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ABSTRACT: A detailed kinetic analysis of oxygen consumption during TPQ biogenesis has been carried
out on a yeast copper amine oxidase. O2 is consumed in a single, exponential phase, the rate of which
responds linearly to dissolved oxygen concentration. This behavior is observed up to conditions of
maximally obtainable oxygen concentrations. In contrast, no viscosity effect is observed on rate, implicating
a high Km for O2. Binding of oxygen appears to occur faster than its consumption and to result in
displacement of the precursor tyrosine onto copper to form a charge-transfer species, described in the the
preceding paper of this issue [Dove, J. E., Schwartz, B., Williams, N. K., and Klinman, J. P. (2000)
Biochemistry 39, 3690-3698). Reaction between this intermediate and O2 is proposed to occur in a rate-
limiting step, and to proceed more rapidly when the tyrosine is deprotonated. This rate-limiting step in
cofactor biogenesis does not display a solvent isotope effect and is, thus, uncoupled from proton transfer.
Comparisons are drawn between the proposed biogenesis mechanism and that for the oxidation of reduced
cofactor during catalytic turnover in the mature enzyme.

Copper-containing amine oxidases (CAOs)1 are a class of
enzymes which catalyze the two electron oxidative deami-
nation of amines, producing ammonia and hydrogen perox-
ide:

The biological roles of these enzymes may be as diverse as
the number of organisms in which they can be found; in
bacteria, CAOs allow amines to be used as a source of carbon
and nitrogen for growth, while in plants, these enzymes are
integrally involved in developmental processes and wound
healing (1, 2). In mammals, CAOs are found in a variety of
organs, such as the kidney, blood serum, high endothelial
venules (HEVs) of the lymph nodes, and various ocular
tissues, among others (3, 4). Functions for these enzymes
have been proposed to involve the detoxification and
regulation of biogenic amines and the production of hydrogen
peroxide as a possible cell signaling agent (1). Recently,
chronic diabetic disorders such as nephropathy, retinopathy,
and neuropathy have been linked to the activity of CAOs. It
is thought that the production of some aldehydes from

biogenic amines, such as formaldehyde and methylglyoxal,
as well as the production of hydrogen peroxide can accelerate
nonspecific protein modification and agglutination, resulting
in microvascular damage to various organs (5). The potential
to alleviate these chronic conditions makes CAOs an
attractive target for pharmaceutical investigation (6).

The redox cofactor in all CAOs studied to date has been
shown to be 2,4,5-trihydroxyphenylalanine quinone (TPQ)
(7, 8). TPQ is formed by posttranslational modification of a
specific tyrosine residue2 within the protein’s structure (9).
This transformation requires only copper and oxygen; no
additional enzymes or cofactors are needed (10, 11). A
detailed mechanism has been postulated for TPQ biogenesis
(Scheme 1), based largely on chemical intuition and infer-
ences drawn from several crystallographic studies (12).
However, to date, there has been no corroborative measure
of this mechanism, either by identification of intermediates
or by detailed kinetic measurements.

In this study, we present the first detailed kinetic analysis
of oxygen utilization during TPQ biogenesis in an amine
oxidase fromHansenula polymorpha(HPAO). Several new
mechanistic features have been revealed by this approach:
a specific oxygen binding site is implicated, and the overall
rate-limiting step is concluded to be reaction of O2 with the
precursor tyrosine, which is activatied via formation of a
charge-transfer complex with copper. Similarities and dif-
ferences between this biogenesis mechanism and the catalytic
oxidative half-reaction are discussed.

EXPERIMENTAL SECTION

Mutagenesis, Expression, and Protein Preparation for
Metal-Free HPAO.The mutants N404D and E406Q used
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1 Abbreviations: CAOs, copper-containing amine oxidases; TPQ,
2,4,5-trihydroxyphenylalanine quinone; DPQ, 3,4-dihydroxyphenyla-
lanine quinone; HPAO,Hansenula polymorphaamine oxidase; BSAO,
bovine serum amine oxidase; AGAO,Arthrobacter globiformisamine
oxidase; PCD, protocatechuate 3,4-dioxygenase; PCA, protocatechuate;
CT, precursor tyrosine-copper charge-transfer species.

2 Apo-enzyme refers to metal-free, TPQ-free protein. In the apo-
enzyme, the tyrosine which is converted to TPQ (Y405 in HPAO) is
referred to as the precursor tyrosine or Y405.

RCH2NH3
+ + O2 + H2O f

RCHO+ NH4
+ + H2O2 (1)

3699Biochemistry2000,39, 3699-3707

10.1021/bi9922244 CCC: $19.00 © 2000 American Chemical Society
Published on Web 03/09/2000



in this study were obtained as described previously (13).
Metal-free WT and mutant proteins were obtained by
growing Escherichia colitransformed with the appropriate
pET11a-derived pKW3 expression vector in media pre-
washed with chelex resin, to which copper chelators were
added at the point of induction, as described previously (14).
Protein used for solvent isotope studies was dialyzed versus
deuterated buffer (HEPES, 50 mM, pD) 7.4) as a final
step. The concentrations of proteins were determined by
Bradford analysis (Bio-Rad) using bovine serum albumin as
a standard.

