figure 2A) to the C-4 oxygen

comparison of the CoHPAO to WT-HPAO @8). The
kinetic pK, of 6.8 in keofKnm (O) could also be assigned to
the ionization of the protonated TRE(38), and the K, of

6.1 ink.qis likely to reflect the same species. The thii,p

of 8.7 inkg4: is unassigned, but is almost certainly related to
the fact that the enzyme must be “reset” at the end of the
oxidative half reaction by the uptake of a proton, which
converts the enzyme to a form that contains coppeater
instead of copperhydroxide. Copperwater is proposed to

suggested that this residue might be important in a hydrogenbe one of the proton donors in the reaction of TP®ith
bonding network to the copper-hydroperoxide. However, a substrate QUrlng the reductive half reaction. This group may
site-specific mutagenesis experiment to convert this residuebée the active site base that has reverted to the elevétgd p

to Ala (Y305A in HPAOQ) indicates an almost identical rate
to WT using an aliphatic amine as the substrdi®).(It is
possible that water binding within the “opened up” cavity

seen inke{Ky (amine) (L6, 30). Significantly, UV—vis
spectroscopic analyses of HPAO indicate that ER® the
dominant species that accumulates under steady-state condi-

of the mutant can take on the role of a hydrogen-bondedtions in the presence of excess substrate and(19).

network normally assumed by the Y305.
Iminoquinone (Formed in Step 4 in Scheme Zhe

iminoquinone species was first detected by X-ray crystal-

lography, following incubation of crystals of ECAO with
B-phenethylamine3b). The UV—vis spectrum of the crystal,

Demonstration that electron transfer from TR@ O limits
Keaf K (O2) comes from the size of the O-18 kinetic isotope
effect. Unfortunately, the methodology currently available
for measuring the small oxygen isotope effects ig- O
dependent reactions is only suitable to competitive measure-

when compared with those of model compounds, is consis- ments, precluding an analysis of the O-18 isotope effect on

tent with the iminoquinone being in a charge localized form,

at-

as the crystal structure shows a short hydrogen bond (2.4 Steps Limiting & in BSAO.From an early study of the

A) interaction between the C-4 oxygen of the iminoquinone pH dependence of the substrate isotope effect, it was
and the conserved Y369 (Y305 in HPAO). In addition, the concluded that the proton abstraction step of the reductive
C-2 oxygen appears directly hydrogen bonded to a dioxygenhalf reaction significantly limitskes; in BSAO (30). The

species that has displaced the axial water of the copper ionmagnitude of the substrate isotope effect, together with the

and which has been interpreted as hydrogen perox@ge (

steady-state concentration of TRQfurther indicated that

The release of ammonia from the iminoquinone to solvent the oxidative half reaction limit&..: about 40% and the

may proceed either by hydrolysis to TRQr by a tran-

reductive half reaction limit&. by 60% 7). Analogous

simination reaction with substrate amine to form the substrateto HPAO, it was possible to detect significant levels of

Schiff base 2 in Scheme 1)%5). In model systems, the latter
is preferred 17).

PROPERTIES OF Kcat

TPQeqby UV—vis spectroscopy during steady-state turnover,
consistent with electron transfer from TRgo bound Q
as the second major step contributingktg for BSAO.

CONCLUSIONS AND FUTURE DIRECTIONS

The discussion, thus far, has focused on mechanistic steps

related tok.a/Kn, for O, or amine. We now turn our attention
to steps contained ik, For the two amine oxidases that

The TPQ cofactor within the CAOs is a remarkably
efficient and precise catalyst. It can catalyze both the two-

have been characterized in the greatest detail (BSAO andelectron oxidation of an amine substrate via a proton
HPAO), there are obvious differences in rate determining abstraction mechanism and a two-electron reductionof O

step(s). For BSAOK. is approximately 60% rate limited

Throughout these processes, TPQ behaves as a “transducer”,

by the reductive half reaction with benzylamine as the storing the two electrons and two protons derived from

substrate (the optimal substrate for BSAGJ) In contrast,
keat in HPAO appears nearly completely limited by steps in

substrate for delivery to £ In many ways, the reductive
half reaction resembles pyridoxal phosphate catalysis, in
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which a ring structure serves as an electrophilic sink for on the proteins, as has been generally believed, or whether
proton abstraction from substratetf. During the oxidative directed pathways have evolved for “shepherding” dioxygen

half reaction, TPQ is more analogous to flavin, supporting from bulk solvent to the active site.
As the above partial list indicates, there is much more work

reduction of Q in the absence of a spin interconversion at
the normally unreactive, ground-state triplet(67). Mobility
of TPQ appears to be an inherent feature of a cofactor derived

to be done.

from a non-cross-linked tyrosine. In fact, this mobility REFERENCES
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