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ABSTRACT. The expression of a copper amine oxidase (CAO) fidamsenula polymorph&n Saccha-
romyces cergsiae under differing culture conditions leads to the incorporation of varied levels of CAO-
bound zinc. The presence of substantial amount of zinc results in two distinctive enzyme species, designated
as the fast and slow enzymes. Both forms are rapidly reduced by substrate methylamine with a rate constant
of 199 s but behave remarkably differently in their oxidation rates; the fast enzyme is oxidized by
dioxygen at a rate of 22.1°% whereas the slow enzyme reacts at a rate ofxL1* s™%. The apparent

keat Of the enzyme preparation is linearly proportional to the fraction of the fast enzyme, with an extrapolated
value of 6.17 51 when the enzyme is 100% in its “fast” form. A comparison of rate constants for cofactor
reduction and reoxidation steps, measured in stopped flow experiments, to the extrapglagdicates
additional steps in the steady state reaction. Measurement of the proportion of oxidized.{EaRD
reduced cofactor (ETPQ) under steady state conditions indicates approximately 50% of each cofactor
form at 0.8 or 2 mM methylamine. Kinetic isotope effect measurements using deuterated amine substrate
lead to the following steady state value®3(kieq) = 8.5 (0.5),P(kea) = 1.7 (0.1), ancP(kealKm) = 4.3

(0.2). The collective data allow the calculation of partially rate-determining constants during the reductive
half-reaction (ca. 20073 for binding of substrate to ETPand 27.9 st for release of aldehyde product

or a protein isomerization from ETREQ); an additional step with a rate constant of 13:2is assigned

to the oxidative half-reaction, most likely for the release of product hydrogen peroxide. These results,
together with the sole detection of oxidized and reduced cofactor during rapid scanning stopped flow
experiments, indicate that four steps contributéte with the first electron transfer from cofactor t@ O
contributing ca. 29%. An investigation of the relationship between the copper content and the extent of
the fast enzyme shows that only the copper-containing homodimer is capable of rapid reoxidation and
that zinc-copper heterodimers are incapable of rapid turnover at either subunit. This implies communication
between the metal sites of the two subunits per dimer that impactsn@ing and/or electron transfer

from reduced cofactor to bound,O

The copper amine oxidases (CAO£C 1.4.3.6) are in mammals is less clear, with emerging evidence for their
distributed over a wide range of organisms, from bacteria role in inflammation in endothelial tissue and glucose uptake
and fungi to plants and animals. These enzymes catalyzein the adipocyte. These enzymes are homodimers with each
the oxidative deamination of primary amines to form the 75—-80 kDa subunit containing two essential cofactors: a
corresponding aldehyde and ammonia, with subsequentcupric ion and a unique organic cofactor, 2,4,5-trihydrox-
reduction of dioxygen to hydrogen peroxide. This reaction yphenylalanine quinone (topa quinone or TPQ), derived from

enables microorganisms to utilize primary amines as a a tyrosine protein side chain in a posttranslational modifica-
nitrogen source. The physiological significance of the CAOSs tion process 1—4).
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1 Abbreviations: AGAOArthrobacter globiformiphenylethylamine yields the product Schiff base (PSB), which is subsequently

oxidase; BSAO, bovine serum amine oxidase; CAO, copper amine Nydrolyzed to release the product aldehyde, leaving an

oxidase; HPAO,H. polymorphaamine oxidase; ICP, inductively — aminoquinol form of TPQ (TPQ). Resonance Raman
coupled plasma; MeAm, methylamine; MeAdl- trideuterated me- i -
thylamine; topa, 2,4,5-trihydroxyphenylalanine; TPQ, topaquinone; f]pe(]itmsco‘)ty OLTPé’IQSEOWSdrt]hat t?e ﬁ]O ﬁtlr?lettytaé(; 5 C-4
TPQx, oxidized form of TPQ; TPQq reduced or aminoquinol form as lar greater double-bond character than that at L-2 or C-

of TPQ; TPQ, semiquinone form of TPQ; YNB, yeast nitrogen base. (5). This observation, together with the fact that the produc-
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Scheme 1: Proposed Mechanism of the CAO Reattion
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2SSB and PSB are substrate and product Schiff bases, respectively. In mechanism I, dioxygen bifitdsotéo@a superoxide. In mechanism
I, dioxygen binds at a non-metal site and is reduced directly by JPQ

tive conformation of TPQ has the C-5 carbonyl oriented Scheme 1)10, 11). According to the latter mechanism, the
toward the substrate-binding si& 7), explains the exclusive  first one-electron reduction of dioxygen is the rate-determin-
nucleophilic attack at the C-5 position by substrates and theiring step in the process of forming bound hydrogen peroxide
analogues. Additionally, both the resting and reduced forms from ETPQeq and Q (11) and contrasts with the former
of TPQ have been shown to be unusually mobile, capable mechanism in which TPQmay be expected to accumulate.
of occupying nonproductive conformations that involve a In support of mechanism I, rigorous studies of the cobalt-
flipping of the cofactor ring, often in the direction of the substituted enzyme, which should not be capable of produc-
active site copperl( 2). ing a TPQ{/Co'* given the ca. 800 mV more negative redox
In contrast to the well-established mechanism for the potential for C8" than Cd* (6, 12), have yielded highk.a
reductive half-reaction, there still remains uncertainty in the values (3). It has been proposed that the primary role of
oxidative one, especially with regard to the function of the the metal is to provide electrostatic stabilization during a
bound metal. Cofactor reoxidation indisputably includes the reduction of dioxygen to superoxide anion. Interestingly, the
interaction of dioxygen with TP to produce hydrogen  capacity of metals other than copper to activate the CAOs
peroxide and iminoquinone; the iminoquinone intermediate is highly dependent on the source of the enzyme, with studies
either is hydrolyzed to release ammonia and to regenerateof eukaryotic enzymes providing the primary support for
TPQ, or reacts directly with amine substrate to form the mechanism Il {4—16). The identification of a likely off-
substrate Schiff base. Initially, copper was assumed to bemetal binding site for dioxygen in HPAO has provided
essential for transferring electrons from TR0 dioxygen. additional support for the role of metal as an electrostatic
This was based, first, on the observation that TRQisted  stabilization catalyst7, 17).
in the substrate-reduced form of selected CAOs under In this study, we have turned to rapid kinetic analyses of
anaerobic conditionsJ and, second, on the observation that the heterologously expressed wild-type eukaryotic CAO from
an electron could be transferred at a catalytically competentH. polymorpha(HPAQO) to confirm and investigate aspects
rate from TPQq to the cupric ion 9). In other words, a  revealed from prior steady state analyses. These studies
TPQ4Cu" species was proposed to bind and activate confirm that the rate-determining step of the HPAO reaction
dioxygen as the first step in the oxidative half-reaction sequence resides in the oxidative half-reaction, with the first
(mechanism | in parentheses in Scheme 1). Subsequentlypne-electron reduction of dioxygen contributing ca. 29% to
detailed kinetic and metal substitution studies from this ke As a result of subtle changes in growth conditions during
laboratory have led to an alternative mechanism for the enzyme expression, we were unexpectedly obligated to
copper amine oxidases frofansenula polymorph@HPAQ) characterize an enzyme that contained varied proportions of
and from bovine serum. This involves initial dioxygen copper and zinc. These studies reveal a dependenkg; of
binding at a non-metal site, followed by electron transfer on the fraction of protein that contains copper both
from TPQeqto form the superoxide anion (mechanism Il in  subunits of the dimer; i.e., enzyme containing zinc in one
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of its subunits is inactive at the alternate subunit during the data were fitted to the MichaetidMenten equation by
oxidative half-reaction. This apparent cooperativity, which nonlinear regression using Kaleidagraph (Abelbeck Soft-
is seen solely in the portion of the reaction that involvegs O ware).

