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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.i©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 K, for O,. 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 393690-3698). Reaction between this intermediate ants @roposed 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 (CAbme a class of  biogenic amines, such as formaldehyde and methylglyoxal,
enzymes which catalyze the two electron oxidative deami- as well as the production of hydrogen peroxide can accelerate
nation of amines, producing ammonia and hydrogen perox- nonspecific protein modification and agglutination, resulting

ide: in microvascular damage to various orgabjs The potential
to alleviate these chronic conditions makes CAOs an
RCHZNHQ,Jr +0,+H,0— attractive target for pharmaceutical investigatiéh (

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
The biological roles of these enzymes may be as diverse asspeciﬁc tyrosine residdewithin the protein’s structuredj.

the number of organisms in which they can be found, in This transformation requires only copper and oxygen; no
bacteria, CAOs allow amines to be used as a source of carbon q Yy copp ygen,

. S additional enzymes or cofactors are needé&@, (L1). A
and nitrogen for growth, while in plants, these enzymes are detailed mechanism has been postulated for TPQ biogenesis
integrally involved in developmental processes and wound P g

healing (., 2). In mammals, CAOs are found in a variety of (Scheme 1), based largely on chemical intuition and infer-

organs, such as the kidney, blood serum, high endothelial &€ drawn from several crystallographic S“.Jd'@g)-(
. However, to date, there has been no corroborative measure
venules (HEVs) of the lymph nodes, and various ocular

tissues, among others, (4). Functions for these enzymes of this mechanism, either by identification of intermediates

have been proposed to involve the detoxification and Orlg{h(?gt;t%d I(\I/\?ee tl?eg]eeristwee;?ri? ::isétailed kinetic analysis
regulation of biogenic amines and the production of hydrogen of oxvaen ut?(i,zatio% during TPQ biogenesis in an am)i/ne
peroxide as a possible cell signaling ageht Recently, Y9 g 9

e L : oxidase fronHansenula polymorphéHPAO). Several new
chronic diabetic disorders such as nephropathy, retlnopathy,mechanistic features have been revealed by this aporoach:
and neuropathy have been linked to the activity of CAOs. It y PP '

. . a specific oxygen binding site is implicated, and the overall
's thought that the production of some aldehydes from rate-limiting step is concluded to be reaction gfith the
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Scheme 1: Previously Proposed Biogenesis Mechanism (adapted frdr®) ref
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in this study were obtained as described previougly).(
Metal-free WT and mutant proteins were obtained by
growing Escherichia colitransformed with the appropriate
pET1la-derived pKW3 expression vector in media pre-

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

washed with chelex resin, to which copper chelators were oxygen/1 mol of substrate, and the extinction coefficient for

added at the point of induction, as described previousty. (

both substrate (PCA) and produgt-CM) are known L6).

Protein used for solvent isotope studies was dialyzed versusAfter complete depletion of substrate, the concentration of

deuterated buffer (HEPES, 50 mM, pB 7.4) as a final

O, was determined by dividing the amount of substrate

step. The concentrations of proteins were determined by consumed by the change in oxygen scale, to yield an effective
Bradford analysis (Bio-Rad) using bovine serum albumin as concentration of dissolved oxygen under a given set of

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

conditions.

Measurement of Oxygen Consumptidii.reactions were
carried out on a Clark oxygen electrode (YSI model 5300).
The total volume was 1.0 mL, consisting of 97975uL of

regimes, in accordance with their buffering ranges; MES (50 buffer and 25-30 uL of apo-enzyme 10 uM final

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

concentration in assay). For each biogenesis measurement,
the buffer was allowed to equilibrate for 20 min before

used for pHs 8.5 and 9.0. Each buffer was adjusted to anapo-enzyme was added. To change the concentration of

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/#°) of
each solution was determined relative to buffer alone &t 25
using an Ostwald-type capillary viscometer (Fisher Scien-
tific). The dissolution of glycerol at a concentration of 253.5
g/L led to any/n° = 1.53 at pH 7.0 and 1.55 at pH 8.6, while
glycerol at 391.5 g/L led to g/»° = 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 BD (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 readih§).(

Calibration of Oxygen ElectroddBecause @concentra-

oxygen, a mixture of @and N (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 Qwvas recorded.

