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Background: Copper amine oxidases activate O2 either at the copper center or aminoquinol cofactor.
Results: Catalytic intermediates from the oxidative half-reaction are structurally and spectroscopically characterized.
Conclusion:Themechanism of O2 activationmay depend on accessibility dictated by two conformers of the quinone cofactor.
Significance: Structural changes that inform on catalytic mechanism have been revealed in the ubiquitous copper amine
oxidases.

Themechanism ofmolecular oxygen activation is the subject of
controversy in the copper amine oxidase family. At their active
sites, copper amine oxidases contain both a mononuclear copper
ion and a protein-derived quinone cofactor. Proposals have been
made for the activation ofmolecular oxygen via both aCu(II)-ami-
noquinol catalytic intermediate andaCu(I)-semiquinone interme-
diate. Using protein crystallographic freeze-trapping methods
under low oxygen conditions combined with single-crystal
microspectrophotometry, we have determined structures corre-
sponding to the iminoquinone and semiquinone forms of the
enzyme. Methylamine reduction at acidic or neutral pH has
revealed protonated and deprotonated forms of the iminoquinone
that are accompanied by a bound oxygen species that is likely
hydrogen peroxide. However, methylamine reduction at pH 8.5
has revealed a copper-ligated cofactor proposed to be the semiqui-
none form. A copper-ligated orientation, be it the sole identity of
the semiquinoneornot, blocks theoxygen-binding site, suggesting
that accessibility of Cu(I) may be the basis of partitioning O2 acti-
vation between the aminoquinol and Cu(I).

The activation and reduction of molecular oxygen to hydro-
gen peroxide occur during catalysis in copper amine oxidases
(CAOs).2 In addition to a mononuclear copper ion, the active

site contains a quinone cofactor, 2,4,5-trihydroxyphenylalanine
quinone, derived from a conserved tyrosine in the CAO poly-
peptide. Catalysis in CAOs proceeds via a Ping Pong Bi Bi reac-
tion mechanism expressed as two half-reactions: reductive and
oxidative (see Fig. 1). The oxidative half-reaction, in which
molecular oxygen is reduced to hydrogen peroxide via cofactor
reoxidation, follows a reductive half-reaction consisting of the
oxidation of a primary amine to an aldehyde.
CAOs can be grouped based upon their catalytic properties

and source organisms. These include plant, bacterial, and non-
plant eukaryotic CAOs. Unlike plant CAOs, which show the
highest kcat values, fast electron transfer rates, and considerable
amounts of semiquinone formation upon reduction (up to
80%), non-plant eukaryotic CAOs exhibit the lowest kcat values,
slower electron transfer rates, and the formation of little, if any,
semiquinone (see Fig. 1) (1–4). Bacterial enzymes fall in the
middle of these two extremes (5). These differences in enzy-
matic properties have caused some researchers to propose that
enzymes from difference sources utilize different mechanisms
for the activation of molecular oxygen (6, 7).
Studies of CAOs fromdivergent organisms have led tomech-

anistic proposals for the catalytic cycle (8, 9). The information
gained from these studies has led to a consensusmechanism for
the amine oxidation to aldehyde (10). However, themechanism
of molecular oxygen activation remains the subject of contro-
versy (11–16). Kinetic isotope effects, steady-state kinetics, vis-
cosogen, and stopped-flow experiments have shown that the
reduction of molecular oxygen contributes 29% to the overall
kcat of catalysis in Hansenula polymorpha amine oxidase 1
(HPAO-1)3 (17, 18). This is unexpected, as the reduction of O2
by Cu(I) to give superoxide is likely to be extremely fast, with
low temperatures (183 K) required to measure the kinetics in
synthetic model systems (19). As a result, the utilization of cop-
per as a redox center in HPAO-1 has been called into question.
At least three pieces of evidence exist in support of this pro-
posal. First, the enzyme is active at pH values �7.0, where the
amount of measurable Cu(I)-semiquinone formed is negligible
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(20). Second, Co(II)-substituted HPAO-1 has a kcat almost
identical to that of copper-containing HPAO-1 at pH 7 under
O2-saturating conditions (18, 21). Because the reduction
potential for the Co(II)/Co(I) couple is so negative, Co(I) makes
for an unlikely intermediate in catalysis (22), although aCo(III)/
Co(II) couple has been recently proposed (15). Finally, model
compounds of the reduced aminoquinol form of the cofactor
can consume molecular oxygen in the absence of a metal ion
(21). Based on these results, amechanismhas beenproposed for
non-plant eukaryotic enzymes that invokes an off-metalmolec-
ular oxygen-binding pocket for the first electron transfer to O2
directly from the reduced aminoquinol cofactor (23). Site-di-
rectedmutagenesis ofMet-634, adjacent to the copper, found a
positive correlation between side chain size and kcat/Km(O2).
This resulted in the description of a “hydrophobic pocket” at
which O2 might undergo the initial one-electron reduction
required for activation (24). Subsequent to activation, the
superoxide species is proposed to move and become a ligand of
the Cu(II) ion.
Proponents for a redox role for copper suggest that under