is discussed in the context of the structural properties of Trace metal analyses were performed on a Perkin-Elmer

HPAO at its dimer interface. 3000DV ICP-AES instrument using commercially available
metal standard solutions. Samples were dialyzed overnight
MATERIALS AND METHODS against an at least 200-fold excess volume of 100 mM

potassium phosphate buffer (pH 7.0) prior to ICP analysis,
as well as the rapid and steady state kinetic analyses. The
metal content of the protein preparations was corrected for
buffer contamination, which was normally close to back-
ground levels.

Rapid-Scanning Stopped Flow Spectrophotometry and Fast
Kinetic Analysis.All aerobic and anaerobic stopped flow

Chemicals and General Methodsll chemical materials
were purchased from commercial providers and used without
further purification except as noted. Glucose oxida&s- (
pergillus nige) and catalase (bovine liver) were obtained
from Sigma-Aldrich. Trideuterated methylamine (MeAm-
ds, 99% pure) was also purchased from Sigma. All argon
used here was passed through a basic solution of pymga”OIexperiments were carried out at 26 in the presence of
to scrub oxygen. Buffers and protein solutions used in ; i S
anaerobic experiments were degassed either by bubbling Withloo mM potassium phosphate buffer (pH 7.0), with an ionic

o : L2 strength of 300 mM, on a Hi-Tech KinetAsyst SF-61 DX2
argon or by stirring or applying gentle agitation under a double-mixing stopped flow system equipped with a Kin-
stream of scrubbed argon. The oxygen concentration of

buffers was measured using a Clark electrode. Data areetaScan diode-array detector.

represented as an averagjghe standard error, based on, at sel ntl?n? Ql‘tggsttégh;%”ggﬁnvggzg Vtv:?hseezlrei\(/jevgthrii rgb\tai:ra
least, three independent experiments. P P yrng

. S Luer-Lok fitting at the bottom, enzyme and substrate MeAm
Enzyme Exprgssmn and Purlﬂcathwnd—type HPAO solutions were made anaerobic by degassing under reduced
was expressed iBaccharomyces cerisiae and purified o516 for 5 min and passing argon with gentle agitation
malnly accord|.ng to the_ _met.hod descr|bed by'PIastmo etal. for 10 min. This manipulation was performed through the
(18) with the slight modification of Mills and Klinmani(); needles penetrating the rubber septum and was repeated three

S. cereisiae Waos grown in the synthetic m|n|m_al med'“'_m times. The solutions in the drive syringe were then allowed
containing 0.67% yeast nitrogen base (YNB) without amino temperature equilibrate for at least 5 min. For the

acids, 0.5% ammonium sulfate (Sigma), and 2% glucose o»qrement of the oxidative half-reaction, a double-mixing
supplemented with 100 mg/L adenlne, 100 mg/L histidine, method was employed; 80V HPAO was first mixed with
100 mg/L tryptophan, 150 mg/L leucine, and®l CuSQ.. 51 equal volume (6@L) of the same molar concentration

In several cases, HPAO was expressed in a culture inof the methylamine solution. After an aging time of 50 s,
which the concentration of YNB was decreased to 0.17% pg|f of the substrate-reduced enzyme was mixed with an
and that of CuS@was increased to 1M, according 0 equal volume (6QuL) of the same buffer containing twice
the original report about the synthetic minimum medid9{  the desired final concentration of oxygen, and the spectral
120 and 70 mg of purified protein (more than 90% pure as 1 5 ms.
judged on SDSPAGE), respectively. Protein.concentrations For the reductive half-reaction, glucose oxidase and
were determined by the Bradford assay (Bio-Rad). catalase (50 units/mL each) were added to both the enzyme

General Characterization of HPAOthe quantitation of  and substrate solutions, to achieve strict anaerobi@iy. (
TPQ content was carried out by adding a 5-fold molar excess After being made anaerobic in the manner stated above, a
of a freshly prepared solution of phenylhydrazine HCl to an g-p-glucose solution, which had been degassed by bubbling
HPAO sample in the presence of 100 mM potassium scrubbed argon for at le@s h while stirring, was added to
phosphate buffer (pH 7.0). Spectra were recorded &5 3 final concentration of 20 mM with the aid of a gastight
with a Hewlett-Packard 8452A diode-array spectrophotom- microsyringe. Typically, a 2aM HPAO solution was mixed
eter equipped with a thermostated cell holder until the with the same volume (12QL) of substrate solution
increase in the absorbance at 448 nm due to TPQ-phenyl-containing a varied concentration of methylamine in a single
hydrazone formation stopped (typically within 30 min). An  mixing method, and the spectral change due to TPQ
extinction coefficient 20) of 40 500 M cm™* at 448 nm  reduction was recorded every 1.5 ms. Pseudo-first-order rate
and a subunit molecular weight1) of 75 700 were used to  constants for reduction and oxidation of HPAO estimated
calculate the percentage of active TPQ cofactor in the protein.from absorbance changes at 480 nm (the appagrand
An extinction coefficient22) of 1850 Mt cm* at 480 nm k., respectively) were calculated by nonlinear regression to
was employed for TPQ. In this study, concentrations of  a single-exponential equation using a program in Kinetasyst
HPAO indicate the concentration of TPQ that is reactive to || (Hi-Tech) or Kaleidagraph (Abelbeck Software).
phenylhydrazine, unless otherwise noted. Alternatively, substrate-induced reduction of HPAO was

The initial velocity of the HPAO reaction, including observed at the saturated oxygen concentration. Both the
deuterium isotope effects, was measured by monitoring theenzyme (typically 15:M) and the MeAm (0.8 or 2.0 mM)
rate of oxygen consumption using a Clark electrode. Reac- solutions were saturated under a stream of oxygen instead
tions were performed in the presence of 100 mM potassium of argon (vide supra) with gentle agitation for 60 min. After
phosphate buffer (pH 7.0) and varied concentrations of equal volumes of each solution were mixed in a single-
MeAm and oxygen at 28C, as previously described 1). mixing device of the stopped flow, the change in spectra
The ionic strength was adjusted to 300 mM with KCI. The was recorded every 75 ms. In this experiment, it is expected
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tions, the reaction mixture will be kept in the steady state 0 50 100 150 200 250 300 350 400
until a substantial amount of oxygen is consumed. Therefore, 0.1 min
this experiment enables us to investigate the ratio of the
oxidized and reduced forms of HPAO in the steady state.

that, at an initial MeAm concentration (0.8 mM) that is lower 0.35
than the oxygen level, a certain proportion of enzyme will 0.06 4 soee
be reduced by substrate and then reoxidized after the 03 1 005 ] /,..-
substrate is depleted. On the other hand, it is expected that,
at an initial MeAm concentration (2.0 mM) that is greater 0.25 1 g
than the oxygen level, all of the enzyme will ultimately be H © 00
reduced after oxygen is depleted. As stated below, because > 02 ] 002
the apparent oxidation rates of reduced HPAO are almost £ 00l ®
the same between ambient and saturated oxygen concentra- € s ] .

