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Oxidase: Implications for Copper Chemistry and Mechanhism

Richard W. D. Welford, Angel Lam, Liviu M. Mirica, and Judith P. Klinman*
Departments of Chemistry and Molecular Cell Biology, Lémsity of California, Berkeley, California 94720-1460
Receied May 17, 2007; Résed Manuscript Receéd July 10, 2007

ABSTRACT. The mechanism of the first electron transfer from reduced cofactos to tBe catalytic cycle

of copper amine oxidases (CAOs) remains controversial. Two possibilities have been proposed. In the
first mechanism, the reduced aminoquinol form of the TPQ cofactor transfers an electron to the copper,
giving radical semiquinone and Cu(l), the latter of which reducggp@hway 1). The second mechanism
invokes direct transfer of the first electron from the reduced aminoquinol form of the TPQ cofactgr to O
(pathway 2). The debate over these mechanisms has arisen, in part, due to variable experimental observations
with copper amine oxidases from plant versus other eukaryotic sources. One important difference is the
position of the aminoquinol/Cu(ll) to semiquinone/Cu(l) equilibrium on anaerobic reduction with amine
substrate, which varies from almost 0% to 40% semiquinone/Cu(l). In this study we have shown how
protein structure controls this equilibrium by making a single-point mutation at a second-sphere ligand to
the copper, D630N itHansenula polymorphamine oxidase, which greatly increases the concentration

of the cofactor semiquinone/Cu(l) following anaerobic reduction by substrate. The catalytic properties of
this mutant, including®O kinetic isotope effects, point to a conservation of pathway 2, despite the elevated
production of the cofactor semiqunone/Cu(l). ChangesgdiK[O] are attributed to an impact of D630N

on an increased affinity of £for its hydrophobic pocket. The data in this study indicate that changes in
cofactor semiquinone/Cu(l) levels are not sufficient to alter the mechanismreidQction and illuminate

how subtle features are able to control the reduction potential of active site metals in proteins.

Copper amine oxidases (CAGsre ubiquitous enzymes complex derivative of an amino acid side chain within the
catalyzing the conversion of primary amines to aldehydes, peptide backbone of a protei8)( CAOs have been the
concomitant with the two-electron reduction of molecular subject of extensive mechanistic and structural studies.
oxygen to hydrogen peroxide,(2). The function of this Crystal structures are available for proteins from seven
reaction varies among species. For bacteria and yeast, CAOglifferent sources, in a variety of complexes, with alternate
enable the organism to use amines as a sole source ofnetals and with site-specific mutation8—12). Detailed
nitrogen @), while for higher organisms these enzymes have kinetic studies both in the steady state and in the pre-steady
been implicated in cellular functions that range from glucose state have also been completédd2). In all cases, catalysis
homeostasig/( 5) to adhesion of lymphocytes to endothelial proceeds by a ping-pong mechanism. A general consensus
cells ). has been reached on the mechanism for the first half-reaction,

The CAOs are homodimers of ca.70 kDa subunits and  which involves conversion of amine to aldehyde (Scheme
contain two cofactors per subunit, a Cu(ll) center and 2,4,5- 1). A conserved catalytic base in the active site aids attack
trinydroxyphenylalanine quinone (TPQ})( The TPQ co- of the amine at the C-5 of the TPQ to form a substrate Schiff
factor is formed by an @dependent post-translational base; removal of the amine €proton by the same base is
modification of a tyrosine residue, catalyzed by the copper then driven by the gain of aromaticity in the cofactor.
center, without the need for any additional proteins or Hydrolysis of the resultant product Schiff base releases the
cofactors 7). Since the identification of TPQ as the first aldehyde product to give the aminoquinol form of the
cofactor (TPQ.).
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1 Abbreviations: CAO, copper amine oxidase; TPQ, 2,4,5-trihy- o N .
droxyphenylalanine quinone: MeA, methylamine; TRQreduced (I, giving the semiquinone radical form of the cofactor

aminoquinol form of TPQ; TPQ semiquinone form of TPQ; HPAO,  (TPQ) and Cu(l) (L6, 17). Dioxygen is proposed to rapidly
Hansenula polymorph@AO; kealKm[X], the kealKm value for substrate  combine with Cu(l) to form copper(ll) superoxide. Transfer