conditions in which the enzyme is active and the amount of
Cu(I)-semiquinone is unobservable, there is a minimal but suf-
ficient amount of Cu(I) to activate O2. Temperature jump
relaxation studies in Arthrobacter globiformis amine oxidase
(AGAO) have confirmed that the electron transfer step to form
the Cu(I)-semiquinone intermediate from the Cu(II)-amino-
quinol would not be rate-limiting (5). Stopped-flow kinetics of
the oxidative half-reaction in AGAO (7) and kinetic competi-
tive oxygen kinetic isotope effects (KIE) and density functional
theory calculations in pea seedling CAO (16) confirmed inner-
sphere electron transfer from Cu(I) to be the likely mechanism
of O2 activation in these enzymes. This makes sense in light of
their faster electron transfer rates, elevated formation of Cu(I)-
semiquinone upon anaerobic substrate reduction, and higher
kcat values (2).
HPAO-1 is a member of the non-plant eukaryotic CAO fam-

ily that has been kinetically characterized in great detail (18, 21,
23, 25–27). At pH �7.0 the kcat of HPAO-1 has been measured
to be �2.0 s�1 concomitant with levels of Cu(I)-semiquinone
insufficient for accuratemeasurement (20). Although low levels
are typical in HPAO-1 at neutral pH values, the propensity to
formCu(I)-semiquinone has been shown to be increased under
basic conditions in the pH range of 7.5–8.5 (20). At pH �8.6,
�15% of the reduced cofactor is in the semiquinone form in the
anaerobically methylamine-reduced enzyme. The kcat/Km(O2)
value has also been shown to be pH-dependent with increased
bimolecular rate constants under basic conditions (20). A com-
parison of the kinetic parameters for both kcat and kcat/Km(O2)
shows thatHPAO-1 activates oxygen optimally between pH 8.0
and 8.5. This link between enzymatic efficiency and the pres-
ence of semiquinone has been weakened by experimental
results indicating that 18O KIE fail to impact theoretical kcat/
Km(O2) values for the reaction of Cu(I)-semiquinone with 18O2
(20). That said, observations of oxidative half-reaction struc-
tural intermediates in this pH regime still have the potential of
revealingwhether increased kinetic performance of the enzyme
and the presence of elevated semiquinone are coincidental or
causative at basic pH values.

To date, the best structural information for intermediates in
the oxidative pathway has come from work performed in Esch-
erichia coli amine oxidase (ECAO) (28) and through the
characterization of synthetic models (29, 30). In the crystal,
anaerobically substrate-reduced ECAO gave the aminoquinol
intermediate, which is the starting structure of the oxidative
half-reaction. The aerobic steady-state intermediate of ECAO
in crystalline form also revealed the reoxidized iminoquinone
(see Fig. 1) cofactor in combination with a bound oxygen spe-
cies present at the axial position of the copper. One important
omission, however, in the structures of oxidative half-reaction
intermediates is a structure of the Cu(I)-semiquinone state of
the enzyme.
Through a combination of single-crystal UV-visible micro-

spectrophotometry, x-ray crystallography, and freeze trapping,
reaction intermediates from the oxidative half-reaction have
been observed in crystals of HPAO-1. By performing substrate
reduction in a limiting oxygen atmosphere and at varying
pH values, we were able to trap three spectroscopically and
structurally distinct oxidative half-reaction intermediates in
HPAO-1. In particular, the trapping of the semiquinone formof
the cofactor in a copper-ligated orientation reveals new mech-
anistic possibilities for the activation of molecular oxygen in
CAOs.