(7]

2

<

0.05 ]
Spectroscopic Measurements of the HPAO Reactibese

were performed to investigate if all of the enzyme would be 0 e —

properly reoxidized and participate in the catalytic cycle or, 300 350 400 450 500 550 600 650 700

alternatively, whether a substantial portion of enzyme would

become inactivated during the catalytic turnover. All spec- Ficure 1: Spectral measurement of the oxidative half-reaction of
troscopic measurements of the HPAQ reaction were carmiedg ntrate.reduced HPAO. Spectra were recorded every 15 min for

out at 25°C in the presence of 100 mM potassium phosphate g h. In a Carry 3 Bio UV-visible spectrophotometer {Varian),
buffer (pH 7.0), with an ionic strength of 300 mM, and HPAO was degassed in a hand-crafted cuvette having a bulbous
spectra were recorded every 50 s. top and a ground glass joint under a stream of scrubbed argon

. through the needle penetrating the rubber septum for 60 min with
An 0.85 mL sample of 7uM HPAO was placed with stirring. After addition of 5-equimolar methylamine, which was

stirring in a semi-micro quartz cuvette for the Hewlett- made anaerobic in the same manner, with a gastight microsyringe
Packard 8452A diode-array spectrophotometer; after equili- through the other needle penetrating the septum, the first spectrum
bration with atmospheric oxygen for 10 min, spectra were Was immediately recorded. The solution was then oxygenated, by

P removing the septum, under the air stream during the interval of
recorded. Four hundred seconds after the beginning of thespectra for 60 min. The inset shows the time trace of the absorbance

spectral recording, 6.0L of 100 mM methylamine (final ~ change at 480 nm. The line is a single-exponential fitting to the
concentration of 0.7 mM, 100-equimolar) was added. After slow phase reoxidation. Conditions: @51 HPAO (entry 6 in Table
the substrate was depleted and the enzyme was reoxidized}), 125uM methylamine, 100 mM KPpH 7.0, andt = 300 mM
another 50- or 100-equimolar methylamine was added. Thisat 25°C. The scan speed was 600 nm/min.

cycle was repeated several times.

nm

extent of the fast reaction did not change after the sequential

RESULTS additions of additional 50-equimolar aliquots of MeAm
) _ o (Figure 2). Lee et al.24) showed that a side species such
Heterogeneity of HPAO Expressed in S. eesiae. In our as benzoxazole could be formed during the reaction of

early preparations of HPAO that were expressed in a culture plasma amine oxidase with benzylamine in the presence of
medium that contained the higher concentration of yeast hydrogen peroxide and that the enzyme became partially
nitrogen base (see Materials and Methods), it was found thatinactivated under these conditions. The results illustrated in
the substrate-reduced HPAO was not fully reoxidized in a Figure 2 argue against the formation of an inactive or less
rapid phase. Typically, as shown in Figure 1, fully reduced active species during the catalytic turnover as the origin of
enzyme was only partially reoxidized in the initial portion  a slow enzyme form. Indeed, there was no difference in the
of the reaction, with completion of the reaction requiring amounts of TPQ which were derivatized with phenylhydra-
several hours. As illustrated in the inset of Figure 1, the zine for unreacted samples of enzyme in relation to those
oxidation reflects two exponential processes characterizedthat had undergone full reoxidation after being treated with
by rate constants that differ by 5 orders of magnitude: the substrate (data not shown).
fast enzyme with & of 22.1 s* (vide infra) and the slow The extent of the fast enzyme for six preparations
enzyme with ako of (1.8 4+ 0.3) x 104 s™. characterized in this study is summarized in Table 1, together
The extent of the fast and slow reactions appeared towith steady state kinetic parameters, the amount of TPQ,
fluctuate among protein preparations. The protocol in Figure and copper and zinc contents. Although nickel and cobalt
2 was designed to address the fraction of the fast reactionwere also analyzed by ICP, those were within a background
for each enzyme preparation. In these experiments, whichlevel. The amount of fast enzyme appeared to be correlated
contained 100 equimolar equivalents of MeAm, the diffusion with metal content; this will be discussed later. As indicated
of oxygen was too slow to replenish the oxygen instanta- in Figure 3, the fact that the apparé®gi; linearly correlated
neously. Thus, the entire enzyme initially underwent com- to the percent of fast enzyme not only demonstrated that the
plete reduction; i.e., the reaction system became nearlyfast enzyme is solely responsible for the catalytic turnover
completely anaerobic, leading to the disappearance ofJPQ but also made it possible to estimate the tkugvalue by
at 480 nm (Figure 2, bottom) or the appearance of THaD extrapolating to 100% fast enzyme. Thig; value of 6.17
310 nm (Figure 2, top). Subsequently, after the substrate wast 0.24 s will be used as a reference in relating the fast
depleted, a certain portion of the enzyme was quickly kinetic analyses to steady state parameters. For the reaction
reoxidized (fast enzyme), followed by the much slower of MeAm with HPAO (entry 5 in Table 1) at saturating
oxidation (Figure 1, inset, and Figure 2). Importantly, the oxygen concentrations, the noncompetitive deuterium isotope
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0.03 for the oxidation of TPQq (kox) by dioxygen, [S] is the
] concentration of substrate, MeAm, or dioxygen, afsl
stands for the apparent dissociation constant of HPAO with
MeAm (Kswmeam) Or dioxygen Ksg,). The values thus
obtained are summarized in Table 2. The deuterium isotope
effect onk.eq (8.5 0.5) is slightly smaller than thiek value
of 9.6-13.5 reported for bovine plasma amine oxidase
(BSAO) (25) but is likely to be close to the intrinsic isotope
effect for cleavage of the €H bond @6).