Buffer Preparation.Except for assays varying in pH (or
pD), all reactions were done in HEPES, pH 7.0, ionic strength
) 50 mM. Different buffers were used in various pH
regimes, in accordance with their buffering ranges; MES (50
mM) was used for pHs 6.0 and 6.5, HEPES (50 mM) was
used for pHs 7.0, 7.5, and 8.0, and CHES (50 mM) was
used for pHs 8.5 and 9.0. Each buffer was adjusted to an
ionic strength of 50 mM with the addition of the appropriate
amount of potassium chloride.

Buffers of different viscosities were prepared by the
addition of varying amounts of glycerol to buffer (HEPES,
pH 7.0, or CHES, pH 8.6). The relative viscosity (η/η°) of
each solution was determined relative to buffer alone at 25°
using an Ostwald-type capillary viscometer (Fisher Scien-
tific). The dissolution of glycerol at a concentration of 253.5
g/L led to aη/η° ) 1.53 at pH 7.0 and 1.55 at pH 8.6, while
glycerol at 391.5 g/L led to aη/η° ) 2.20 at pH 7.0 and
2.22 at pH 8.6.

Buffers at various pDs were prepared by dissolving the
appropriate salt in D2O (Cambridge Isotope Labs, 99.9%),
followed by adjustment of the pD by NaOD. The pD was
calculated by adding 0.4 to the pH meter reading (15).

Calibration of Oxygen Electrode.Because O2 concentra-
tions vary with changes in percent viscosogen and temper-
ature, it was necessary to recalibrate the electrode when
varying either parameter. To accomplish this, buffer was
equilibrated for 20 min under new conditions, after which a
baseline was collected and the scale was set to 100.0%.

Following this, the consumption of oxygen during the
turnover of protocatechuic acid (PCA) by protocatechuate
3,4-dioxygenase (PCD) was measured as described previo-
suly (16); this reaction is known to consume 1 mol of
oxygen/1 mol of substrate, and the extinction coefficient for
both substrate (PCA) and product (â-CM) are known (16).
After complete depletion of substrate, the concentration of
O2 was determined by dividing the amount of substrate
consumed by the change in oxygen scale, to yield an effective
concentration of dissolved oxygen under a given set of
conditions.

Measurement of Oxygen Consumption.All reactions were
carried out on a Clark oxygen electrode (YSI model 5300).
The total volume was 1.0 mL, consisting of 970-975µL of
buffer and 25-30 µL of apo-enzyme (∼10 µM final
concentration in assay). For each biogenesis measurement,
the buffer was allowed to equilibrate for 15-20 min before
apo-enzyme was added. To change the concentration of
oxygen, a mixture of O2 and N2 (varying in ratio) was blown
over the solution during buffer equilibration. After apo-
enzyme was added and a baseline was collected, 1 equiv of
copper chloride was added to initiate biogenesis, and the
exact concentration of O2 was recorded.

UV-Vis Spectroscopy.UV-vis spectra were obtained on
a HP8452A diode-array spectrophotometer (Hewlett-Pack-
ard) fitted with a constant-temperature bath. The appearance
of TPQ was followed at 480 nm, where theεmax is equal to
2000 M-1 cm-1 (1). Reactions monitored in this manner were
150 µL total volume, consisting of apo-protein (at 40µM
final concentration) in Hepes (50 mM, pH 7.0). Biogenesis
was initiated either by addition of copper or by introduction
of O2. To initiate with copper, 1 equiv of CuCl2 was added
to an aerobic sample of apo-protein. To initiate with O2, a
sample of apo-protein was placed in an anaerobic cuvette
and flushed with argon (bubbled through a basic solution of
pyrogallol) for 1 h. A solution of CuCl2 was similarly made
anaerobic. 1 equiv of copper was then added via airtight
syringe, and the reaction was followed until no absorbance
changes were observed,∼15 min (13). Subsequently, bio-

Scheme 1: Previously Proposed Biogenesis Mechanism (adapted from ref12)
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genesis was initiated by rapid aeration of the protein. Similar
procedures have been reported by this lab (17).

Data Fitting. Both O2 consumption and TPQ formation
were fitted to a single-exponential function with nonlinear
regression analysis provided by the program Kaleidagraph.
The errors from these fits were used for subsequent calcula-
tions ofkbio under various conditions. To fit the data in Figure
4, the following equation was used:

In Table 1, the minimally detectable signal was calculated
based on an estimated lower limit of observable O2 con-
sumption (nmol O2/min) divided by the amount of enzyme
used:

RESULTS

RelatiVe Rates of Copper Binding, Oxygen Consumption,
and TPQ Biogenesis.The rates of biogenesis initiated with

either copper or oxygen were investigated. To initiate with
copper, metal was added to an aerobic sample of apo-
enzyme; initiation with oxygen was carried out by aerating
a sample of apo-enzyme, which had been preincubated
anaerobically with copper. With either method, the observed
rates (kobs) were virtually indistinguishable (Figure 1).