X; P(keay), the ratio ofk.a for protio and deuterio substraté¥kea/Km), ;

the rat?o OfkealKm for ?)rotio and deuterio substratéé(kcalKn?), tnr11e O.f a second electron fro.m TRQand ultlr‘r_]a.tely t\{vo.pmto.ns’
ratio of keafKr fOr 10—160 and®0—180 substratesifO KIE, oxygen- yields hydrogen peroxide and the oxidized iminoquinone
18 kinetic isotope effects. form of the cofactor. Hydrolysis of the iminoquinone
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Scheme 1: Proposed Catalytic Mechanism of CAOs
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a2 The two alternatives for the oxidative half-reaction are labeled pathways 1 and 2 and discussed in the text. Asp319 is the catalytic base in the

reductive half-reaction of HPAO.

liberates ammonia, regenerating TR® the process. The

29), implying that TPQq is not essential for catalysis. The

key experimental evidence for pathway 1 is that reduction limiting rate of the Co(ll)-substituted CAOks4;, is generally

of TPQx with amine in the absence of,Qeads to an
accumulation of TPQ/Cu(l) (16). The level of TPQ/

slower than the Cu(ll) counterpart; however, for Hensenu-
la polymorphaamine oxidase (HPAO), which is the subject

Cu(l) varies from 0% to 40% depending on the source of of this study, the Co(ll)- and Cu(ll)-substituted enzymes have

enzyme; additionally, the position of the equilibrium is
known to be highly pH and temperature dependé}. (For
pathway 1 to be valid the rate of electron transfer from EPQ
to Cu(ll), ke, must be greater than,. The rate of electron

nearly identicak.y values at pH 724, 25). The 80O kinetic

isotope effectfO KIE), which measures the isotope effect
on ke Kn[O2], is the same within experimental error for WT-
HPAO and the Co(ll)-substituted HPAO, again implicating

transfer has been measured for three different CAOs, and inthe same mechanism up through the first irreversible chemi-

all cases the condition thdt; > ket is met, althoughke,
ranges between 60 and 20 000 € 7—19). For Arthrobacter
globiformisCAO the value ok is close to that okcs, While
for pea seedling andrthrobacterP1 CAOs ke is 2 orders
and 1 order of magnitude greater tHag, respectively. From
model compound studie®(@, 21), it is anticipated that the
reduced Cu(l) will combine with @in a rapid fashion.
Turning to pathway 2 (Scheme 1), the first step of the
oxidative half-reaction is proposed to be binding gft® a
hydrophobic pocket, adjacent to the metal ceng®; 23).
An electron is then transferred directly from TR0 O,
to form TPQq and superoxide, respectively. The function
of the Cu(ll) is proposed to be one of stabilization of
superoxide, giving the same copper(ll) superoxide/JPQ
intermediate as for pathway 124, 25). Central to the

cal step for Qreduction in both enzymeg&4). Additionally,

an aminoquinol model compound has been shown to reduce
O, in aqueous solution at a rate of 18.6"Ms™! (24).
Although over 4 orders of magnitude slower than the
enzymatic reaction, this adds weight to the plausibility of
pathway 2. Computational work has also suggested a
nonredox role for Cu(ll) in stabilizing superoxide and
enabling formally forbidden singlet to triplet spin state
transitions 80, 31).