EXPERIMENTAL PROCEDURES

HPAO-1 Purification—HPAO-1 for crystallization was het-
erologously expressed in Saccharomyces cerevisiae and purified
as described previously (27, 31) with specific modifications
recently described (32). The protein was buffer-exchanged into
50 mM HEPES (pH 7.0) and concentrated to 13 mg/ml prior to
crystallization.
HPAO-1 Crystallization—Crystallization was performed as

reported previously (32) with 13 mg/ml HPAO-1 set up in
hanging drop at a 1:1 ratio with 8.0–9.5% (w/v) PEG 8000 and
0.28–0.30 M phosphate (pH 6.0) and incubated at 293 K.
Intermediate Trapping—In addition to crystals grown at pH

6.0, two sets of oxidized HPAO-1 crystals were equilibrated

FIGURE 1. Catalysis performed by CAOs including reductive and oxida-
tive half-reactions. P represents the rest of the polypeptide chain. R repre-
sents the moiety of the substrate amine, which varies from a hydrogen atom
to a polypeptide. TPQ, 2,4,5-trihydroxyphenylalanine quinone.
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against new mother liquor prepared with phosphate buffer at
pH 7.0 and 8.5 by moving the caps of crystal trays, which con-
tained hanging drops, to new wells containing the target pH to
reduce osmotic shock upon subsequent transfer to the target
pHmother liquor. This step prevented crystal cracking and loss
of diffraction, and an equilibration time of 3 days was allowed.
One-step soaks were then performed in a low oxygen glove box
(10–20 ppm) with 5mMmethylamine prepared by adding con-
centrated stock (0.5 �l of 100 mM) to a drop containing equili-
bration buffer of the desired pH and 25% (v/v) glycerol required
for cryoprotection (final volume of 10�l). Crystals were soaked
for �20 s in this condition before being flash-frozen in liquid
nitrogen.
Single-crystal UV-visible Microspectrophotometry—Single-

crystal spectra were collected at 100 K using a microspectro-
photometer (4DX Systems AB) equipped with an MS125TM
1/8-m spectrograph (Thermo Oriel), a CCD detector (Andor
Technology), and a xenon lamp (Zeiss) emitting from 250 to
800 nm. Spectra were generated from the integration of 10
19-ms exposures (33). Optimal diffraction data were collected
from crystals too small for accurate spectral measurement by
the microspectrophotometer. Instead, measurements were
taken from larger crystals prepared under conditions identical
to those specified for each structure.
To check that the reaction was turning over in the crystals at

the three pH values, a quartz capillary flow cell was constructed
as described previously (34, 35). Briefly, HPAO crystals were
immobilized in a quartz capillary in Sephadex G-25 superfine
resin equilibrated with artificial mother liquor composed of
8.5% (w/v) PEG 8000 and 0.28 M phosphate (pH 6.0, 7.0, or 8.5)
by pumping the solution through the capillary at�1ml/h using
a syringe pump (Thermo Orion). 160 �l of 100 mM methyl-
amine in artificial mother liquor was introduced to the crystal
through a loop containing �160 �l of substrate solution. Spec-
tra were recorded every 30 s through to steady state. As the
substrate solution was depleted, crystal spectra were collected
every 60 s.
Structure Determination and Refinement—Each x-ray data-set

was collected fromsingle crystals at 100Kat theAdvancedPhoton
Source of Argonne National Laboratory (beamline 19-ID, Struc-
tural BiologyCenterCollaborativeAccess Team).High resolution
diffraction data were measured at � � 0.979 Å. Data were pro-
cessed with HKL2000 and SCALEPACK (36). Structure solution
for data collected from crystals harvested at pH 6.0 and 7.0 was by
direct Fourier synthesis using the CCP4 suite (37) and the previ-
ously deposited HPAO-1model (Protein Data Bank code 2OOV)
(32). For structure solution of data collected from a crystal har-
vested at pH 8.5, molecular replacement was performed using
Phaser (37) and a protein monomer from the previously depos-
ited HPAO-1 model (code 2OOV) (32). Model building was
performed using Coot (38). Refinement of the models was
performed using REFMAC5 (39). No non-crystallographic
symmetry restraints were used during the refinement.