Ratio of Reduced and Oxidized HPAOs in the Steady State.
] According to the microscopic rate constants and steady state
0_7 ............................................................................. parameters obtained above, 199 ®r keq, 22.1 S for Koy,

0.02-

A. (310 nm)

0.01-

B. (480 nm) and 6.17 st for k., at least one slower steg) should exist
in the overall HPAO reaction.

Absorbance Unit

Y S R U 4 U S S Ikeat= Lheg + 1k + 1K, (ii)

By using eq ii,ky is calculated to be 8.9°& If the k step
Ja00 980 00 1T°° 15950 resides in the reductive half-reaction, the proportion of
0.02 l. e .l- .l. Y l, —_ oxidized enzymeH,,) at steady state is calculated as follows:

0 2000 4000 6000 8000 1000012000 1400016000 18000 EolErota = (UK gq+ LK)(1K g+ Lk, + 1K) (i)
sec
FIGURE 2: Spectroscopic measurements of the HPAO reaction. The Similarly, if the k, step resides in the oxidative half-reaction,

time courses of absorbance changes at 310 (A) and 480 nm (B)the proportion of reduced enzymg{) at steady state is
accompanied with reduction and oxidation of TPQ are shown by ;o4 calculated as follows:

using HPAO preparation 3 (Table 1). The reaction conditions are '

described in Materials and Methods. At 400, 9450, 10 600, 12 900, _ .

and 15 950 s, 100-, 50-, 50-, 75-, and 100-equimolar MeAm was  Ered Etotal = (MKox T 1K) (1hKeg + Lo + 1) (i)
added, respectively.

In the former case, 72% of the total enzyme should be in
effects fork.a and kea/Km were 1.7+ 0.1 and 4.3+ 0.2, the oxidized form, and in the latter case, 97% of the enzyme
respectively (Table 2). should be in the reduced form at steady state. Therefore, the

Fast Kinetic AnalysesStopped flow kinetic experiments  investigation of the ratio of oxidized and reduced forms of
were carried out with substrate MeAm (0-637.5 mM) in HPAO at steady state is indispensable to assigkijrg the
excess over enzyme (1248/) for the reductive half-reaction  reaction mechanism.
or with oxygen (16-520 uM) in the presence of 2&M Fortunately, the appareiity was almost the same when
HPAO for the oxidative half-reaction. As stated above, many the oxygen concentration was elevated above the atmospheric
of our enzyme preparations exhibited heterogeneous reactiv-concentration (Figure 4B). These data indicated that the
ity (i.e., fast and slow reoxidation rates). To eliminate any HPAO reaction could be kept in the steady state until more
ambiguity that might be caused by this heterogeneity, the than 80% of the dioxygen was consumed if the reaction was
data presented in this section were obtained by using HPAOstarted at a saturating oxygen concentration and there was
(entry 5 in Table 1), the enzyme preparation consisting of an adequate concentration of MeAm (more than 5-fold higher
90% fast enzyme. We note that the data obtained with otherthan Kveam) When the reaction system reached the atmo-
preparations led to no significant difference in rate constants, spheric oxygen level.
which is reasonable because single-turnover kinetics are Figure 5 shows the time trace of the absorbance change
expected to yield constants that are independent of theat 480 nm when the HPAO reaction was initiated at the
concentration of the more active form of the enzyme. saturating oxygen concentration in the presence of 0.8 or
Additionally, the extent of enzyme reduction by MeAm under 2.0 mM MeAm. At 0.8 mM MeAm, the entire reaction could
anaerobic conditions appeared to be independent of zincbe divided into four phases. First, approximately half of

content. HPAO was reduced by substrate quickly, and a short period
In Figure 4, apparent rate constants for the reduction of of steady state turnover followed. As MeAm was consumed,
HPAO by substrate and the reoxidation of TR@ere plot- the oxidation rate overcame the net reduction rate, and the

ted as a function of MeAm and oxygen concentrations, re- apparent proportion of reduced enzyme began to decrease.
spectively. No characteristic spectral change other than aFinally, MeAm was depleted, and all of the HPAO returned
single-exponential decrease or increase of 480 nm, togethetto its oxidized state (Figure 5, top trace). On the other hand,
with the concomitant increase or decrease of 310 nm signalsat 2.0 mM MeAm, there was a longer-lasting steady state,
was observed in the reductive or oxidative half-reaction, re- in which excess MeAm and oxygen remained following the
spectively. Both the plots were fitted to the following equation: initial reduction of enzyme; only when the oxygen was
depleted did the enzyme undergo full reduction (Figure 5,
Kapp= KISI/(Ks + [S]) () bottom trace). The proportion of initially reduced HPAO was
49.0+ 1.8 and 48.9 2.1% after beginning with 0.8 and
wherek and kapp are the true and apparent rate constants, 2.0 mM MeAm, respectively. The integration of these
respectively, for the reduction of TRgby MeAm (kg and findings with the steady state and single-turnover rate
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Table 1: Summary of HPAO Preparations

HPAO  keat(s™H)  Kyeam (MM) Ko, (M)  TPQ (mol/subunit)  C&" (mol/subunit)  ZA" (mol/subunit)  level of fast enzyme (%)
12 2.16 0.15 28.8 0.49 (0.04) 0.74 (0.01) 0.52 (0.00) 40.2 (3.1)

2 1.16 0.14 13.3 0.55 (0.03) 0.46 (0.01) 0.76 (0.00) 19.4 (2.5)

& 2.96 0.28 10.6 0.52 (0.02) 0.79 (0.00) 0.48 (0.00) 46.8 (4.7)

v 1.18 0.20 11.3 0.55 (0.03) 0.59 (0.00) 0.73(0.01) 23.0(3.1)

5P 5.82 0.23 nel 0.51 (0.03) 1.20 (0.05) 0.06 (0.01) 89.4 (3.2)

6° 294 024 11.6 0.54 (0.05) 0.96 (0.01) 0.33 (0.00) 53.3(1.1)
average 0.2% 0.04 15.1+ 5.5

a Expressed in the culture containing 0.67% YNB supplemented witid EuSQ,. ® Expressed in the culture containing 0.17% YNB supplemented

with 10 uM CuSQ.. ¢ Not determined.

Table 2: Measured Constants and Isotope Effects for HPAO

parameter

average standard error

reduction rate constank{g)?
oxidation rate constankg)?
deuterium isotope effect fdteq (Pkreq)®
apparent dissociation constant
for MeAm (Ks meam)?
apparent dissociation constant
for oxygen Ks o9?
deuterium isotope effects
in the steady state
Dlkeaf Km(amine)]
P(kea)

199+ 15s?
221+115s?
8.5+ 0.5
8.8+ 1.8 mM

15.4+ 2.8uM

4.3+:0.2
1.7£0.1

2 The conditions for these stopped flow experiments are described

in Materials and Methods and Results sectidrEhis is the average

obtained by dividingk.q values at protiated MeAm concentrations of
5.0, 12.5, and 37.5 mM with those for trideuterated MeAm at the same
concentrationst The conditions for the steady state experiments are

described in Materials and Methods.
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a function of the level of fast enzyme (see Table 1). The dashed

line is a linear regression of the plot.