The overall cross species sequence identity between the
CAOs is typically in the region of 20% (e.g., 27% for HPAO
and pea seedling CAO over 763 residues), with secondary
and tertiary structures being reasonably well conserved (e.g.,
HPAO andEscherichia coliCAO have an rms of 1.18 A
over 70% of G atoms). Despite their overall similarities,

evidence for this mechanism is the observation that replace-several anomalies among CAOs from different sources have
ment of the Cu(ll) ion with Co(ll) leads to CAOs that retain emerged from the large body of biochemical wots,(14).
activity, despite the highly unfavorable potential of the Co- The differences are most pronounced when the properties
(In/Co(l) couple (between-0.4 and—0.5 V in methionine of plant CAOs from pea seedlings and lentil seedlings are
synthase)Z4—29). As anticipated, anaerobic reduction with compared with those from other eukaryotic sources, such as
an amine substrate of Co(ll)-substituted enzyme does notbovine serum and HPAO. With a preferred amine substrate
result in the formation of detectable levels of TRQ@?7, Keatis ~150 and~2 s for plant and other eukaryotic CAOs,
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respectively 82). Similarly, the second-order rate constants  Determination of the TPQ Conterithe TPQ content was
for reaction with Q at pH 7 tend to be at least an order of determined by titration with phenylhydrazine in 2700 mM;KP
magnitude higher for the plant enzymes, with values éf 10 pH 7.2, at 30°C and measurement of the change in
to 10 M1 st reported 23, 32, 33). Finally, as mentioned  absorbance &t = 448 nm using: = 40 500 Mt cm™ (24).
previously the position of the TRE/Cu(ll) to TPQ{Cu(l) The concentration of TPQ per subunit was calculated using
equilibrium on anaerobic reduction with amine is highly the total protein concentration, obtained from the Bio-Rad
variable, dependent on the enzyme sourt®.(At pH 7, protein assay with bovine serum albumin standard and an
the plant enzymes form around 40% T&HQu(l), while for MW of 75 700 for HPAO.

the other eukaryotic enzymes the level is sufficiently small  Copper Reconstitution of D630R630N was reconstituted
that it is difficult to detect and obtain an accurate measure- with copper before kinetic and spectroscopic experiments
ment @3). Herein, we examine how the protein structure as follows. Protein was diluted to 20M in 50 mM KP;, pH
affects some of these differences, by using site-directed 6.5, 1 equiv of CuS©®was then added, and the reaction was
mutagenesis to partially convert HPAO into a plant-like incubated overnight at room temperature. To remove any
CAO. We show that a simple increase in the level of TPPQ  unbound copper, protein was repeatedly diluted and recon-
Cu(l) is not sufficient to convert the pathway 2 mechanism centrated using Millipore 0.5 mL 50 000 MWCO spin
to that of pathway 1. These results improve our understandingconcentrators, such that the effective dilution wa$%00-

of the tuning of metal centers in proteins, in particular how fold.

a single side chain residue can affect both the redox Steady-State KineticSteady-state kinetic measurements

properties and reactivity of metalloproteins. were carried out by monitoring oxygen consumption using
a Clark electrode and a YSI-5300 biological oxygen monitor.
MATERIALS AND METHODS Standard conditions were as follows: a final volume of 1

MutagenesisMutations were made to the pDB20-HPAO mL, 25°C, and initiation of reactions by addition of HPAO.
plasmid B4). The ampicillin resistance gene enabled plasmid FOr determinations dica/Ku[MeA] the oxygen concentration

propagation to be carried out iE. coli Site-directed ~ Was kept constant at 258V, while for determinations of
mutagenesis was performed using the Stratagene Quickkea/Km[Oz] the methylamine (MeA) concentration was kept
Change kit. Primers were purchased, HPLC-purified, from constant at 5 mM. Solutions were equilibrated to atmospheric
Operon. The forward primers are given below; the reverse conditions by stirring at 1000 rpm for 5 min just prior to
primers were complementary to these. The mutated codoninitiation. For reactions at different oxygen concentrations,
is given in bold and the changed bases are italic. The WO flow meters were used to regulate the flow of &hd

sequence of mutated plasmids was confirmed by automated\2 @nd the equilibration time was extended to 10 min. For
DNA sequencing (University of California, Berkeley). assays in the pH ranges-6 and 8-9, 100 mM KRand 25
mM pyrophosphate buffers were used, respectively. The ionic