RESULTS

X-ray structural information was obtained for reactive inter-
mediates in the oxidative half-reaction by soaking substrate
into crystals under oxygen-limiting conditions. This was per-

formed withmethylamine at pH 6.0, at which the crystals grew,
and also at pH 7.0 and 8.5. Diffraction data collection, process-
ing, and model refinement statistics are reported in Table 1.
The P21 crystal form of HPAO-1 has a large asymmetric unit
containing three dimers, and thus, six total active sites were
built and refined independently. The C2221 crystal form of
HPAO-1 contains 1.5 physiological dimers in the asymmetric
unit, and thus, a total of three active sites were built and refined
independently. Despite the different crystal forms, theHPAO-1
structures are essentially identical, with differences limited to
the active site. Differences were observed between active sites
within the same crystal (Table 1).
To confirm that the crystals were undergoing turnover at the

three pH values, UV-visible spectra of HPAO-1 crystals treated
with substrate and tracked over time clearly show that the level of
2,4,5-trihydroxyphenylalanine quinone cofactor was regenerated
to at least �70% at each pH following substrate depletion (Fig. 2).
Diffraction data were recorded to 2.10 Å for HPAO-1 crystals

methylamine-reduced at pH7.0, and the crystalswere observed to
contain predominately deprotonated iminoquinone on the basis
of their spectra (Fig. 3B).Crystals reducedat thispHcontaina�max
at 450 nm, and in spectral work with another amine oxidase,
bovine serum amine oxidase, this feature was previously assigned
to a deprotonated iminoquinone (25). In this structure, two of the
six active sites (chains C and F) show the cofactor to be in an
identical position to the off-copper cofactor in oxidized HPAO-1
(Protein Data Bank code 2OOV) (32). This orientation of the
cofactor is hydrogen-bonded directly to the conserved Tyr-305 at
O4 and indirectly to the catalytic base Asp-319 at N5 through an
intervening solvent molecule (Fig. 4B). The remaining four active
sites of the asymmetric unit (chains A, B, D, and E) contain cofac-
tors that are directly hydrogen-bonded to Asp-319 at a close dis-
tance (�2.5 Å; chains A and B) or a weak interaction at a longer
distance (�3.5 Å; chains D and E) without an intervening water.
Thus, it appears that the deprotonated iminoquinone interaction
with Asp-319 can be either mediated by water or direct. The O2
atomsofall cofactors in theasymmetricunit arehydrogen-bonded
to an oxygen species present at the axial position of the copper.
This oxygen species has been assigned to the product hydrogen
peroxide, as the presence of the iminoquinone suggests that the
second substrate,molecular oxygen, has already been activated. In
addition to hydrogen bonding with O2 of the cofactor, hydrogen
bonding is also observed with an ordered solvent molecule (com-
monly referred to asW2 in amine oxidase literature) that bridges
the axial copper ligand position and the hydroxyl of the conserved
Tyr-305 that helps stabilize the cofactor in the off-copper confor-
mation (Fig. 4D). The copper of this structure also has electron
density for an equatorially bound water molecule (hidden behind
the copper in Fig. 4), making the copper ion five-coordinate.
Diffraction data were recorded to 1.70 Å for HPAO-1 crystals

methylamine-reduced at pH6.0, and the crystalswere observed to
contain amixture of deprotonated and protonated iminoquinone
on the basis of their spectra (Fig. 3A). Crystals of methylamine-
reducedHPAO-1atpH6.0 contain a�max at 350nminaddition to
the�max at 450 nmalso observed in the pH7.0 structure. The new
feature at 350 nm is assigned to a protonated iminoquinone form
of the cofactor based upon spectral work performed with model
compounds (40). In this structure, four of the six active sites

Copper Amine Oxidase Oxidative Half-reaction Intermediates

SEPTEMBER 27, 2013 • VOLUME 288 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 28411