UV—Vis SpectroscopyJV —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 thg., is equal to
2000 Mt cm™! (1). Reactions monitored in this manner were
150 uL total volume, consisting of apo-protein (at 40/
final concentration) in Hepes (50 mM, pH 7.0). Biogenesis
was initiated either by addition of copper or by introduction
of O,. To initiate with copper, 1 equiv of Cugas added
to an aerobic sample of apo-protein. To initiate with @
sample of apo-protein was placed in an anaerobic cuvette

tions vary with changes in percent viscosogen and temper-and flushed with argon (bubbled through a basic solution of
ature, it was necessary to recalibrate the electrode whenpyrogallol) for 1 h. A solution of CuGlwas similarly made
varying either parameter. To accomplish this, buffer was anaerobic. 1 equiv of copper was then added via airtight
equilibrated for 20 min under new conditions, after which a syringe, and the reaction was followed until no absorbance
baseline was collected and the scale was set to 100.0%changes were observed]15 min (L3). Subsequently, bio-
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FiGURE 1: Time course of TPQ formation and,@onsumption. Ficure 3: Effect of solvent viscosity orkso. Relative rates of

TPQ formation Q) was followed spectrophotometrically at 480 biogenesis Kyio°/koio) Were determined in solvents with relative
nm in 50 mM HEPES, pH 7.0, at 2Z&. O, consumption @) was viscosities §/5°) equal to 1.00, 1.53, and 2.20 at pH 7@)(and
observed in a Clark oxygen electrode under similar buffer condi- 1.00, 1.56, and 2.22 at pH 8.@®). The expected response of a
tions. The data for both reactions are fitted with a single-exponential diffusion-controlled reaction is shown as a straight line.
function.
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0 0.2 0.4 0.6 0.8 1 Ficure 4: Effect of pH and solvent isotope Okhio. kuic Was
O, (mM) determined in buffers varying in either p@) or pD (@®). The data
. were fit to a function with differing rates at low and high pH/pD.
Ficure 2: Response of observed rate of @nsumption Kqng to The value is equal to 12 M s gt low pH and 78 M? sﬂ atp

oxygen concentratiork,pswas measured at various concentrations . ; ;

of dissolved @, from 0.15mM up to 1mM (in 50 mM HEPES, pH mgrl] g‘j‘a\ggh?g Rﬂ;(flo;?.g?hglnep\éalﬁtﬁt;oﬁwor;% |935equal to14
7.0, 25°C). The slope, generated by a linear fit of the data, is the ' o
second-order rate of biogenesdhg.

Table 1: Kinetics of TPQ Formation and Oxygen Consumgstion

genesis was initiated by rapid aeration of the protein. Similar Kobs (Min—2)
procedures have been reported by this [&B.( TPQ formatio 0, consumption
Data Fitting. Both G, consumption and TPQ formation initiated with __initiated with _ initiated with
were fitted to a single-exponential function with nonlinear cu(lly 0, cu(lly
flfahgressmn fanalyf,]ls pr?wded by th((aj ;f)rogret)m Kale|dagTap|h. WTHPAD 0.08£0.03 0.08% 0.03 0.10% 0.03
'he errors from these fits were used for subsequent calcula-g 4060 0.013-0005  001Z- 0.006 0.017+ 0.005
tions ofkyi, under various conditions. To fit the data in Figure  N404D 0.0006+ 0.0002 0.0007Z 0.0002 <0.00%
4, the following equation was used: a Assays were conducted under ambient oxygen concentrations (250
uM), at 25°C and in HEPES (pH 7.0, ionic strength50 mM). > No
Koio = Koiogow pry/(1 T 10(pH_pK)) + rate was detected, but an upper limit of 0.003 Thiwas estimated
K—oH based on the minimally detectable signal (see experimental for
kbio(high pH{(l + 10PK-P )) calculation).c Measured at 480 nm. Reported rates are the average of
at least three trials.
In Table 1, the minimally detectable signal was calculated
based on an estimated lower limit of observableddn-  either copper or oxygen were investigated. To initiate with
sumption (nmol @min) divided by the amount of enzyme  copper, metal was added to an aerobic sample of apo-
used: enzyme; initiation with oxygen was carried out by aerating