The relative rates of oxygen consumption and TPQ
biogenesis were determined under similar conditions for WT
protein and two mutants, N404D and E406Q (Table 1). With

FIGURE 1: Time course of TPQ formation and O2 consumption.
TPQ formation (O) was followed spectrophotometrically at 480
nm in 50 mM HEPES, pH 7.0, at 25°C. O2 consumption (b) was
observed in a Clark oxygen electrode under similar buffer condi-
tions. The data for both reactions are fitted with a single-exponential
function.

FIGURE 2: Response of observed rate of O2 consumption (kobs) to
oxygen concentration.kobswas measured at various concentrations
of dissolved O2, from 0.15mM up to 1mM (in 50 mM HEPES, pH
7.0, 25°C). The slope, generated by a linear fit of the data, is the
second-order rate of biogenesis,kbio.

kbio ) kbio(low pH)/(1 + 10(pH-pK)) +

kbio(high pH)/(1 + 10(pK-pH))

kobs(minimal) ) (0.24 nmol O2/min)/nmol apo-protein

FIGURE 3: Effect of solvent viscosity onkbio. Relative rates of
biogenesis (kbio°/kbio) were determined in solvents with relative
viscosities (η/η°) equal to 1.00, 1.53, and 2.20 at pH 7.0 (O), and
1.00, 1.56, and 2.22 at pH 8.6 (b). The expected response of a
diffusion-controlled reaction is shown as a straight line.

FIGURE 4: Effect of pH and solvent isotope onkbio. kbio was
determined in buffers varying in either pH (O) or pD (b). The data
were fit to a function with differing rates at low and high pH/pD.
The value is equal to 12 M-1 s-1 at low pH and 78 M-1 s-1 at
high pH, with a pK of 8.45. The value at low pD is equal to 14
M-1 s-1 and 78 M-1 s-1 at high pD, with a pK of 8.95.

Table 1: Kinetics of TPQ Formation and Oxygen Consumptiona

kobs (min-1)

TPQ formationc O2 consumption

initiated with
Cu(II)

initiated with
O2

initiated with
Cu(II)

WT HPAO 0.08( 0.03 0.08( 0.03 0.10( 0.03
E406Q 0.013( 0.005 0.017( 0.006 0.017( 0.005
N404D 0.0006( 0.0002 0.0007( 0.0002 <0.003b

a Assays were conducted under ambient oxygen concentrations (250
µM), at 25°C and in HEPES (pH 7.0, ionic strength) 50 mM). b No
rate was detected, but an upper limit of 0.003 min-1 was estimated
based on the minimally detectable signal (see experimental for
calculation).c Measured at 480 nm. Reported rates are the average of
at least three trials.
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both WT and E406Q,kobs for oxygen consumption and
cofactor formation were nearly identical, despite the nearly
10-fold reduction in each parameter for the mutant relative
to WT. In the case of N404D, no oxygen consumption could
be detected; an upper limit is estimated based on the limits
of detection of the oxygen electrode.

Effect of Varying Oxygen Concentration on the Rate of
Oxygen Consumption during Biogenesis.The observed rate
of oxygen consumption was followed as a function of varying
oxygen concentration under standard conditions (Figure 2).
A linear response ofkobs was attained up to maximally
obtainable O2 concentrations (∼1 mM at 25°C), and from
this, a second-order rate, orkbio, of 14.4( 0.5 M-1 s-1 was
calculated. Saturation was not observed for plots under any
of the conditions studied herein (see below), where viscosity,
pH, solvent isotope, and temperature were varied.

Effect of Viscosity on Biogenesis.Buffers were made at
relative viscosities (η/η°) of 1.00, 1.53, and 2.20 at pH 7.0
and 1.00, 1.55, and 2.22 at pH 8.6. The effect of viscosity
on kbio can be seen in Figure 3; there is no apparent change
in rate at either pH studied.

Effect of pH on Biogenesis.The effect of pH was
determined by measuring the change inkbio in buffers ranging
from pH 6.0 to 9.0 (Figure 4); buffers outside this range
could not be used due to nonspecific protein denaturation.
Values for biogenesis of 12.3( 1.4 M-1 s-1 at low pH and
78.1( 6.7 M-1 s-1 at high pH were determined, with a pK
at 8.45( 0.13.

Effect of SolVent Isotope on Biogenesis.The effect of
solvent isotope was ascertained by measuringkbio in buffers
of varying pD values (Figure 4). A similar response to the
profile in protiated buffers was observed, with akbio of 77.8
( 7.4 M-1 s-1 calculated at high pD and 14.7( 1.5 M-1

s-1 at low pD. The pK value, however, was shifted
approximately 0.5 units to 8.96( 0.13.