D630N: strength of all buffers was kept constant at 0.3 M by addition
5-CCCAGCTCCTGAGRACTTCCCATTGATG-3 of an appropriate amount of KCI. Data were fitted directly
to the Michaelis-Menten equation, ankl,; was calculated
Y407N: using the active protein concentration as determined by
5-CTGCCAATTACGAGAACTGTCTGTACTGGG-3 phenylhydrazine titration. The value &§[O,] for D630N
was difficult to measure and ranged from 0.5 to Z/4.
Protein Expression and Purificatiol.he pDB20-HPAO The lowest initial value of [G] we were able to obtain was
plasmid with WT-HPAO/mutant genes was transformed into 3.5 uM. Thus, to obtaink../Km[O2] with an error of less
the Saccharomyces cearsiae cell line CG379 (ATCC) by than 20%, many points were collected in the range of initial
lithium acetate chemical transformation. Proteins were puri- O, concentrations of 3:510 uM. At high pH the value of
fied by DEAE and size exclusion chromatography, giving k../Km[O2] for D630N was especially difficult to measure,
proteins of >90% purity (by SDS-PAGE) according to resulting in higher errors at pH values above 8. The
published procedureS8¥%). maximum velocity and g, values were determined by fitting
ICP and EPRICP-AES was carried out on a Perkin-Elmer the data to one of eqs—4
Optima 3000DV spectrometer analyzing the copper wave-
lengths 327.4, 324.8, and 224.7 nm and the zinc wavelengthdog(x) = log(X,s,) — log(1 + 10°=PH +

206.2, 213.9, and 202.5 nm. KartpKao—2pH H—pKa
EPR spectra were collected at 15 K using a Varian E9 10 +10° ) @)

spectrometer with a scan range of 17990 G, microwave _ _ Ka1—pH H—pKy

power of 5 mW, microwave of 9.2450 GHz, modulation l0g(x) = 10g(xrya) — log(1 + 10° +10° 2)(2)

amplitude of 20 G, and receiver gain of 32 000. A buffer
blank spectrum was subtracted from the sample spectr

_ _ Kar—pH
before further processing. aIOQ(X) = log(xya) — log(1+ 107"+

UV—uis SpectroscopyJV —vis spectra were collected on 1(PKartPKaz=2pH) - (3)
a Carey 50-Bio spectrometer, and the temperature was
maintained using a Carey Peltier accessory. Generally, scans log(X) = 109 (X — lOg(1+ 10PKaPHy (4)

were recorded every 1 nm between 300 and 800 nm, a buffer

blank was subtracted, and where appropriate the baseline wag24). In the equationsy represents eithég,; or Kea/ Ku[O2]
adjusted by taking an average of points between 770 andand Xnax is the limiting value ofx. Equation 1 fits a bell-
800 nm. shaped profile with two increasingKp values and one
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dgcreasir_lg Ka vqlue. Equation 2 fits a bell-s_haped curve R o (USOKIE)-1

with one increasing . value and one decreasinivalue. R~ (1-1) (6)
Equations 3 and 4 fit to two increasinglpvalues and one
increasing [, value, respectively.