constants requires a further separatiorkointo two steps:

one of these involves the oxidized form of the enzyrke (
= 13.2 s with the second occurring from the reduced

enzyme Ky = 27.9 s1).
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Ficure 4: Effects of substrate MeAm and oxygen concentration
on microscopic rate constants of HPAO reduction and reoxidation
(A) The final MeAm concentration was varied from 0.67 to 37.5
mM. (B) The final oxygen concentrations were varied from 10 to
520 uM. The lowest oxygen concentration (ca. 1M) was
estimated by the total degree of HPAO oxidation. The dashed lines
are theoretical fittings (see the text). The detailed reaction conditions
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is seen to increase as a function of the moles of copper per
subunit. This initially implied that the copper-containing
subunits might be assigned to the fast enzyme and the zinc-
containing subunits to the slow enzyme. Howeveris
predicts a linear relationship between the extent of the fast
enzyme and the copper content, whereas the obder

Relation between the Metal Content and the Extent of Fastrelationship is parabolic

Enzyme.As stated above, the proportion of the reduced

It is well documented that each subunit of HPAO ho-

enzyme that underwent rapid oxidation under stopped flow modimer requires 1 mol of cupric ion for full activitys).
conditions was apparently correlated with the copper and In our preparations, as seen in other experiments with HPAO
zinc content of each enzyme preparation (Table 1). This is (10), 1.2—1.3 metal ions per subunit was detected. At this
illustrated in Figure 6, where the extent of the fast reaction moment, it is not clear why each subunit contains somewhat
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0.032 and zinc to the metal center of the catalytic site had occurred
in a statistical manner. What became very clear from this
0.03 - kind of analysis was that the extent of the fast enzyme was
T correlated to the amount of copper-containing homodimer,
S 0028 implying a requirement for copper at both subunits for
=4 observation of full oxidative activity.
T oo -
2 . 4 | DISCUSSION
3 0.024 "" w« W Presence of Zinc lon as the Origin of Kinetic Heterogene-
2 ity in HPAO Expressed in S. calisiae. One remarkable
g 00221 feature of this study is that our preparations of HPAO contain
) two different enzyme species, a fast enzyme and a slow
2 oo - enzyme. Both are quickly reduced by MeAm but behave
< quite differently with respect to their reoxidation rates: 22.1
0.018 - st for the fast enzyme and 1.8 10* s* for the slow
] enzyme. The origin of a slowly reoxidizing form of the
0016 4———— A B T enzyme was initially considered in the context of either an

“off the path”, unprotonated product Schiff base, as seen in
wild-type BSAO and the E406N mutant of HPAG, 30),

Reaction time (s) # g K ; : . h
Ficure 5: Time course of the HPAO reaction with MeAm at gr a side rleacé:ltloghgelneratlng anll mactwg speﬁlez suc fas
saturating oxygen concentratioie time traces of the absorbance P€Nz0xazole4). The latter was eliminated on the basis o

change at 480 nm in the presence of 0.8 (top) and 2.0 mM (bottom) the observation that repeated cycling between the reduced
MeAm are shown. Conditions: 7/ HPAO type 5 (see Table  and oxidized enzyme did not alter the fraction of slow
1), 100 mM KR, pH 7.0, = 300 mM, and 25°C. enzyme (see Results and Figure 2). Similarly, we consider
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it unlikely that a nonproductively bound PSB of TPQ is the
origin of the slow enzyme observed in this study: (1) no
accumulation of the diagnostic 380 nm specigs30) was
observed in catalytic turnover of the HPAO samples; (2) as
noted above, no correlation was observed between the
proportion of the slow enzyme form and the number of
catalytic turnovers (Figure 2); and (3) reduction of HPAO
by relatively large primary amines such as ethylamine and
benzylamine, which have been reported to prevent the
formation of the nonproductive conformation of the PSB
(30), did not affect the extent of the slow enzyme reaction
(data not shown). Thus, we conclude that the slow enzyme
is not an inactive or less active side species formed during
catalytic turnover but is present in the original protein
preparation. One important property of the slow species is
that it possesses the potential to be fully reoxidized (Figure
1) and to react with phenylhydrazine after complete oxidation
(see Results).

As summarized in Table 1 and shown in Figure 6, the

content The level of fast enzyme was plotted as a function of copper fraction of fast enzyme appears to correlate with the

content (see Table 1 for data). The inset shows the copper Contemproportion of copper and zinc in each enzyme preparation
was normalized as [Cu)/([Cuft [Zn]). Lines are possible theoretical . . y
curves of the amounts of copper homodimer (dashed line), cepper Namely, the pre;enc_e of SUb",Sta,nt'al amounts of Z,mc to
zinc heterodimer (solid line), and zinc homodimer (dashed and generate heterodimeric HPAO is linked to the formation of

dotted line); those were obtained by a simple binominal calculation, the slow enzymé;the mechanistic significance will be
namely, ([Cul+ [Zn])? = [Cu]* + 2[Cu][Zn] + [Zn]? where [Cu] discussed below. In this section, we attempt to understand
+lzn =1 the origin of the elevated zinc content in many of the
preparations described herein (Table 1). In relation to this

more than one metal ion, although evidence of ancillary metal . . .
9 Y guestion, Cai et al. reported that HPAO expressed.in

sites is accumulating (c27—29). The parabolic correlation

between the extent of the fast enzyme and the copper conten erevisiaeusing cultgre medium that was supplemented V.Vith
becomes more obvious when the data are replotted as & .17% YNB but lacking exogenously added copper contained

function of the ratio of copper to the total amounts of metal more zmcttga_ntcci[ra]peheqi); thle authlors ConCIUdg?_'g'Zgz.mih
per subunit (Figure 6, inset). The theoretical curves in the was inserted into the heterologously expresse in the

inset of Figure 6 represent the amount of copper homodimer
(dashed line), coppeizinc dimer (solid line), and zinc

2 Alternatively, a referee has suggested that differences in protein

homodimer (dashed and dotted line) and were based on thefolding or assembly may have been the source of variations in the metal
content and the slow phase during the oxidative half-reaction. We

assumptions that metal content did not alter the affinity of consider this highly unlikely, given that the reductive half-reaction is
the subunits for each other and that the binding of copper essentially unaltered for all forms of the enzyme that were studied.
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Scheme 2: Minimal Ping-Pong Mechanism for the HPAO Reattion

g

-«——— Reductive half-reaction

KlA] ky=27957!

E-TPQ,—= E-TPQ,,A

;k_l=200§1

A g P

ky=199s7!