Effect of pH on Formation of CT Species.The effect of
varying pH on the appearance of the CT species was
followed spectrophotometrically at 350 nm (13). At pH 8.6
(Figure 5A), the CT complex was observed to form to a much
greater extent than at pH 7.0 (Figure 5B). In both cases, the
disappearance of the 350 nm band appeared to coincide with
the formation of TPQ at 480 nm.

Effect of Temperature on Biogenesis. kbio was determined
at 20, 25, 30, and 35°C (Figure 6). From these rates, an
Arrhenius plot was constructed (inset) and an enthalpy of
activation of 8.4( 0.5 kcal/mol was found. This value is
much less than the 37.6 kcal/mol3 found previously for a
mutant of the N404 (adjacent to TPQ) position (18).

DISCUSSION

Since the discovery of TPQ in 1990 (7), the mechanism
by which it is formed has remained a compelling question.
Initially, it was shown that copper and oxygen are both
necessary and sufficient to produce TPQ (10). This result,
coupled with the fact that the active site contains a mono-
nuclear copper, led to a hypothesis for cofactor formation,
the general features of which are shown in Scheme 1 (12).
Beginning with apo-enzyme (A), copper is bound and subsequently ligands the precursor tyrosine (B) to form an

activated complex. This species is proposed to be in
equilibrium with tyrosyl radical-Cu(I) (C), formed via
electron transfer from the precursor tyrosine to the metal.
The equilibrium is believed to largely favor species B

3 In a previous paper (18), the value of∆Hq for the biogenesis of
N404A was incorrectly reported as 9 kcal/mol due to a calculational
error.

FIGURE 5: Effect of pH on UV-vis spectra of CT species. (A)
Apo-HPAO at pH 8.56 was preincubated with Cu(II) anaerobically,
until no further absorbance changes were observed (13). A baseline
spectrum was recorded at this point, followed by rapid aeration of
the sample. Displayed spectra are subtractions of the baseline at 1,
3, 5, 7, and 9 min (labeled spectra 1-5, respectively) consequent
to aeration. (B) Apo-HPAO was prepared as in panel A, but at pH
7.00. Spectra are subtractions from the baseline at 1, 5, 10, and 20
min consequent to aeration (labeled spectra 1-4, respectively).

FIGURE 6: Effect of temperature onkbio. kobs was determined at
various concentrations of O2 at 20°C (O), 25 °C (b), 30 °C ()),
and 35°C ((). The fitted Arrhenius plot ofkbio is shown in the
inset.

3702 Biochemistry, Vol. 39, No. 13, 2000 Schwartz et al.



because of the inability to detect by EPR any organic radical
or reduction of Cu(II) signal when copper is prebound to
apo-enzyme anaerobically (19). O2 then diffuses to the active
site and reacts with Cu(I) to form Cu(II)-superoxide (D),
which subsequently collapses with the tyrosyl radical to form
a peroxy intermediate (E). Deprotonation of this intermediate
leads to dopa quinone (DPQ) (F). After formation of DPQ,
the Michael addition of H2O or OH- yields topa (G), which
in the final step is reoxidized to the mature, redox-active
TPQ (H). The conversion of G to H is also envisioned to
contain a realignment of TPQ, such that the C-5 oxygen is
oriented toward the active-site copper, in accordance with
the structures of mature AGAO and ECAO (12).

The credibility of this mechanism rests on crystallographic
studies of an amine oxidase fromArthrobacter globiformis
(AGAO), in which the mature cofactor is seen to access
conformations expected to occur during biogenesis, but
thought to be nonproductive during turnover (12). A crystal
structure of the apo-enzyme of AGAO has also been reported,
indicating the precursor tyrosine in a position to interact with
the vacant copper site (12). Additionally, some of the
transformations proposed have been shown to occur in model
systems. For example, the Michael addition of H2O/OH- on
DPQ has been shown to occur in solution, as has the
reoxidation of the quinol form of TPQ (20).

However, there has been no direct evidence supporting
the proposal shown in Scheme 1, and many of the specific
mechanistic details concerning TPQ formation have remained
unclear. For example, the initial reaction of apo-enzyme with
O2 may occur in a diffusional encounter, as with glucose
oxidase (21), or by prebinding of oxygen to a specific,
nonmetal site on the enzyme, as with PCD or CAOs during
turnover (19, 22). Also unknown are the factors which
influence the formation and breakdown of the tyrosine-Cu-
(II) CT species (Af B, C f D). The prototropic state of
the apo-enzyme, coupling of proton and electron transfer,
and positioning effects by active-site residues may all affect
these crucial mechanistic steps. To probe these isssues
directly, we undertook a detailed kinetic analysis of the
consumption of O2 during TPQ biogenesis in HPAO.