Anaerobic ReductiarBuffers for the different pH values
were made as described in the Steady-State Kinetics section
Protein was exchanged into the appropriate buffer by a
repeated dilution and concentration procedure using Millipore
0.5 mL 50 000 MWCO spin concentrators, such that the
effective dilution was>100-fold. An 80 uL volume of
protein, at around 4@M in TPQ, was added to a cuvette
with a ground glass_jomt and then gealed with a rupber was recorded, after which MeA was added to a final
septum. A Schlen_k line a}pparatus with an argon cylinder concentration of 3 mM to initiate the reaction. Scans were
attached to an Oxiclear disposable gas purifier was used Oien taken every 4.2 s
achieve anaerobiosis. Solutions were made anaerobic by o
passing a steady stream of Ar(g) into them while they were ResyLTS
stirred for at least 30 min. During this period the vessel was
briefly placed under vacuum a minimum of five times. Choice of MutantsThe initial aim of this study was to
Solutions containing proteins were not stirred, and Ar(g) was understand the structural factors that affect the position of
bubbled into the head space, rather than directly into the the TPQ./Cu(ll) to TPQ4/Cu(l) equilibrium. The potential
solution. Once anaerobiosis had been achieved, aVi/ for the 2-electron reduction of TPQ has been measured, with
spectrum of the protein was taken. Thenl2of an anaerobic ~ model compounds in solutior87) and for A. globiformis
solution of 40 mM MeA was added using a Hamilton gastight CAO (38). The reported values differ by only 60 mV,
syringe. Spectra were then taken, with no further changessuggesting a comparative insensitivity of the cofactor
observed after the first spectrum in any case. This was potential to the environment. In comparison, the redox
followed by addition of 1uL of an anaerobic solution of ~ potential of copper in proteins is known to be sensitive to
100 mM NaCN. In most cases all spectral changes occurredsurrounding second-sphere amino acids. For example, up to
in the dead time~10 s) of the first spectrum. However, for 200 mV perturbation has been observed for the blue copper
experiments in which little TPQwas observed on reduction ~ protein azurin 89, 40). Pertinently, EXAFS has shown that
with MeA, it took several minutes for the spectra to stop the primary copper coordination for both oxidized (5-
changing. A second addition ofzlL of 100 mM NaCN did coordinate) and dithionate-reduced (3-coordinate) enzyme
not result in any further spectral changes in almost all cases.forms is the same among CAOs from different sourées. (
Again the exceptions were at low pH when no T.R®as The sequences and structures of CAOs were compared to

Species That Accumulate in the Steady Sfbeexamine
which species accumulate in the steady state, a reaction was
carried out in a cuvette with a ground glass joint at°25
D630N was diluted to a final active enzyme concentration
of 12 uM in the cuvette with @-saturated buffer ([&) =
1170uM). The cuvette was then sealed with a rubber septum,
and a steady stream of,@vas passed into the headspace
for 30 min. An initial spectrum, taking points every 2 nm,

initially observed; in these cases up to severLladditions ~ identify second-sphere residues to the copper that could alter
of 100 mM NaCN were required to reach a point where the the redox potential of the metal and, thus, the position of
spectrum stopped changing. the equilibrium. In particular, we focused on differences

between the plant and other eukaryotic CAOs. Y407 (using

To calculate the level of TPGCu(l), we used eq 5 - - Y
the numbering from HPAO, Scheme 2) was identified as a

ratio= (A, .. — A — candidate residue, be_cause _it is conserved in 22 of 25
[(Ases ~ Asodreauced enaynldAsss sequences, the exceptions being some plant CAOs where it
Asodreduced enzyme cnl — C (5) is an asparagine (Supporting Information Figure 1). In the

crystal structures of CAOs, Y407 (and equivalent residues)

where A, is the absorbance at wavelengthand C is a forms a hydrogen bond with thé-N of the copper-
constant [A465 - AGOO)reduced enzynﬁ(&AAGS_ A500)reduced enzyme- CN] coordinating His458 (Supporting Information Figure 2). We
calculated at the following pH values for different en- therefore focused on a Y407N mutation as the possible
zymes: WT-HPAO (pH 7), D630N (pH 6), Y407N (pH 8). source of the differences between the plant enzymes and
The subtraction ofC was necessitated by the different other CAOs. Additionally, another of the copper-ligating
background absorbance differences observed between 46%histidine residues, His624, forms a hydrogen bond with a
and 500 nm for the different enzymes in the absence of conserved negatively charged residue, D630. D630 was
TPQ/Cu(l) formation. mutated to asparagine to maintain the hydrogen-bonding