Reductive portion — /e

aA, B, and P stand for the first and second substrates, MeAm and dioxygen, and the first product, formaldehyde, respectively. Q represents the

second products, ammonia and hydrogen peroxide.

absence of sufficient copper. In this study, the HPAO

—= E-TPQ,,(P jE'TPQred —=E-TPQreiB —= E-TPQ,,Q E-TPQqy
ka=0 7 5 =0 X
- H k_y H
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Oxidative portion

Oxidative half-reaction —————
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mechanism of Scheme 2. The portion of the reaction that

preparation composed of the highest fraction of the fast corresponds t&../Kn(MeAm) involves substrate binding up
enzyme (ca. 90%, HPAO, entry 5 in Table 1) was obtained through the first irreversible step, which is likely to be the
using culture medium containing 0.17% YNB supplemented reduction of E=TPQx to E-TPQeq (See below). Given that

with 10 «M cupric sulfate, showing that the final metal levels
in HPAO depend on the composition of metal in the culture
medium. Additionally, in the course of these studies, the
concentration of YNB was changed in addition to that of

ky is from E-TPQ, and contributes t&,;, it would have to
reside between the-ETPQ, A species and the ETPQ.P
species to be placed within the segment of the reaction that
corresponds to the reduction of cofactor by bound substrate.

added copper, with numerous preparations being obtainedHowever, since the value fég is more than 10-fold smaller

from media containing a 4-fold higher concentration of YNB
(0.67%) supplemented with gVl cupric sulfate. As seen in
Table 1, HPAO types-14 in Table 1 expressed under this

thank.eq this would be expected to redudjo/Km(MeAm)]
to approximately unity in contrast to the observed isotope
effect of 4.3 (Table 2). The observation th{tkea/Kn-

condition contained elevated zinc levels, indicating that an (MeAm)] is lower thanPk.q (4.3 vs 8.5) is most logically
increased level of YNB can achieve the same effect as attributed to a partially rate-limiting binding of substrate to

reduced copper.

enzyme, allowing us to estimate a value of ca. 200fer

It is also true that we are unable to account quantitatively k-1, from Scheme 2:

for the final levels of copper solely on the basis of the
concentrations of metal and YNB in the media. In fact,

HPAO type 6 in Table 1, which was expressed in the same

culture medium as HPAO type 5 in Table 1, still contained
0.33 mol/subunit of zinc and a proportion of fast enzyme
that was only 53%. In addition, the zinc contents of HPAO

PlkeafKm(MeAm)] = (°k, + C; + PK,C)/(1 + C; + C)
v)

whereC; = ko/k_1, C: = k_2/ks, PKeqis the equilibrium isotope
effect on the hydrogen transfer from methylamine to

typeS 1-4 fluctuated from 0.48 to 0.76 mol/subunit despite E_TPQ)X, andk2 is assigned t(kred from the Stopped flow.
having been prepared under the same culture condition. Atsjnce the stopped flow studies showed virtually complete

present, we are unable to discern what additional factors arerequction of E-TPQ, to E-TPQeq under anaerobic condi-
affecting the metal levels of HPAO samples expressed underiions, we conclude tha€, is close to zero, providing an

the same culture condition, and studies to address this issuegstimate ofk_; from k.q and the measured isotope effects.

e.g., variations among individual yeast cells, changes in

growth curves, etc., lie outside the scope of this work.

Comparison of Pre-Steady State to Steady State Beha
Implicates Four Kinetic Processes Contributing t@.KThe

In light of the preceding discussion and the fact that
refers to an intermediate existing somewhere within a
reductive portion of the overall HPAO reaction (Scheme 2),
we needed to look further downstream for the origin of the

comparison of the rate constants for the reduction of TPQ species that corresponds to this rate constant. It has been

by MeAm (199 s1) and the reoxidation of TPQ (22.1 s%)
with the extrapolatedl.,; value (6.17 s?) revealed that these

unclear whether the iminoquinone formed from cofactor
reoxidation is hydrolyzed first or directly attacked by the

two microscopic steps alone cannot determine the steady statgree amine substrate, making it unclear whether the JfPQ

turnover rate of HPAO, implicating at least one other step
in the kinetic mechanism. Investigation of the proportion of

or its imino complex contributes to the steady state. In the
case presented here, the failure to detect any absorbance at

oxidized and reduced forms in the steady state further the expected 340 nm band for an iminoguinone species
implicated one additional step; as a result, four steps arestrongly suggests that iminoquinone hydrolysis is fast and,

concluded to contribute to the steady state turnover tiaig:

Kox, andky (13.2 s1) andk'x (27.9 s1). Note thatk, pertains

to a step that involves TRQandk'k to TPQ.q namely, the
reductive and oxidative portions of the entire HPAQ reaction
consisting ofks up throughk, andks to ks, respectively (see
Scheme 2).

In attempting to identify the chemical species that cor-
respond tdky andK', we find it is useful to first turn to the
measured deuterium Kkinetic isotope effects kga/Km-
(MeAM) and kq (Table 2) in the context of the ping-pong

further, that the contribution df; to k.. Is derived from a
relatively slow loss of one or both products (hydrogen
peroxide and ammonia) from the- HPQ,xQ species. Our
inability to detect the 410 nm band anticipated for a Cu-
(II) —peroxy species would appear to rule out a rate-limiting
loss of HO, from an inner sphere copper complex; however,
prior protonation to produce a protein-bound@ is
anticipated, and the loss of the resulting protein-boup@.H
could be partially rate limiting. With regard to a slow loss
of ammonia, this might be expected to produce a-33%0
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nm band, arising from the impact of bound ammonia on the the steady state, has led to the determination of four rate
conformation of the active site cofactdk8); however, the constants in the kinetic mechaniskay, kox, kx, andk'y that
ammonia released during the oxidative portion of the steady are assigned as shown in Scheme 2. Given the magnitude
state oxidative half-reaction may reside in a site different of ko for the electron transfer between the reduced cofactor
from that seen when ammonia is added exogenously,and Q, we conclude that electron transfer contributes 29%
preserving the 480 nm absorbance arising from JP@e to the turnover rate under conditions of saturation of both
therefore propose thédg corresponds to the loss of one or substrate amine andOAdditionally, the comparison of
both products from the ETPQ,xQ species (or, possibly, a steady state isotope effects to that in the presteady state
conformational change that is necessary to “reset” the allowed an estimation df-;, also shown in Scheme 2.
enzyme for its reaction with substrate amine). In previous There are two further issues that we pursue below. We
steady state studies of the oxidative half-reaction of BSAO question, first, whether the measured deuterium isotope effect
and HPAO, measured under conditions that reflected thefrom stopped flow experiments is an intrinsic value [note
binding of G, to the E-TPQ.q Species up through the first  that it is reduced from the value of ca. 13.5 measured with
irreversible step, kineti¢®O isotope effects led to identifica- BSAO (25)] and, second, whether th€s measured in the
tion of the first electron transfer from the reduced cofactor stopped flow can be construed as an approxinkatéor

to O, as rate limiting. From this study, the two steps that methylamine. One way to assess the latter is to use the values
control the complete oxidative half of the HPAO reaction of the measured steady state isotope effects lépdto

are assigned to the initial electron transfer step (22 and estimateKq (25):

the release of one or both products (I3 scontributing 37

and 63%, respectively, to the steady state portion of the (chat— 1)/[cha{Km(MeAm) — 1=K, /Ky (Vi)
reaction that occurs between-EPQeq and free EETPQx
species (Scheme 2). This predicts &y value of 0.99 mM, a value 9-fold smaller