. _ . . a sample of apo-enzyme, which had been preincubated
Kops (Minimal) = (0.24 nmol G/min)/nmol apo-protein anaerobically with copper. With either method, the observed
rates kop9 Were virtually indistinguishable (Figure 1).
RESULTS . .
The relative rates of oxygen consumption and TPQ
Relative Rates of Copper Binding, Oxygen Consumption, biogenesis were determined under similar conditions for WT
and TPQ Biogenesig he rates of biogenesis initiated with  protein and two mutants, N404D and E406Q (Table 1). With
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both WT and E406Qk.ps for oxygen consumption and 0.02
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. 0.01
Effect of Varying Oxygen Concentration on the Rate of g ]
Oxygen Consumption during Biogenedike observed rate
of oxygen consumption was followed as a function of varying
oxygen concentration under standard conditions (Figure 2).

0.015 -

< i
0.005

A linear response ok,,s was attained up to maximally 0]

obtainable @ concentrations~1 mM at 25°C), and from ]

this, a second-order rate, ko, of 14.44+ 0.5 M1 s71 was 20,005 T e
calculated. Saturation was not observed for plots under any 300 350 400 450 500 550 600

of the conditions studied herein (see below), where viscosity,
pH, solvent isotope, and temperature were varied.

Effect of Viscosity on BiogenesBuffers were made at 0.02
relative viscosities#{/n°) 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 0.015
on kyio can be seen in Figure 3; there is no apparent change 1
in rate at either pH studied.

Effect of pH on BiogenesisThe effect of pH was ®
determined by measuring the changéginin buffers ranging < .
from pH 6.0 to 9.0 (Figure 4); buffers outside this range 0.005
could not be used due to nonspecific protein denaturation. ]
Values for biogenesis of 128 1.4 Mt s* at low pH and 04
78.1+ 6.7 Mt st at high pH were determined, with &p ]
at 8.45+ 0.13.

Effect of Salent Isotope on BiogenesiShe effect of
solvent isotope was ascertained by measukigdn buffers
of varying pD values (Figure 4). A similar response to the

TP i ; Ficure 5: Effect of pH on UV-vis spectra of CT species. (A)
E)tm?ﬂf m,ﬁ)ro,tllate? bllJercrjs v;/is Ohbs%rvedd V{Zgﬁlo; 7IVI7’? Apo-HPAO at pH 8.56 was preincubated with Cu(ll) anaerobically,
: § © Calculated at high pL an ' until no further absorbance changes were obseri8d A baseline

s! at low pD. The K value, however, was shifted spectrum was recorded at this point, followed by rapid aeration of
approximately 0.5 units to 8.9 0.13. the sample. Displayed spectra are subtractions of the baseline at 1,
Effect of pH on Formation of CT Speciékhe effect of 3,5, 7, and 9 min (labeled spectra-3, respectively) consequent

; ; to aeration. (B) Apo-HPAO was prepared as in panel A, but at pH
varying pH on the appearance of the CT species was 7.00. Spectra are subtractions from the baseline at 1, 5, 10, and 20

wavelength (nm)

D00 e

300 350 400 450 500 550 600
wavelength (nhm)

followed spectrophotometrically at 350 nib3). At pH 8.6 min consequent to aeration (labeled spectrat lrespectively).
(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 157

disappearance of the 350 nm band appeared to coincide with
the formation of TPQ at 480 nm.
Effect of Temperature on Biogenesig, vas determined

at 20, 25, 30, and 38C (Figure 6). From these rates, an —
Arrhenius plot was constructed (inset) and an enthalpy of E
activation of 8.4+ 0.5 kcal/mol was found. This value is 2 ]
much less than the 37.6 kcal/midbund previously for a 0.5 1
mutant of the N404 (adjacent to TPQ) positidr8) ]

In ()

w3z 00032 00033 00094 00035
1T (1K)

DISCUSSION

Since the discovery of TPQ in 199@)( 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 TPID)( This result, ~ FIGURE 6: Effect of temﬁeratuzrgog“bio- k%bs s detgegp(i:”eg at
coupled with the fact that the active site contains a mono- \éﬁgogg%or(lffn%ﬁélcmtseg Z\Qr}thenius (él)())'t O?(bio ié.s)hown in( tz{e
nuclear copper, led to a hypothesis for cofactor formation, jget.