(chainsA, B, D, and E) show the cofactor to be in an orientation in
which N5 directly interacts with the carboxylate of Asp-319 (Fig.
4A). ChainsCandFcontainpartial occupancy for the cofactor in a
similar conformation but also contain partial occupancy for a
cofactor orientation like that found in the pH7.0 reduced enzyme.
Also similar to the deprotonated iminoquinone structure at pH 7.0,
there is an oxygen species present at the axial position of the cop-
per ion and a similar hydrogen bonding pattern involving the oxy-
gen attached to C2 of the cofactor and the solvent molecule W2.
As the UV-visible spectra of these crystals indicate only the pres-
ence of iminoquinone species, the product hydrogen peroxide is
again presumed. Also identical to the structure at pH 7.0 is the

presence of water equatorially bound to the copper, making this
copper again five-coordinate.
The UV-visible crystal absorbance spectrum measured for

methylamine-reduced HPAO-1 at pH 8.5 contains peaks at 350,
435, and 465 nm characteristic of the semiquinone, as well as fea-
tures associated with the iminoquinone (Fig. 3C). Diffraction data
recordedto2.15Åreveal structural featuresdifferent fromthoseat
pH 6.0 and 7.0. In this structure, all three active sites of the asym-
metricunit showthecofactor in twodistinctorientations,onewith
�30–35% occupancy (off-copper) and the other with �65–70%
occupancy (on-copper) (Fig. 4C). The occupancies were deter-
mined by selecting a partition between the species that resulted in

TABLE 1
Data collection, processing, and refinement statistics

Methylamine-reduced
at pH 6.0

Methylamine-reduced
at pH 7.0

Methylamine-reduced
at pH 8.5

Data collection
Space group P21 P21 C2221
Unit cell parameters
a, b, c (Å) 103.8, 222.8, 103.6 103.8, 222.8, 103.6 139.1, 153.3, 223.2
�, �, � 90.0°, 95.9°, 90.0° 90.0°, 95.8°, 90.0° 90.0°, 90.0°, 90.0°

Resolution range (Å) 50.0–1.70 (1.76–1.70) 50.0–2.10 (2.14–2.10) 50.0–2.15 (2.19–2.15)
Rmerge 0.09 (0.59) 0.10 (0.41) 0.11 (0.56)
I/�I 14.1 (1.7) 12.3 (1.83) 15.8 (3.19)
Completeness (%) 99.7 (97.3) 98.6 (89.4) 100.0 (100.0)
Redundancy 4.7 (3.3) 3.6 (2.4) 6.8 (6.5)

Refinement statistics
Resolution (Å) 46.8-1.70 49.0-2.10 38.6-2.15
No. of reflections (work/test) 487,365/25,742 252,434/13,290 122,479/6492
Rwork/Rfree 13.4/16.4 12.9/18.0 15.1/19.1
No. of atoms
Protein 31,433 31,442 15,662
Copper 6 6 3
Water 4737 4380 1260
All other 335 337 83

r.m.s.d.a
Bond lengths (Å) 0.021 0.019 0.019
Bond angles 1.99° 1.88° 1.96°

Average B-factor (Å2) 16.1 22.8 21.2
Relative proportion of cofactor conformers for each

protein chain in asymmetric unit (%)
Off-Cu, short cofactor N5/Asp-319 interaction:off-Cu, weak or H2O-mediated
cofactor N5/Asp-319 interaction:on-Cu

A 100:0:0 100:0:0 0:35:65
B 100:0:0 100:0:0 0:30:70
C 50:50:0 0:100:0 0:30:70
D 100:0:0 0:100:0 NA
E 100:0:0 0:100:0 NA
F 50:50:0 0:100:0 NA

Protein Data Bank code 4KFD 4KFE 4KFF
a r.m.s.d., root mean square deviation; NA, not applicable.

FIGURE 2. Aerobic methylamine turnover by HPAO-1 crystals at 298 K and at pH 6.0 (A), 7.0 (B), and 8.5 (C). The initial oxidized HPAO-1 UV-visible
spectrum was subtracted from spectra obtained every 30 s until no further changes were observed (red traces). The steady-state spectrum was subtracted from
spectra obtained every 60 s during regeneration of the HPAO-1 resting state (black traces). The increasing amount of semiquinone can be clearly seen at 465
nm as the pH is increased.
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similar B-factors for conformationally ordered atoms adjacent to
the cofactor within the structure following refinement and gave
Fo � Fc electron density at the noise level of the map. The off-
copper orientation of the cofactor is similar to that of the predom-
inant orientation observed at pH 7.0, where N5 of the cofactor
interactswith the carboxylate ofAsp-319 at long range through an
intervening solvent molecule that is assigned to the deprotonated
iminoquinone.The secondorientation is anon-copper conforma-
tion with O4 of the cofactor directly ligated to the copper ion. In
this orientation, the cofactor fully occupies the axial positionof the
copper. Absent in this structure are both the axially bound oxygen
species and the equatorially bound water, making the copper
four-coordinate.