Nature of Rate-Limiting Steps in Biogenesis.We initially
turned our attention to the binding of copper. It has been
shown that copper is necessary to initiate biogenesis and that
no TPQ is generated when other metals such as zinc, cobalt,
or nickel are used in its place (10, 14). To determine the
kinetic significance of copper binding, biogenesis was
initiated either with or without Cu(II) prebound; to initiate
with Cu(II) prebound, metal was first added to an anaerobic
preparation of protein, followed by rapid aeration to form
TPQ. The rates of biogenesis were found to be 0.08 min-1

with either method (Table 1), indicating that copper binding
is relatively rapid compared with biogenesis. This result is
consistent with previous work in AGAO, where it was found
that TPQ formation was zero order with respect to metal, in
excess of one equivalent (19). The effect of copper binding
was also determined for E406Q and N404D, mutants which
flank the precursor tyrosine (Y405) and are known to play
integral roles in controlling the conformation of TPQ during
turnover (18). With these mutants, copper binding was also
found not to affect the overall rate of cofactor formation
(Table 1).

As a consequence of the fast apparent rate of copper
binding, subsequent experiments were initiated by the
addition of metal to aerobic samples. Under these conditions,
the consumption of O2 appeared to coincide with TPQ
formation (Figure 1) and to occur in a single-exponential
phase. Because these experiments are for a single turnover
reaction, two salient mechanstic points can be deduced from
this result. First, in light of recent reports which implicate
the uptake of 2 equiv of oxygen/TPQ formed (23), the course
of oxygen consumption shown in Figure 1 indicates that the
first O2 reacts more slowly than the second; a biphasic
response in O2 consumption would have been observed if
the first equivalent reacted more quickly. Second, the data
in Figure 1 indicate which steps can be rate determining in
biogenesis. The similar rate constants for O2 consumption
and TPQ formation signify that a step concurrent with or
preceding the reaction of apo-protein with the first equivalent
of O2 is rate limiting. If the mechanism shown in Scheme 1
is correct, this step must be the diffusion-controlled reaction
between the metal and dioxygen, since metal binding has
already been shown to not affect the overall rate of cofactor
formation. To test this possibility, the response ofkobs to O2

concentration was pursued.
The effect of changing O2 concentration uponkobsis shown

in Figure 2; even up to maximally obtainable values of
dissolved O2 (∼1 mM at 25°C and ambient pressure),kobs

varies linearly with [O2], consistent with a diffusion-
controlled reaction between apo-HPAO and O2. The second-
order rate constant determined from the slope of this plot is
equal to 14.4( 0.5 M-1 s-1 and is referred to askbio.

The small magnitude ofkbio and the absence of saturation
in the kobs vs [O2] plot (Figure 2) presents an apparent
contradiction. A lack of curvature in enzyme reaction plots
of velocity vs [substrate] is most easily reconciled with a
diffusion-controlled process; however, most diffusion-limited
enzyme reactions proceed at rates on the order of 107-109

M-1 s-1 (24). If kbio involves electron transfer or additional
chemistry, its magnitude may be small. This has been shown
to be the case in glucose oxidase, where the first electron-
transfer reaction between reduced flavin and dioxygen occurs
at 104 M-1 s-1 at high pH (21). Alternatively, the data in
Figure 2 may indicate the presence of an oxygen binding
site, with an affinity higher than 1 mM. A binding site for
oxygen has been shown for another amine oxidase from
bovine serum (BSAO) during turnover, with an estimated
Km of ∼50 µM (22). The apparent weak affinity of HPAO
for O2 during biogenesis could be the result of differential
steric effects by the precursor tyrosine and mature TPQ at
the O2 binding site or may be due to other, nonbinding steps
in the mechanism asKm is a kinetic contant derived from
kcat andkcat/Km (25). Indeed, theKm for O2 during catalysis
was found to increase more than 100-fold in a mutant of
HPAO due to kinetic considerations (17). To discern whether
the reaction between apo-enzyme and O2 is limited by
diffusional chemistry or involves specific binding of oxygen,
the effect of solvent viscosity was investigated.

Studying an enzyme reaction in buffers of varying solvent
viscosity is expected to yield information about the diffu-
sional nature of measured rates (26). If the reaction between
apo-HPAO and O2 occurs as a diffusion-limited encounter,
as shown in Scheme 1, it is expected that a linear, positive
correspondence between the relative reaction rates,kbio°/kbio,
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and the relative solvent viscosity,η/η°, will be displayed;
coversely, a reaction limited by nondiffusion steps will show
no dependence. The effect of solvent viscosity on the rate
of biogenesis was determined by comparingkbio for reactions
run in buffers of varying glycerol content (Figure 3). The
rates in the three solvents studied, varying inη/η° from 1.0
to 2.2, are indistinguishable. This determination was made
at both low (7.0) and high pH (8.6), as pH was determined
to effectkbio (vide infra). The lack of a discernible viscosity
effect implies that oxygen does not react in a diffusion-
controlled manner with apo-enzyme as proposed in Scheme
1, but rather oxygen prebinds with a weak affinity to the
precursor protein.