The results herein contrast with studies by Hirota et al. than the measured value Bf of 8.8 mM (Table 2). The
(32 who reported that intermediates withas at 310 and  weakest link in the calculation of eq vi Bk, due to the
340 nm appeared in the first 20 ms after mixing of the small size of this value. If we use 2. value of 1.2
substrate-reduced AGAO with oxygeB2j; these species previously measured (re84 and discussion below), we
were proposed to be a deprotonated and a protonated forntalculate a value fokq of 3.3 mM, much closer to, but still
of the iminoquinone, respectively. Since the decay of these reduced from, the experimental value of &8L.8 obtained
intermediates was comparable to the increase in the 480 nmfrom the stopped flow. It is likely that the rate for substrate
absorption, they postulated that the hydrolysis of TPQ binding contributes to the observed transients for the reaction
iminoquinone to oxidized TPQ would be the rate-determining of the oxidized enzyme with methylamine at concentrations
step in the oxidative half-reaction of AGAO. Despite very below saturation, elevating the measukagieam aboveKa.
significant conservation of structure at the active sites of the In fact, this is anticipated from the values flor; andk; in
members of the CAO family, a growing body of data Scheme 2, which predict lds (=k-1 + ko/k;) that is twice
implicates differences in rate-limiting steps for these en- the trueKa.
zymes. In the same vein, we question whether the four rate

With regard to the nature &, (calculated to be 27.9°9), constants shown in Scheme 2 can reproduce the measured
this arises from an oxidative portion of the overall HPAO isotope effect ork.a 0f 1.7. Using the expression f8¢k.ay),
reaction (Scheme 2) and occurs prior to the introduction of eq vii allows us to assess this issue:
0> (note that the reoxidation of the- ' PQ.q species by @
as measured in the stopped flow is a single-exponential k) = Pk, + Cy + DKequ)/(lJr C,+C) (vii)
process with a rate constant of 221 This leads to the
assignment ok, to either the hydrolysis of the product Schiff  wherePk; is assigned t8k.q PKeqis the equilibrium isotope
base via a carbinolamine intermediate, the release of producteffect for substrate oxidatiorG, = k_o/ks, andCy = ko/ks
formaldehyde, or a protein conformational change that is + ki/ks + (1 + k_s/ks)ko/ks. As noted abovek-, is expected
required to prepare the reduced enzyme for its subsequento be close to zero. Similarly, the initial electron transfer
reaction with Q. The absence of the 380 nm species ascribed from cofactor to Q is expected to be followed by rapid,
to the accumulation of the product Schiff ba8@)(further downhill steps makings—s ~ 0. We, thus, calculate a value
narrows the possibilities to either the loss of product of 1.2 for P(key), Which is comparable to the previously
formaldehyde or a protein conformational change. Note that reported one34), using measured values fky andks and
the rapid mixing experiments that were conducted to measurecalculated values fdt', (ks) and fork, (ks). As noted above,
kea @andkox Would not detect this species, even though it lies a P(k.) of 1.2 also provides the anticipated relationship
between ETPQeq and E-TPQ.y species. This is because between the calculatdd; for methylamine binding and the
of the nature of the stopped flow experiments, in which the value ofK estimated from the stopped flow. Overall, the
species that was formed following enzyme reduction re- aggregate data indicate tHél.. is close to unity and that
mained in the reaction chamber long enough, prior to the C—H abstraction is not significantly rate determining at
introduction of @, for the process that correspondstpto saturating concentrations of both substrate apda@uration.
be complete. Further, all analyses support the conclusion Bkat provides

To summarize, the comparison of the steady state turnoveran excellent approximation of the intrinsic isotope effect on
rate for HPAO to rate constants determined in the stopped C—H bond cleavage.
flow, when coupled with the determination of the extent of  Possible Cooperation between Subunits in the Oxigati
oxidized and reduced enzyme forms that accumulate duringHalf-Reactionlt is well established that CAOs are functional
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homodimers4, 6); this has been accompanied by consider- the following proportions: 50% TPQCuU/TPQ-Cu, 10%
able discussion regarding the possibility of communication TPQ—Cu/Tyr—Cu, 40% TPQ-Cu/Tyr—Zn, where the per-
between the subunit®, 7, 27, 28, 34). In particular, with centage is shown as a ratio of TPQ content of each dimer to
regard to bovine serum amine oxidase, evidence has beerthe total amount of TPQ. Application of this type of analysis
presented alternately for half-of-the-sites reactivity during to each of the enzyme preparations in Table 1 fails to give
cofactor derivatization with hydrazine reageri8)(versus the observed correlation between copper content and activity
full reactivity for amine substrates during the reductive half- shown in Figure 6. Indeed, the parabolic correlation between
reaction of the catalytic cycledg). From the studies of the  the copper content of HPAO and the level of the fast enzyme
eukaryotic HPAO presented herein, it is clear that cofactor (Figure 6) could not be rationalized by any explanation until
reduction by methylamine takes place via a single-exponen-we accepted the supposition that zinc and copper were
tial process that appears independent of the presence of eithedistributed among the enzyme subunits in an equal prob-
copper or zinc ion at the metal binding site. In contrast, the ability regardless of the presence of TPQ. Since no significant
parabolic correlation between the copper content of HPAO metal exchange is observed to occur in the purified HPAO
and the level of the fast enzyme (Figure 6) points to the (31), this proposal implicates significant mobility for the
conclusion that only a copper-containing homodimer is protein-bound metals in vivo as compared to their in vitro
capable of rapid turnover, i.e., of generating the fast enzymebehavior. Upon reflection, this becomes plausible, as the
form. We note that our interpretation of the correlation cytoplasm of theS. cereisiae cells in which HPAO was
between copper content and kinetic competence of theproduced is far more reducing than the buffers used for
oxidative half-reaction is linked to the reasonable assump- enzyme purification and manipulation; it is well established
tion of statistical binding of copper and zinc to the avail- that reductants facilitate the removal of copper from HPAO
able metal sites, together with the less expected property thain its reduced, Ctiform (38, 39). Additionally, the cytoplasm
the copper content is uncorrelated with the presence of TPQof the S. cereisiae may be expected to contain many
(see below); as a corollary, the data imply that subunit different molecules (including amines) with metal chelating
affinity is unaffected by the nature of the bound metal at activities and potential access to the HPAO active site.
each site. possible support of our model of metal exchange occurring

In our preparations of HPAO;~50% of the subunits  after cofactor production during expression of HPACSIn
possess TPQ independent of the copper and zinc levelscerevisiae, the TPQ content of HPAO type 2 in Table 1 can
(Table 1), a level of TPQ in the range typically observed be seen to slightly exceed the copper level. To our knowl-
for HPAO prepared by heterologous expression Sn edge, no precedent is available that deals with the relation
cerevisiae. We note that this estimate of TPQ content, which between metal type and TPQ content in CAOs, and only
is based on phenylhydrazine reactivity and a previously one of our preparations exhibits this feature. This issue would
published extinction coefficient for the phenylhydrazine benefit from future study, in particular, with an experimental
adduct, is slightly lower than the value estimated by approach that permits correlating the amount of copper and
absorbance at 480 nm for the underivatized cofactor; TPQ, versus copper and Tyr, at each subunit.