DISCUSSION

Methylamine reduction of HPAO-1 in an oxygen-limiting
atmosphere at pH 6.0, 7.0, and 8.5 has allowed the successful
trapping of three distinct species relevant to the oxidative half-
reaction. Two of these intermediates correspond to the imino-
quinone form of the cofactor, as protonated and deprotonated
species. The third corresponds to a semiquinone form of the
cofactor, mixed with the deprotonated iminoquinone. Single-
crystal UV-visible spectra confirm the identity of each of these
species due to their distinctive �max (Fig. 3).

A significant feature of the iminoquinone structures at pH 6.0
and 7.0 is that all of the cofactors in the asymmetric unit (of which
there are six) are in theoff-copper conformation.This is an impor-
tant observationbecause the oxidized structure solved in the same
space group indicates that four of the six cofactors are in mixed
populations of on-copper and off-copper orientations (32). In the
past, those orientations of the cofactor in which O4 is directly

bound to the copper have been described as nonproductive “inac-
tive” conformers of the cofactor (41, 42). However, despite this
starting orientation, those cofactors in the on-copper orientation
are obviously in equilibrium with the productive off-copper con-
former, allowingall active sites tobe reactivewith amine substrate.
The pH 6.0 and 7.0 structures also show that deprotonated and
protonated forms of the iminoquinone have different orientations
and interactionswithin the active site. The protonated formof the
cofactor, which is positively charged at N5, directly interacts with
the carboxylate ofAsp-319 (Fig. 4A). Charge stabilization between
the negative carboxylate and positive imine of the protonated imi-
noquinoneexplains the subtleorientationdifferenceobservedver-
sus the deprotonated iminoquinone that lacks a positive charge at
N5 (Fig. 4B). A kinetic and spectroscopic study with AGAOdem-
onstrated that both forms of the iminoquinone could undergo
hydrolysis, albeit with different rates, to regenerate 2,4,5-trihy-
droxyphenylalanine quinone (7).
A second significant feature of the iminoquinone structures is

associatedwith the copper. Both structuresdisplay thepresenceof
an axially bound oxygen species that has been assigned to the
product hydrogenperoxide.The axially boundhydrogenperoxide
of these structures shows striking similarity to that seenpreviously
in the bacterial enzyme ECAO (Fig. 5) and anaerobically ethyl-
amine-reduced HPAO-1, where its presence with aminoquinol
was proposed to be a consequence of residual O2 in the crystalli-
zation drop leading to some initial turnover (28, 43). Additionally,
although H2O2 is axially bound to the copper, an equatorially
bound water is present at high occupancy, creating a five-coordi-
nate copper ligation sphere. This is different from the resting oxi-
dized state, where discernible electron density for the equatorial
water is present inonly twoof the six active sites of the asymmetric
unit of the isomorphous crystal form. That said, the five-coordi-
nate ligation sphere preference for Cu(II) in CAOs has been
observed through extended x-ray absorption fine structure (12)
and supports the proposal that the oxygen species present in these
structures is not a Cu(I)-bound species.
The final oxidative half-reaction intermediate characterized

structurally is that of the semiquinone measured at pH 8.5. In
addition to an off-copper iminoquinone orientation similar to
that observed at pH 7.0, up to 70% of the cofactor is directly
ligated to the copper through the axial position. Despite the
presence of partial occupancy iminoquinone in this structure,
the contribution of the axially bound cofactor makes the pres-
ence of H2O2 indeterminate, although positive peaks in the
Fo� Fcmap indicate the presence of an axial copper ligand in all
three active sites. Additionally, the equatorial position, which
contained a bound water in the pH 6.0 and 7.0 iminoquinone
structures, now lacks any evidence of electron density. As a
four-coordinate tetrahedral environment is more consistent
withCu(I) thanwithCu(II), this supports the on-copper species
being assigned to Cu(I)-semiquinone. These observations pose
a key mechanistic question: is the Cu(I)-semiquinone form of
the enzyme a copper-ligated species?
These three structural observations allow an expansion of

the possible equilibria that exist on the mechanistic pathway of
the oxidative half-reaction (Fig. 6). These equilibria assist in
describing routes of highest probability with regard to the pHof
the enzymatic environment. Substrate reduction at slightly