the general features of which are shown in Schem#&2). ( ) )
Beginning with apo-enzyme (A), copper is bound and SuPsequently ligands the precursor tyrosine (B) to form an
activated complex. This species is proposed to be in
3In a previous paperl@), the value ofAH* for the biogenesis of equilibrium with tyrosyl radical-Cu(l) (C), formed via

N404A was incorrectly reported as 9 kcal/mol due to a calculational €lectron transfer from the precursor tyrosine to the metal.
error. The equilibrium is believed to largely favor species B

0 0.2 0.4 0.6 0.8 1
0, (mM)
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because of the inability to detect by EPR any organic radical As a consequence of the fast apparent rate of copper
or reduction of Cu(ll) signal when copper is prebound to binding, subsequent experiments were initiated by the
apo-enzyme anaerobicall¥9). O, then diffuses to the active  addition of metal to aerobic samples. Under these conditions,
site and reacts with Cu(l) to form Cu(ll)-superoxide (D), the consumption of ©appeared to coincide with TPQ
which subsequently collapses with the tyrosyl radical to form formation (Figure 1) and to occur in a single-exponential
a peroxy intermediate (E). Deprotonation of this intermediate phase. Because these experiments are for a single turnover
leads to dopa quinone (DPQ) (F). After formation of DPQ, reaction, two salient mechanstic points can be deduced from
the Michael addition of KO or OH™ yields topa (G), which  this result. First, in light of recent reports which implicate
in the final step is reoxidized to the mature, redox-active the uptake of 2 equiv of oxygen/TPQ formez8), the course
TPQ (H). The conversion of G to H is also envisioned to of oxygen consumption shown in Figure 1 indicates that the
contain a realignment of TPQ, such that the C-5 oxygen is first O, reacts more slowly than the second; a biphasic
oriented toward the active-site copper, in accordance with response in @consumption would have been observed if
the structures of mature AGAO and ECAQZ. the first equivalent reacted more quickly. Second, the data

The credibility of this mechanism rests on crystallographic " Figure 1 indicate which steps can be rate determining in

studies of an amine oxidase frofrthrobacter globiformis ~ Piogenesis. The similar rate constants for @nsumption
(AGAO), in which the mature cofactor is seen to access and TPQ formation signify that a step concurrent with or

conformations expected to occur during biogenesis, but Préceding the reaction of apo-protein with the first equivalent
thought to be nonproductive during turnovég). A crystal of O; is rate limiting. If the mechanism shown in Scheme 1
structure of the apo-enzyme of AGAO has also been reported,'S correct, this step must b_e the dlffus_lon—controlleq reaction
indicating the precursor tyrosine in a position to interact with P€tween the metal and dioxygen, since metal binding has
the vacant copper sitel?). Additionally, some of the already been shown_to not gffe_:ct the overall rate of cofactor
transformations proposed have been shown to occur in modeformation. To test this possibility, the responsekgf to O;

systems. For example, the Michael addition @#OH" on concentration was pursued. _ _
DPQ has been shown to occur in solution, as has the, The effectof changing £roncentration upokusis shown

reoxidation of the quinol form of TPOR0). in Figure 2; even up to maximally obtainable values of
g . 20 . . _dissolved Q (~1 mM at 25°C and ambient pressureds
However, there has been no direct evidence supporting, 4 ies linearly with [Q], consistent with a diffusion-

the prOPOS,‘a' shqwn in Schgme 1, and many of the spepific controlled reaction between apo-HPAO angd The second-
mechanistic details concerning TPQ formation have remainedg e rate constant determined from the slope of this plot is
unclear. For example, the initial reaction of apo-enzyme with equal to 14.4+ 0.5 M1 5! and is referred to akyo.