importantly, the estimated level of TPQ varies little from e note that the results reported herein are unlikely to
one preparation to another. Thus, while the level of the active impact previous steady state kinetic studies that addressed
enzyme correlates with the proportion of copper bound at the nature of the oxygen binding pocket in HPAO and the
both subunits, the level of TPQ does not. It is now well primary role of the reduced cofactor in outer sphere electron
established that copper is the natural metal giving rise to transfer to the bound £(10, 11, 13). The consequence of
TPQ formation and that zinc is inert in this proce83)( the introduction of a very slow step (1:810 % s™2) for the
further, once zinc ion is bound to the active site, it has not reoxidation of reduced enzyme that is a hybrid of zinc and
been possible to effect its replacement by copper, at least incopper-containing protein is to reduce the concentration of
vitro (31). If the TPQ in the protein preparations that have enzyme that operates during steady state turnover; this is
been characterized in this study were present solely in equivalent to adding less enzyme to the assay mixture. With
copper-containing subunits, i.e., once copper-bound andregard to®0 isotope effects that were obtained over time
generated TPQ it could not exchange, we would expect ourperiods longer than those used in steady state assays, the
enzyme preparations to contain three kinds of subunits: fact that experimentally determined values for HPAO were
copper-bound subunits with and without TPQ (TPQuU and  constant over the entire time coursél( 13) rules out
Tyr—Cu, respectively) and a zinc-bound subunit without TPQ possible artifacts from the participation of a very slow
(Tyr—2n). This would impact the distribution of copper- enzyme form with different properties.
containing subunits in the following way, for an illustrative
enzyme preparation containing _0.6.mol of copper and 0.4 - imated as follows: (0.5TRCU + 0.1Tvr—Cu +
mol of zinc per mole of subunit with a TPQ content of 4Tyrfsz‘;)§‘r§ g_szg??Pngi)zoJroggl((Tyr_ gl%z’ N 0_'16(¥g/r_;n)2
50%: 50% TPQ-Cu, 10% Tyr-Cu, and 40% TyrZn. A + 0.1(TPQ-Cu)(Tyr—Cu)+ 0.08(Tyr-Cu)(Tyr—2n) + 0.4(Tyr—2Zn)-
simple trinominal evaluation of this protein preparation gives (TPQ-Cu). _
e proportion of possil dimers s follws: 25% TRQ . Cr Bl bt rroen o aseredproeres
Cu/TPQ-Cu, 10% TPQ-Cu/Tyr—Cu, 40% TPQ-Cu/Tyr— to the precursor, Tyr-containing protein to generate active enzyme in
Zn, 1% Tyr—Cu/Tyr—Cu, 8% Tyr—Cu/Tyr—Zn, and 16% vivo. Subsequent exposure of the TPQ-containing enzyme to cytosol
Tyr—Zn/Tyr—Zn.3 Because only TPQ-containing enzyme is that contains a mixture of zinc and copper ions would then lead to the
measurable, and all our experiments have been normalizedZ“r']’z‘f‘i"S %igtg’c?fn“t?tr';’;‘i r'go'ated. in this study. We expect that once
. . . . protein it is immobile, due to the fact that
by the TPQ concentration, the dimerized enzymes responsiblé; is the reduced, Cu form of the native metal that has been
for the oxidation and reduction of TPQ would contribute in  demonstrated to undergo metal removal and exchange in vitro.




H. polymorphaCAO Substituted with Copper and Zinc

The possible structural origin of cooperativity in the

oxidative half-reaction of HPAO can be considered in the
context of the dimer interface of the CAOs. As indicated
from X-ray crystal structures, this region of the protein
contains an extensively hydrated channel, with some water

molecules forming a hydrogen-bonded netwow. (The

substrate @is believed to enter its active site via this channel
(7). Structural studies of binding of Xe to four members of

the CAO class further implicate an,binding region
between the dimer interface and the finalliinding pocket
(40). Significantly in the context of this discussion, the two

TPQs and the two copper atoms per dimer are separated by

42.5 A (Co—Co) and 34.6 A, respectivelyr}, such that the

two metal ions are unable to interact directly with each other.
Examination of the HPAO structure, however, reveals an
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acterization of the reactants and products in the inactivation
reaction,Biochemistry 333732-3741.

13. Mills, S. A., Goto, Y., Su, Q., Plastino, J., and Klinman, J. P.

(2002) Mechanistic comparison of the cobalt-substituted and wild-
type copper amine oxidase fromMansenula polymorphaBio-
chemistry 4110577-10584.

to an altered |nner Sphere geometry, Wh'Ch propagates to 14. SUZUki, S., Sakurai, T., Nakahara, A., Manabe, T., and Okuyama,

the metal's second sphere, disrupting the fine balance

T. (1983) Effect of metal substitution on the chromophore of
bovine serum amine oxidasBjochemistry 221630-1635.

between Asp630 and Arg646 on opposing subunits. This may 15, Agostinelli, E., De Matteis, G., Mondovi, B., and Morpurgo, L.

disrupt the copper at subunit B in such a way that it is no
longer capable of supporting the rapid catalysis of reduction
of O, to hydrogen peroxide. As a second possibility, the
altered network from zinc at subunit A to copper at subunit

B may perturb the pathway for inding or the Q@ pocket

(1998) Reconstitution of Cu-depleted bovine serum amine
oxidase with Cé&", Biochem. J. 330383-387.

16. Padiglia, A., Medda, R., Pedersen, J. Z., Finazzi-Argo, A., Lorrai,

A., Murgia, B., and Floris, G. (1999) Effect of metal substitution
in copper amine oxidase from lentil seedlings,Biol. Inorg.
Chem. 4 608-613.

itself. While these ideas are only speculative for the moment, 17-Goto, Y., and Klinman, J. P. (2002) Binding of dioxygen to non-

they offer a framework for future experimental testing.

Previously, the CAOs have been shown to be highly unique
enzymes, with their active site copper ion performing dual

roles involving, first, the facilitation of cofactor biogenesis
and, second, the reduction of @ hydrogen peroxide during

metal sites in protein: Exploration of the importance of binding
site size versus hydrophobicity in the copper amine oxidase from
Hansenula polymorphaBiochemistry 4113637-13643.

18. Plastino, J., Green, E. L., Sanders-Loehr, J., and Klinman, J. P.

(1999) An unexpected role for the active site base in cofactor
orientation and flexibility in the copper amine oxidase from
Hansenula polymorphaBiochemistry 388204-8216.

catalytic turnover. The studies described herein suggest yet 19. Sherman, F. (1991) Guide to yeast genetics and molecular biology,

a third role for copper, that of maintaining a network of

interactions at the dimer interface which is essential for

efficient oxidative chemistry at either subunit.
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