FIGURE 3. UV-visible spectra at 100 K taken from HPAO-1 crystals
exposed to methylamine in a limiting oxygen environment at pH 6. 0 (A),
7.0 (B), and 8.5 (C).
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FIGURE 4. Active site stereo images of methylamine-reduced structures in a low oxygen environment at pH 6.0 (A), 7.0 (B), and 8.5 (C) and the oxidized
structure (1.7 Å resolution; Protein Data Bank code 2OOV) in the same space group as the pH 6.0 and 7.0 structures reported here (D). Residues and
bound peroxide are shown as sticks, copper is shown as a large brown sphere, and waters (Wa) are shown as small red spheres. Dashed lines indicate hydrogen
bonding patterns. Blue mesh represents the 2Fo � Fc map at a value of 1�. TPQ, 2,4,5-trihydroxyphenylalanine quinone.
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acidic pH values favors a reaction pathway lacking reduction of
Cu(II) to Cu(I) and would proceed through a protonated imi-
noquinone pathway (Fig. 6A). Substrate reduction at slightly
basic pH values would favor a reaction pathway that includes
formation of the Cu(I)-semiquinone, which may or may not be
the O2-activating species, and proceeds through a deproto-
nated iminoquinone pathway (Fig. 6, B and C).
Although we have visualized the semiquinone as a copper-

bound species, the possibility also exists that the semiquinone, like
the oxidized cofactor, can have two orientations, including both
copper-ligated and copper-dissociated. A three-coordinate Cu(I)
has been observed by x-ray absorption spectroscopy in dithionite-
reduced CAOs, although this is in the absence of semiquinone

(12). This scenario has mechanistic implications. If the semiqui-
none is not directly ligated to the copper, then the axial position of
the copper remains open for molecular oxygen reduction to form
a Cu(II)-superoxo intermediate (Fig. 6B). From this intermediate,
the second electron reduction can take place, forming the bound
hydrogen peroxide product previously observed in ECAO and
now here in HPAO-1. This mechanistic possibility finds favor in
theobservationthat theCu(I)-boundsemiquinonebuildsup in the
crystal to a higher occupancy than that observed in solution (20).
The buildup of any Cu(I) is counterintuitive to the highly reactive
catalytic properties suggested by synthetic model complexes (44),
and furthermore, intermediates that normally build up in crystals
are usually kinetic dead ends or rate-limiting steps. Therefore, in
this scenario, thepresenceof aCu(I)-bound semiquinonecouldbe
viewed as off the reactionpathway andpart of an inactive complex
that cannot react with the low levels of O2 present in the experi-
ment. By process of elimination, only that proportion of semiqui-
none that is off-copper would be able to react with O2.

Although this study offers no evidence that Cu(I)-semiqui-
none is exclusively copper-ligated, the observation that it can
be copper-ligated offers further intriguing mechanistic possi-
bilities. If CAOs utilize Cu(I)-mediated molecular oxygen acti-
vation, then a copper-bound cofactorwould require thatO2 use
an equatorial site (Fig. 6C). This possibility exists, as the equa-
torial site is vacant in this structure, and there is chemical pre-
cedent in the literature, with both synthetic model compound
(44) and enzymatic examples of Cu(I)-phenolate/tyrosinate
reactivity with molecular oxygen (45). However, as suggested
by product complexes both in ECAO and here, the activated
oxygen species would at some point need to migrate from the

FIGURE 5. Stereoview of the aerobic ECAO steady-state structure (Protein
Data Bank code 1D6Z) overlaid with the methylamine-exposed HPAO-1
structure at pH 7.0. Residues of ECAO are shown in yellow, and residues of
HPAO-1 are colored by atom. Copper ions are shown as spheres.