O, may occur in a diffusional encounter, as with glucose 35 sma| magnitude dé,;, and the absence of saturation
oxidase 21)’ or by prebinding of oxygen to a speC|f|g, in the kops Vs [O;] plot (Figure 2) presents an apparent
nonmetal site on the enzyme, as with PCD or CAOs during ¢qradiction. A lack of curvature in enzyme reaction plots

turnover 19, 22). A!SO unknown are the factors \_NhiCh of velocity vs [substrate] is most easily reconciled with a
influence the formation and breakdown of the tyrosine-Cu- it ,sjon-controlled process: however, most diffusion-limited

(I) CT species (A~ B, C — D). The prototropic state of o,y me reactions proceed at rates on the order bf 10°
the apo-enzyme, coupling of proton and electron transfer, \y-1' -1 (24). If ks involves electron transfer or additional
and positioning effects _by_ active-site residues may aII_aﬁect chemistry, its magnitude may be small. This has been shown
these crucial mechanistic steps. To probe these iSsSUe$, pe the case in glucose oxidase, where the first electron-
directly, we undertook a detailed kinetic analysis of the ansfer reaction between reduced flavin and dioxygen occurs
consumption of @during TPQ biogenesis in HPAO. at 10t M1 s! at high pH @1). Alternatively, the data in
Nature of Rate-Limiting Steps in Biogenes$ige initially Figure 2 may indicate the presence of an oxygen binding
turned our attention to the binding of copper. It has been site, with an affinity higher than 1 mM. A binding site for
shown that copper is necessary to initiate biogenesis and thabxygen has been shown for another amine oxidase from
no TPQ is generated when other metals such as zinc, cobaltbovine serum (BSAO) during turnover, with an estimated
or nickel are used in its placel@ 14). To determine the K, of ~50 uM (22). The apparent weak affinity of HPAO
kinetic significance of copper binding, biogenesis was for O, during biogenesis could be the result of differential
initiated either with or without Cu(ll) prebound; to initiate  steric effects by the precursor tyrosine and mature TPQ at
with Cu(ll) prebound, metal was first added to an anaerobic the G binding site or may be due to other, nonbinding steps
preparation of protein, followed by rapid aeration to form in the mechanism ak,, is a kinetic contant derived from
TPQ. The rates of biogenesis were found to be 0.08 min k., andk.o/Kn (25). Indeed, theK,, for O, during catalysis
with either method (Table 1), indicating that copper binding was found to increase more than 100-fold in a mutant of
is relatively rapid compared with biogenesis. This result is HPAO due to kinetic considerations4). To discern whether
consistent with previous work in AGAO, where it was found the reaction between apo-enzyme ang i® limited by
that TPQ formation was zero order with respect to metal, in diffusional chemistry or involves specific binding of oxygen,
excess of one equivalert9). The effect of copper binding  the effect of solvent viscosity was investigated.
was also determined for E406Q and N404D, mutants which ~ Studying an enzyme reaction in buffers of varying solvent
flank the precursor tyrosine (Y405) and are known to play viscosity is expected to yield information about the diffu-
integral roles in controlling the conformation of TPQ during sional nature of measured rat@§). If the reaction between
turnover (8). With these mutants, copper binding was also apo-HPAO and @occurs as a diffusion-limited encounter,
found not to affect the overall rate of cofactor formation as shown in Scheme 1, it is expected that a linear, positive
(Table 1). correspondence between the relative reaction raig3koio,
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and the relative solvent viscosity/n°, will be displayed; aldose reductase, and glutathione S-transfer2ge 30).
coversely, a reaction limited by nondiffusion steps will show Ideally, the origin of a kinetically determinedpshould be
no dependence. The effect of solvent viscosity on the rate definitively established by direct titration of the correspond-
of biogenesis was determined by compatipgfor reactions ing residue. However, this determination cannot be done for
run in buffers of varying glycerol content (Figure 3). The Y405 in apo-HPAO because the large number of tyrosines
rates in the three solvents studied, varyingin® from 1.0 and tryptophans in the protein preclude direct spectropho-
to 2.2, are indistinguishable. This determination was made tometric titration. Thus, an indirect probe was sought for
at both low (7.0) and high pH (8.6), as pH was determined confirming the origin of the observedp