This conclusion is also supported by spectroscopic results,
which show that there likely exists an intermediate formed
during biogenesis which is oxygen dependent, but occurs
before O2 is consumed (13). On the basis of itsλmax and
kinetic profile, the intermediate is proposed to be a tyrosine-
copper charge transfer (CT) species. It is important to note
that in H624C the data imply saturation by oxygen under
ambient conditions (∼250µM) in order to yield an equivalent
of the CT species (13), whereas the kinetic results shown in
Figure 2 for WT HPAO suggest aKm for O2 of >1 mM.
The different behavior of H624C and WT is likely the result
of the several order of magnitude difference in their rate of
breakdown of the CT complex to yield TPQ, i.e., a kinetically
complexKm for O2 during biogenesis.

From the kinetic evidence presented herein and the
spectroscopic data in the following paper in this issue (13),
it appears that oxygen not only binds to a specific site on
the apo-enzyme, but that this binding event causes a
displacement of the precursor tyrosine onto the copper.
Further, the observation that the CT species forms faster than
O2 is consumed argues that the formation of the precursor
tyrosine-Cu(II) complex is not rate-limiting in biogenesis;
if this were the case, the appearance of the CT species would
occur concomitant with reaction with dioxygen.

The movement of Y405 associated with O2 binding may
account for the relatively highKm for oxygen, as the coupling
of the two processes is expected to lower the on-rate for O2.
This contention is supported by work in PCD, in which the
oxygen-binding site is partially occluded by an active-site
tyrosine axially liganded to Fe(III) in the resting enzyme.
Substrate binding triggers displacement of the axial tyrosine,
revealing the binding site for O2; when this tyrosine was
mutated to a histidine, which could not ligand the active-
site Fe(III), the Km for oxygen decreased significantly,
presumably due to an increased on-rate as a result of
uncoupling of O2 binding from the associated conformational
encumberances (27).

After probing the nature of oxygen binding, we turned
our attention to the effect of pH onkbio. Insofar as crucial
active-site residues can be titrated, the pH profile for
biogenesis should yield information about the active proto-
tropic state of the apo-enzyme. The effect of changing pH
on kbio is shown in Figure 4. There are two distinct rates
observed, with values of 78.1 M-1 s-1 at high pH and 12.3
M-1 s-1 at low pH and a pK of 8.45. On the basis of its
value, the observed pK may reasonably be assigned to the
precursor tyrosine; though 8.45 is lower than the pKa for
free tyrosine (∼10), it is quite similar to pKs found for active-
site tyrosines in Fe-containing superoxide dismutase, human

aldose reductase, and glutathione S-transferase (28-30).
Ideally, the origin of a kinetically determined pK should be
definitively established by direct titration of the correspond-
ing residue. However, this determination cannot be done for
Y405 in apo-HPAO because the large number of tyrosines
and tryptophans in the protein preclude direct spectropho-
tometric titration. Thus, an indirect probe was sought for
confirming the origin of the observed pK.

Unlike the precursor tyrosine, the CT intermediate does
have a readily discernible absorbance at 350 nm (13).
Although the CT species is short-lived in WT apo-protein,
we reasoned that if Y405 were being titrated in the pH profile
shown in Figure 4, a corresponding effect from changing
pH should be observed spectrophotometrically on the forma-
tion of the precursor tyrosine-Cu(II) complex. Indeed, at
pH 8.6 (Figure 5A), the 350 nm absorbance accumulates to
a visibly greater extent than at pH 7.0 (Figure 5B). The
increase in absorbance at high pH may be due either to a
higher extinction coefficient for the deprotonated vs proto-
nated CT species or to a more favorable preequilibrium
between liganded and unliganded Y405. These results
support the assignment of the kinetically determined pK to
the precursor tyrosine.

The observation of limiting rates at both high and low pH
(Figure 4) is most consistent with a direct reaction between
the CT complex and O2 that limits the rate of TPQ formation
and is dependent on the protonation state of the precursor
tyrosine. Breakdown of the CT species is expected to proceed
with a faster rate at high pH due to greater electron
delocalization from the tyrosinate to copper and to the
favorable change in redox potential that occurs upon tyrosine
deprotonation [Em for TyrO•/TyrO- (pH 11) is 0.2 V less
than for TyrO•/TyrOH (pH 7) (31, 32)].