FIGURE 6. Possible reaction pathways for the oxidative half-reaction of CAOs. A, the proposed pathway utilized in the absence of the Cu(I)-semiquinone
intermediate for the activation of molecular oxygen (acidic pH). B, the proposed pathway utilized in the presence of an off-copper Cu(I)-semiquinone (neutral
pH). C, the proposed pathway utilized in the presence of a copper-bound Cu(I)-semiquinone intermediate (basic pH). Gray boxes represent intermediates for
which there are crystal structures from this work and elsewhere (28). PCET, proton-coupled electron transfer; TPQ, 2,4,5-trihydroxyphenylalanine quinone.
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equatorial to the axial position before dissociating from the
enzyme (28). Rate-limiting steps in HPAO-1 include almost
equal contributions from aldehyde release, oxidation of the
reduced enzyme, and release of the axially boundhydrogen per-
oxide at pH 7.0 (17). It is interesting to note that the rate-
limiting step of at least one plant enzyme is contained entirely
within the reductive half-reaction (46). If hydrogen peroxide
release does not control the rate of catalysis in plant enzymes,
then its more rapid dissociation may be facilitated by another
reductive half-reaction and subsequent formation of copper-
bound semiquinone. This effect would manifest itself more
readily in the plant enzymes because they have a higher propen-
sity for Cu(I)-semiquinone formation. It would be of interest to
determine whether and how the rate-limiting steps of HPAO-1
change when the kinetics are measured at basic pH values (pH
�8). It is already known that O2 utilization approaches maxi-
mum efficiency at pH �8.5 (18).
The strongest evidence against Cu(I)-required O2 activation in

HPAO-1 (Fig. 6, B and C) still lies in the observation that Co(II)-
substituted HPAO-1 has nearly identical kcat values to the native
form (18). In contrast to HPAO-1, Co(II)-substituted AGAO, pea
seedling CAO, and ECAO all have very low catalytic activities (15,
47–49). The catalytic rates are similar to wild-type copper-con-
taining HPAO-1, HPAO-2, and bovine serum amine oxidase,
which are alsoposited to employ anouter-sphere electron transfer
mechanism from aminoquinol to activate O2 (24, 50, 51). There-
fore, it was suggested that the Co(II)-AGAO, pea seedling CAO,
and ECAO enzymes use the less efficient mechanism of outer-
sphere electron transfer for O2 activation. However, the existence
of an outer-sphere electron transfer mechanism in either copper-
or cobalt-containing CAOs has been recently challenged in pea
seedling CAO and AGAO based on 18O KIE studies and density
functional theory (15, 16), coupledwith the smaller than expected
18O KIE observed in HPAO-1 and bovine serum amine oxidase
that are more in line with inner-sphere electron transfer (18, 24).
However, it shouldbenoted that a larger 18OKIE thanobserved in
CAO is seen in the Cu(I) inner-sphere electron transfer activation
of O2 in galactose oxidase, indicating caution is warranted when
linking 18O KIEmagnitude to the O2 activationmechanism (52).
The possibility of a Co(III)/Co(II) couple being in operation

rather than theunlikelyCo(II)/Co(I) couple cannot bediscounted,
and recent competitive 18O KIE and deuterium KIE studies in
AGAOcoupledwith density functional theory are consistentwith
an identical inner-sphere oxidative half-reaction mechanism for
both the copper andcobalt formsof the enzyme (15). In the case of
HPAO-1, the experimental data are not definitive. The kcat and
18O KIE are within experimental error for the copper and cobalt
forms of the enzyme, so the probability that the presence of the
protein would tune the parameters such that they were the same
for the two transitionmetals seems unlikely (18).
Previous studies have suggested that the identity of second-

sphere residues can control both the propensity for the forma-
tion of semiquinone and the subsequent activity of CAOs
toward molecular oxygen by charge stabilization/destabiliza-
tion of Cu(II) and the resultant effect on the pKa of an axially
bound water (20). The results obtained here come to a similar
conclusion by visualizing how perturbation of the solution pH
affects the structure of the active site, suggesting that at more

basic pH values, there is a higher propensity for the cofactor to
collapse onto the copper and form the semiquinone (Fig. 6, top
to bottom). Thus, the pKa values of the cofactor and axial water
likely have the effect ofmodulating the equilibrium for the ami-
noquinol-semiquinone. As a result, residue differences across
species are responsible not only for the catalytic properties of
the enzymes but potentially the mechanistic route available to
the enzyme at a given pH. Therefore, we propose that this finely
balanced interplay explains why plant, bacterial, and non-plant
eukaryotic enzymes would seem to utilize different mecha-
nisms. Ultimately, the reason why Cu(I)-semiquinone CAO
may activate O2 in some species rather than in others may sim-
ply be a consequence of whether it is predominantly on-copper,
blocking O2 binding to the copper, or off-copper, allowing O2
to access the Cu(I) axial coordination site.
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