180 Kinetic Isotope Effects!’®0 KIEs were measured capacity and size of the side chain, while removing the
competitively as described previousl24( 36). Reactions  influence of a negative charge on the properties of the copper
with both WT-HPAO and D630N were carried out in 100 ion.
mM KP;, pH 7.6, at 25°C with 800uM O, and 3 mM MeA. Protein Isolation and Initial CharacterizationMutant
The reaction was coupled with horseradish peroxidase (10plasmids were made, and the protein was expressed and
nM) using potassium ferrocyanide (3 mM) as the substrate purified according to standard protoco2). The Y407N
to convert HO; to H,O. Thel80/*0 ratios were measured mutant contained 0.7 TPQ/subunit and 0.9 Cu/subunit,
using isotopic ratio mass spectrometry (Krueger Enterprises,similar to WT-HPAO (Table 1). In the initially purified
Cambridge, MA). Thé®0 KIEs are expressed as a ratio of D630N mutant, only about half of the copper sites were
ratios according to eq 6, wheiR is the 80/*%0 isotopic occupied and the percentage of active protein determined
ratio atf fractional conversion anBy is the isotopic ratio of by phenylhydrazine titration was +12% instead of the
the blank. usual 50%. The UWvis spectra of D630N also contained
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Scheme 2: Active Site Schematic Showing the Site of Conversion of WT-HPAO to 630N
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aKey: (A) based on the X-ray structure for HPA@2, (B) replacement of D630N is proposed to alter tlik pf the active site water and a
subsequent proton-coupled electron transfer. Note that it is not definitively known whether Cu(l) is 3- or 4-cooddinate (

Table 1: Cu and TPQ Contents per Subunit of HPAO As (1.49+ 0.16 min™) and D630N (1.16+ 0.23 mirr?), but
Determined by ICP-AES and Titration with Phenylhydrazine, was an order of magnitude lower for Y407N (0.022.003
Respectively min—1).
protein Cu content TPQ content TPQyqis known to be stable in HPAO in aerobic conditions
WT-HPAO 1.00+ 0.05 0.56+ 0.02 only in the absence of metah = 564 min!, compared to
D630N 0.44+ 0.01 0.12+0.01 ti> = 2.6 mim* upon addition of Cu(ll)) 25). For TPQqto
D630N+ 1 equiv of Cu(ll) 0.76+ 0.03 0.23£0.02 be present in the initially purified D630N mutant it seems
Y407N 0.86+ 0.05 0.72+ 0.09

likely that the subunits with TPQdo not contain any Cu-
(). The presence of TPQimplies that D630N was probably
catalytically active during expression/purification. Cu(ll) is
difficult to remove from CAOsZ5), so it is likely that metal

absorption bands at 465 and 435 nm, similar to those
observed for the TPQform of the cofactor (Figure 1A).  \aq |ost as Cu(l) following electron transfer from TRQ
The presence of TP in the sample of DE30N was  Thjsimplies that the Cu(l)/TPQwould have a long enough
confirmed by EPR spectroscopy, where a sharp featuge at |jifetime for an in situ removal of Cu(l); in light of an
~ 2, ascribed to an organic radical, was observed (Figure expected rapid reaction of the Cu(l)/TRQuith O,, the
1B). Incubation of the purified protein with a stoichiometric available concentration of nay have been quite low. The
amount of Cu(ll) resulted in loss of the radical signal by fact that addition of Cu(ll) to purified D630N increases the
both UV—vis and EPR (Figure 1B). Additionally, the level TPQ/subunit ratio is, thus, attributed to oxidation of the
of bound copper was higher by ICP-AES, and the amount reconstituted TPYCu(ll) to yield the TPQ/Cu(ll) inter-

of active TPQ containing protein increased (Table 1). The Mediate (cf. Supporting Information Scheme 1).

broad U\-vis spectra of the Cu(ll)-reconstituted D630N had ~ Effect of Mutations on the Reduati Half-Reaction. &/

a maximum at~432 nm compared with the maximum at Km[MeAa]’ Dt()kcat)' and®(keal Km[Mefl‘])-_AS ca;:]alyssl b:xlcgﬁos
~489 nm for WT-HPAO (cf. Figure 2); this may be due to proceeds by a ping-pong mechanism, e vaiu m
changes in the charge distribution within the active site or for a methylamine substraté(/Kn[MeAl) is independent

. . L of the G, concentration and measures all steps involving
to a mixture of TPQ conformations. Derivatization of the MeA, up to the first chemically irreversible step. The values