The effect of solvent isotope on the rate of O2 consumption
was also investigated. Experiments of solvent isotope effects
are expected to yield information regarding the presence of
proton transfers during steps which are rate determining (15).
The proposed rate-limiting reaction between the CT species
and O2 yields a peroxy adduct, which is expected to be
stabilized by either concomitant proton transfer or electro-
static interactions. Solvent isotope effects help to discern
these two possibilities; if there is accompanying proton
transfer, a significant isotope effect will be observed, whereas
the occurrence of electrostatic stabilization should result in
a lack of an effect. Values forkbio were obtained in deuterated
buffers of varying pD (Figure 4); the value at high pD was
77.8 M-1 s-1 compared with 78.1 M-1 s-1 in protiated buffer,
and at low, pD was 14.7 M-1 s-1 compared with 12.3 M-1

s-1 at low pH. The lack of a significant solvent isotope effect
indicates that the proposed reaction between the CT species
and oxygen is uncoupled from proton transfer.

Role of ActiVe Site Residues in Biogenesis.Having
elucidated many of the mechanistic details concerning the
reaction between Y405 and O2 during biogenesis, it was of
interest to examine the effects of the consensus site sequence
residues, which flank the precursor tyrosine in the apo-
enzyme. These residues have previously been shown to play
key structural roles in maintaining the proper orientation of
TPQ during turnover (18). Thus, we predicted that if proper
positioning of Y405 onto the copper were required for
reaction with O2 and if the consensus site residues play
similar structural roles during biogenesis as catalysis, the rate
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of oxygen consumption would be diminished in these
mutants relative to WT apo-protein. Indeed, it was found
that the rate of reaction with O2 is reduced by 6-fold in
E406Q and by greater than 30-fold in N404D (Table 1),
supporting this argument. This structural role for the
consensus site residues is also supported by spectroscopic
results comparing E406Q and N404D with a mutant of the
copper-binding site, H624C. Though all three mutants form
TPQ at rates significantly diminished from WT protein
(Table 1), only H624C was observed to readily form the
precursor tyrosine-copper CT species (13).

The enthalpy of activation was also determined for O2

consumption, by measuring the response inkbio to temper-
ature (Figure 6). It was found that the dependence on
temperature was relatively small for WT protein, with a∆Hq

) 8.4 kcal/mol calculated from the slope of the Arrhenius
plot (Figure 6, inset). This is to be compared with a∆Hq of
37.6 kcal/mol found previously for a mutant at the 404
position3 (18). The origin of the large temperature in this
mutant may be yet another consequence of its structural role
in biogenesis, as the∆Hq for H624C is much lower than for
E406Q, similar to WT protein (unpublished results).

Mechanism of Biogenesis.On the basis of the kinetic
results, a revised biogenesis mechanism is now proposed
(Scheme 2). Copper binds rapidly to the enzyme (A′ f B′),
though in the absence of O2, it does not interact with Y405.
Oxygen then binds in a site near the precursor tyrosine,
displacing it onto the metal to form the CT species (B′ f
C′). This movement is precisely modulated by the consensus
site residues flanking the tyrosine and may be well repre-
sented by the Cu-OFF and Cu-ON forms seen crystallo-
graphically with the mature enzyme (12). The nature of the
activated complex (C′) is best described as a tyrosinate-
Cu(II) species, which has some tyrsosyl radical-Cu(I)
character as a result of the covalency of the ligand-metal
bond (33). A similar type of phenolate-metal interaction has
been shown to occur in the iron-containing enzyme PCD
(34); the possible mechanistic analogy between PCD catalysis
and TPQ biogenesis was previously noted by Williams and

Klinman (35), and is discussed in the preceding paper in
this issue (13).

Formation of the CT complex activates Y405, which then
reacts with O2 to form the peroxy intermediate (C′ f D′),
followed by subsequent conversion to DPQ (D′ f E′).
Addition of water leads to reduced topa (G′), which is then
reoxidized to yield the mature cofactor (H′); in this proposal,
TPQ remains with the C-5 oxygen oriented toward the
putative substrate channel, in accordance with the structure
of mature HPAO (36) and mechanistic expectations. The
kinetic data clearly indicate that a step concomitant with or
preceding reaction of the first equivalent of O2 is rate-limiting
overall in this process, but is neither metal binding (A′ f
B′) nor concomitant O2 binding and CT complex formation
(B′ f C′). This reasonably leaves either the reaction between
the CT species and O2 (C′ f D′) or an undetermined
conformational change as possibilities for the rate-determin-
ing step in biogenesis. Several factors favor the former, rather
than the latter. First, the observation and assignment of the
pH effect directly to Y405 is more consistent with a rate
enhancement when the CT complex consists of a deproto-
nated precursor tyrosine. Second, as previously mentioned,
there appear to be no major conformational changes seen
when comparing the apo- and holo-enzyme crystal structures
of CAOs (12). Finally, the observation of a reduction in the
rate of TPQ formation in the mutant H624C can be more
easily rationalized with respect to changes in the electronic
configuration of the CT species relative to WT HPAO, rather
than by gross conformational changes of the active site.