to effectky, (vide infra). The lack of a discernible viscosity Unlike the precursor tyrosine, the CT intermediate does
effect implies that oxygen does not react in a diffusion- have a readily discernible absorbance at 350 ). (
controlled manner with apo-enzyme as proposed in SchemeAlthough the CT species is short-lived in WT apo-protein,
1, but rather oxygen prebinds with a weak affinity to the we reasoned that if Y405 were being titrated in the pH profile
precursor protein. shown in Figure 4, a corresponding effect from changing
This conclusion is also supported by spectroscopic results,pH should be observed spectrophotometrically on the forma-
which show that there likely exists an intermediate formed tion of the precursor tyrosireCu(ll) complex. Indeed, at
during biogenesis which is oxygen dependent, but occurspH 8.6 (Figure 5A), the 350 nm absorbance accumulates to
before Q is consumed X3). On the basis of itslmax and a visibly greater extent than at pH 7.0 (Figure 5B). The
kinetic profile, the intermediate is proposed to be a tyrosine- increase in absorbance at high pH may be due either to a
copper charge transfer (CT) species. It is important to note higher extinction coefficient for the deprotonated vs proto-
that in H624C the data imply saturation by oxygen under nated CT species or to a more favorable preequilibrium
ambient conditions4250xM) in order to yield an equivalent ~ between liganded and unliganded Y405. These results
of the CT speciesl3), whereas the kinetic results shown in support the assignment of the kinetically determin&dt@
Figure 2 for WT HPAO suggest K, for O, of >1 mM. the precursor tyrosine.
The different behavior of H624C and WT is likely the result ~ The observation of limiting rates at both high and low pH
of the several order of magnitude difference in their rate of (Figure 4) is most consistent with a direct reaction between
breakdown of the CT complex to yield TPQ, i.e., a kinetically the CT complex and £hat limits the rate of TPQ formation
complexKy, for O, during biogenesis. and is dependent on the protonation state of the precursor
From the kinetic evidence presented herein and the tyrosine. Breakdown of the CT species is expected to proceed
spectroscopic data in the following paper in this issl@,( with a faster rate at high pH due to greater electron
it appears that oxygen not only binds to a specific site on delocalization from the tyrosinate to copper and to the
the apo-enzyme, but that this binding event causes afavorable change in redox potential that occurs upon tyrosine
displacement of the precursor tyrosine onto the copper. deprotonation E,, for TyrO/TyrO~ (pH 11) is 0.2 V less
Further, the observation that the CT species forms faster tharthan for TyrO/TyrOH (pH 7) 31, 32)].
0O, is consumed argues that the formation of the precursor The effect of solvent isotope on the rate af@nsumption
tyrosine—Cu(ll) complex is not rate-limiting in biogenesis; was also investigated. Experiments of solvent isotope effects
if this were the case, the appearance of the CT species wouldcare expected to yield information regarding the presence of
occur concomitant with reaction with dioxygen. proton transfers during steps which are rate determirdiby (
The movement of Y405 associated with Rinding may The proposed rate-limiting reaction between the CT species
account for the relatively higkn, for oxygen, as the coupling and Q vyields a peroxy adduct, which is expected to be
of the two processes is expected to lower the on-rate for O stabilized by either concomitant proton transfer or electro-
This contention is supported by work in PCD, in which the static interactions. Solvent isotope effects help to discern
oxygen-binding site is partially occluded by an active-site these two possibilities; if there is accompanying proton
tyrosine axially liganded to Fe(lll) in the resting enzyme. transfer, a significant isotope effect will be observed, whereas
Substrate binding triggers displacement of the axial tyrosine, the occurrence of electrostatic stabilization should result in
revealing the binding site for Hwhen this tyrosine was  a lack of an effect. Values fdg,;, were obtained in deuterated
mutated to a histidine, which could not ligand the active- buffers of varying pD (Figure 4); the value at high pD was
site Fe(lll), the Ky, for oxygen decreased significantly, 77.8 M*s™'compared with 78.1 M st in protiated buffer,
presumably due to an increased on-rate as a result ofand at low, pD was 14.7 M s™* compared with 12.3 M
uncoupling of Q binding from the associated conformational s at low pH. The lack of a significant solvent isotope effect