This biogenesis proposal differs from previous mechanisms
(Scheme 2 vs Scheme 1) on several key points. In particular,
there is no evidence for a diffusional reaction between O2

and Cu(I); rather, it is proposed that oxygen prebinds to the
enzyme prior to reaction. Further, it is this binding of O2

which triggers a reorientation of the precursor tyrosine onto
the active-site copper that activates Y405 for a rate-limiting
reaction with O2. Importantly, the data presented herein and
in the accompanying paper in this issue (13) provide the first

Scheme 2: New Proposed Biogenesis Mechanism Based on Kinetic Resultsa

a R. D. S. indicates rate-determining step.
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experimental evidence for an intermediate during TPQ
biogenesis.

CAOs are unique in that they are able to catalyze
efficiently the dual processes of TPQ biogenesis and
turnover. Because enzyme active sites are typically envi-
sioned as being structured to carry out a particular transfor-
mation, it is of general interest how the active site of HPAO
achieves its diversity. At one extreme, it may be imagined
that the active site is functionally partitioned, such that
specific residues are utilized for biogenesis or catalysis, but
not both. At the other extreme, an active site may be
contemplated where a single set of residues and cofactors
are used to catalyze both transformations, generating diversity
through the ability to oxidize both the precursor tyrosine and
reduced TPQ cofactor.

The relevance of these two possibilities in CAOs can be
addressed by a general comparison of the mechanisms found
in TPQ formation and turnover (Scheme 3). During both
biogenesis and catalysis, oxygen is proposed to be prebound
on the enzyme prior to undergoing reduction (22). In
addition, the key structural contributions made by the
consensus residues are similar in both processes. In these
aspects, it appears that CAOs are well designed to make
efficient use of their active-site elements in order to carry
out their dual transformations.

However, the two mechanisms do contain important
differences as well. Most significantly, during biogenesis the
active-site copper plays an active role by promoting the
reaction between the precursor tyrosine and oxygen. In
contrast, during the oxidative half-reaction, the metal has
been concluded to play an electrostatic role in the stabiliza-
tion of superoxide formed during a rate-limiting electron
transfer from reduced cofactor to O2 (22, 37). This mecha-
nistic difference is presumably due to the much lower redox
potential of the reduced aminoquinol compared with tyrosine;
althoughEm is not known for the semiquinone/aminoquinol
couple, a value near 0.04 V (vs NHE) has been estimated

for the analogous semiquinone/topa couple (pH∼8) com-
pared with 0.74 V (vs NHE) for TyrO•/TyrO- (32, 38). This
difference in redox potential between aminoquinol and
tyrosine can also account for the very large difference in
second-order rate constants for biogenesis (∼10 M-1 s-1)
vs catalysis (∼105 M-1 s-1) (22).

An interesting question which arises from the mechanisms
of biogenesis and catalysis is the evolution of the active site
of CAOs. An intriguing possibility is that the active site
originally evolved to carry out oxidative chemistry on
amines, but required an exogenous cofactor, such as pyr-
roloquinoline quinone (PQQ), for activity. At some later time,
the oxidative chemistry previously developed to reoxidize
the noncovalent redox cofactor was fortuitously applied to
oxygenate a proximal tyrosine residue, creating TPQ. This
evolved enzyme would be more advantageous in that it would
avoid the need to obtain exogenous cofactors for activity.
This scenario might account for the largeKm value found
for O2 during biogenesis; the kinetics of oxygen usage would
not have been optimized for this “adapted activity”, and
further, the evolutionary pressure for the enzyme to attain a
Km nearer to typical physiological regimes would not be
great, since formation of the cofactor simply needs to satisfy
the physiological requirement of TPQ formation on a time
scale compatible with the production of active protein.

The adapted ability to form modified amino acid cofactors
may also be operative in other enzymes which catalyze
oxidative reactions. The enzymes lysyl oxidase, galactose
oxidase, and cytochromec oxidase, all catalyze oxidative
reactions and each contain a novel, oxidatively modified
tyrosine as a redox cofactor (39-42).

CONCLUSIONS

A full kinetic analysis of O2 utilization during TPQ
biogenesis has been conducted, leading to a detailed proposal
for the initial steps of cofactor formation. The effects of
solvent viscosity, pH, solvent isotope, and temperature were

Scheme 3: Comparison of Initial Steps in TPQ Biogenesis and the Catalytic Oxidative Half-Reaction
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investigated and are consistent with oxygen binding to a
specific site on the apo-enzyme prior to reaction with the
precursor tyrosine. When combined with spectroscopic
results (13), the kinetic data lead to a model in which binding
of O2 displaces the tyrosine onto the active-site copper. A
subsequent reaction between the tyrosine-copper CT com-
plex and O2 is proposed to be rate limiting and is uncoupled
from proton transfer.

This biogenesis mechanism has several features similar
to that found for the catalytic oxidative half-reaction of
CAOs, leading to the conclusion that this enzyme can initiate
both biogenesis and catalysis utilizing common active-site
elements. Future work will be directed at a more specific
elucidation of the structural roles of the active-site mutants
during biogenesis and turnover, through the use of detailed
kinetics and crystallography.
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