encumberance27). indicates that the proposed reaction between the CT species
After probing the nature of oxygen binding, we turned and oxygen is uncoupled from proton transfer.
our attention to the effect of pH oky,. INsofar as crucial Role of Actie Site Residues in Biogenesidaving

active-site residues can be titrated, the pH profile for elucidated many of the mechanistic details concerning the
biogenesis should yield information about the active proto- reaction between Y405 and,@uring biogenesis, it was of
tropic state of the apo-enzyme. The effect of changing pH interest to examine the effects of the consensus site sequence
on kyio is shown in Figure 4. There are two distinct rates residues, which flank the precursor tyrosine in the apo-
observed, with values of 78.1 Ms™! at high pH and 12.3  enzyme. These residues have previously been shown to play
M1 st at low pH and a K of 8.45. On the basis of its  key structural roles in maintaining the proper orientation of
value, the observedpmay reasonably be assigned to the TPQ during turnoveri8). Thus, we predicted that if proper
precursor tyrosine; though 8.45 is lower than th&, for positioning of Y405 onto the copper were required for
free tyrosine {10), it is quite similar to s found for active- reaction with Q and if the consensus site residues play
site tyrosines in Fe-containing superoxide dismutase, humansimilar structural roles during biogenesis as catalysis, the rate
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Scheme 2: New Proposed Biogenesis Mechanism Based on Kinetic Results
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of oxygen consumption would be diminished in these Klinman 35), and is discussed in the preceding paper in
mutants relative to WT apo-protein. Indeed, it was found this issue {3).

that the rate of reaction with Os reduced by 6-fold in Formation of the CT complex activates Y405, which then
E406Q and by greater than 30-fold in N404D (Table 1), (egcts with @ to form the peroxy intermediate {C+ D),

supporting t_his argument. This structural role for the followed by subsequent conversion to DPQ' (B E).
consensus S|te_ residues is also support_ed by spectroscopi yqition of water leads to reduced topa’J@nhich is then
results comparing E406Q and N404D with a mutant of the o4 iqized to yield the mature cofactor'jHin this proposal,
copper-binding site, H624C. Though all three mutants form TPQ remains with the C-5 oxygen oriented toward the

TPQ at rates significantly diminished from WT protein . - :
. putative substrate channel, in accordance with the structure
(-Ir—zglﬁstl))r’ tonIy.H624C waé_lg)bser\{gg to readily form the of mature HPAO 86) and mechanistic expectations. The
P h hyrlosme—cop'per' specids)( i kinetic data clearly indicate that a step concomitant with or
The ent ape)/ of activation r\]/vas also determined for O e eding reaction of the first equivalent of ©rate-limiting
consumetlon, g mleasurmfg t Zrehsponr?&bg]to te(rjnper- overall in this process, but is neither metal binding A
ature (Figure 6). It was found that the depent en(ie on B') nor concomitant @binding and CT complex formation
tiamspﬂ(atulr/?nw;a\s r:elaltl\;elé/ fsmall tfr?r VYT protfe;g, WA'IM‘:I . (B'— C). This reasonably leaves either the reaction between
o e e chtia of > e CT species and G D) or an undetermied
27 6 kgallmoi found. reviously for apmutant at the 404 conformational change as possibilities for the rate-determin-
po.sitiori* (18). The origpin of thglarge temperature in this ing step in biogenesis. Several factors favor the former, rather
: ; than the latter. First, the observation and assignment of the
mutant may be yet ano*ther consequence of its structural roIepH effect directly to Y405 is more consistentgwith a rate
E;Sg%ens?zﬁé?tsot%? ;gtggz(igézgﬂgﬁgéoggalttr;?n for enhancement when the CT complex consists of a deproto-
Mecr;anism of Biogenesion the basis of the ki.netic nated precursor tyrosine. Second, as previously mentioned,
9 Gthere appear to be no major conformational changes seen

Egscwésrﬁ:;)e\gsoed :r'%?ﬁgs?: i';}ectgatlﬂsrgn'zs rrr]10( Wf !pEr'())pose when comparing the apo- and holo-enzyme crystal structures
- ~0PP pidly y . of CAOs (12). Finally, the observation of a reduction in the

though in the absence of,(t does not interact with Y405. rate of TPQ formation in the mutant H624C can be more

xygen then binds in a site near the precursor tyrosin X ) .
Oxygen then binds in a site near the precursor tyros e’eaS|Iy rationalized with respect to changes in the electronic

displacing it onto the metal to form the CT species . ) : .
C). This movement s precisely modulated by ?he Con(-SBensusconﬂguratlon of the CT species relative to WT HPAO, rather
than by gross conformational changes of the active site.

site residues flanking the tyrosine and may be well repre-
sented by the CHOFF and CtON forms seen crystallo- This biogenesis proposal differs from previous mechanisms
graphically with the mature enzym#2). The nature of the ~ (Scheme 2 vs Scheme 1) on several key points. In particular,
activated complex (¢ is best described as a tyrosinate  there is no evidence for a diffusional reaction between O
Cu(ll) species, which has some tyrsosyl radical-Cu(l) and Cu(l); rather, it is proposed that oxygen prebinds to the
character as a result of the covalency of the liganuttal enzyme prior to reaction. Further, it is this binding of O
bond @3). A similar type of phenolate-metal interaction has which triggers a reorientation of the precursor tyrosine onto
been shown to occur in the iron-containing enzyme PCD the active-site copper that activates Y405 for a rate-limiting
(34); the possible mechanistic analogy between PCD catalysisreaction with Q. Importantly, the data presented herein and
and TPQ biogenesis was previously noted by Williams and in the accompanying paper in this issd8)(provide the first
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Scheme 3: Comparison of Initial Steps in TPQ Biogenesis and the Catalytic Oxidative Half-Reaction
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experimental evidence for an intermediate during TPQ for the analogous semiquinone/topa couple (pB) com-
biogenesis. pared with 0.74 V (vs NHE) for Tyr@TyrO~ (32, 38). This

CAOs are unique in that they are able to catalyze difference in redox potential between aminoquinol and
efficiently the dual processes of TPQ biogenesis and tyrosine can also account for the very large difference in
turnover. Because enzyme active sites are typically envi- second-order rate constants for biogenesisQq M~ s™)
sioned as being structured to carry out a particular transfor- VS catalysis 10° M~* s™) (22).
mation, it is of general interest how the active site of HPAO  An interesting question which arises from the mechanisms
achieves its diversity. At one extreme, it may be imagined of biogenesis and catalysis is the evolution of the active site
that the active site is functionally partitioned, such that of CAOs. An intriguing possibility is that the active site
specific residues are utilized for biogenesis or catalysis, but originally evolved to carry out oxidative chemistry on
not both. At the other extreme, an active site may be amines, but required an exogenous cofactor, such as pyr-
contemplated where a single set of residues and cofactorgologquinoline quinone (PQQ), for activity. At some later time,
are used to catalyze both transformations, generating diversitythe oxidative chemistry previously developed to reoxidize
through the ability to oxidize both the precursor tyrosine and the noncovalent redox cofactor was fortuitously applied to
reduced TPQ cofactor. oxygenate a proximal tyrosine residue, creating TPQ. This

The relevance of these two possibilities in CAOs can be €volved enzyme would be more advantageous in that it would
addressed by a general comparison of the mechanisms foun@v0id the need to obtain exogenous cofactors for activity.
in TPQ formation and turnover (Scheme 3). During both This scenario might account for the larli@ value found
biogenesis and catalysis, oxygen is proposed to be preboundor O2 during biogenesis; the kinetics of oxygen usage would
on the enzyme prior to undergoing reductio2)( In not have been optimized for this “adapted activity”, and
addition, the key structural contributions made by the further, the evolu'qonary pressure for th_e enzyme to attain a
consensus residues are similar in both processes. In thes&m nearer to typical physiological regimes would not be
aspects, it appears that CAOs are well designed to makedreat, since formation of the cofactor simply needs to satisfy

efficient use of their active-site elements in order to carry the physiological requirement of TPQ formation on a time
out their dual transformations. 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 cytochrome oxidase, all catalyze oxidative
reactions and each contain a novel, oxidatively modified
tyrosine as a redox cofactoBY—42).

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, @2, 37). This mecha- CONCLUSIONS
nistic difference is presumably due to the much lower redox A full kinetic analysis of Q utilization during TPQ
potential of the reduced aminoquinol compared with tyrosine; biogenesis has been conducted, leading to a detailed proposal
althoughE, is not known for the semiquinone/aminoquinol for the initial steps of cofactor formation. The effects of
couple, a value near 0.04 V (vs NHE) has been estimatedsolvent viscosity, pH, solvent isotope, and temperature were
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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 (3), the kinetic data lead to a model in which binding
of O, displaces the tyrosine onto the active-site copper. A
subsequent reaction between the tyrosioepper CT com-
plex and Q 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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