TPQ cofactor with phenylhydrazine to form the phenylhy- kea/Krn[MeA] were down by 3-fold and 40-fold for D630N
drazone gave essentially identical final spectra for WT- anq y407N, respectively (Table 2). Inspection of the HPAO
HPAO, Y407N, and D630N (Figure 1C). The rate of crystal structure4?) revealed that Y407 interacts with D319,
formation of the phenylhydrazone was similar for WT-HPAO the catalytic base for the reductive half-reaction through a
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Ficure 1: Spectroscopy of “as-purified” WT-HPAO, D630N, and
Y407N. (A) UV—vis spectra of WT-HPAO (red), as-purified
D630N (blue), and Y407N (green). (B) EPR spectra of D630N
before (solid line) and after (dashed line) reconstitution with Cu-
(). The g values for D630N wergn = 2.060,g, = 2.285, andA

= 0.0172 cm?, and those for WT-HPAO werg; = 2.065,g, =
2.292, andA = 0.0167 cm?! (spectra not shown), the latter
comparing favorably to published values. (C) UV spectra of
phenylhydrazine-derivatized WT-HPAO (red), D630N (blue), and
Y407N (green).

bridging water molecule. The loss of the bridging water may
account for the difference ik.a/Km[MeA] between Y407N
and WT-HPAO, though this interaction is not present in all

Welford et al.

Thek.q values for both the Y407N and D630N mutants were
similar to that for WT-HPAO at pH 7.2, consistent with a
step other than amine oxidation controllikg;and supported
by the smalP (k) values for WT-HPAO and D630N (Table
2). The isotope effect on the reductive half-reaction for
D630N using CNH; as the substrate is very similar to that
of WT-HPAO, as expected from the small impact of D630N
on keafKm(MeA).

Position of the TPQY/Cu(ll) to TPQ{Cu(l) Equilibrium.
The effect of the mutations on the position of the TEQ
Cu(ll) to TPQ4Cu(l) equilibrium on anaerobic reduction
with MeA was investigated. TPQhas distinct features in
the visible region of the spectrum at 360, 435, and 465 nm,
along with an EPR signal due to its organic radical character
(Figures 1A,B and 2AC) (16). TPQeq has an absorption
feature at ca. 300 nm and does not absorb much above 350
nm. Additionally, the Cu(ll) ion can be observed by EPR.
Despite these spectroscopic signals, the absolute position of
the equilibrium can be difficult to measure by EPR, as the
TPQq signal overlaps with that of Cu(ll). A good estimate
can be achieved by integration of the first hyperfine feature
of the Cu(ll) EPR spectra before and after reduction, with
the change being correlated to TRQu(l) formation (7).
Here we use a UVvis method based on the observation
that addition of cyanide to the anaerobic mixture of TRQ
Cu(ll) to TPQ{Cu(l) pulls the equilibrium to TPGYCu(l)
(16). By comparing the 465 nm feature of TR@efore and
after addition of cyanide, we were able to directly observe
the relative position of the equilibrium and to obtain a good
estimate of its absolute value (Figure 2&). Using this
method, we investigated the position of the equilibrium as a
function of pH for both WT-HPAO and D630N (Figure 2D).
In both cases the amount of TR{Cu(l) increased with pH,
reaching a maximum of15% and~36% for WT-HPAO
and D630N, respectively. The difference was particularly
stark at pH 7, where most investigators carry out their kinetic
studies. For WT-HPAO the level of TRECu(l) was below
the threshold of detection, while for D630N22% of the
protein was found to be in the TR@Cu(l) form. In
comparison, for Y407N TP&Cu(l) was undetectable at both
pH 7.2 and pH 8 upon anaerobic reduction with methylamine.
These differences show, first, how sensitive the redox
potential of the active site copper ion is to the surrounding
environment and, second, that we had achieved our first aim
of altering the position of the TRE/Cu(ll) to TPQ{/Cu(l)
equilibrium.

Impact of Mutations on Oxygen Readty. The apparent
rate constant for reaction of the reduced form of D630N with
0O, kealKm[O2], was measured as a function of pH and
compared to the published data for WT-HPAO (Figure 3A)
(24). The limiting value ofk../Kn[O,] was found to be ca.
4-fold higher for D630N than for WT-HPAO. The<qvalues
of 6.8 and 7.9 for WT-HPAO have been assigned to the
protonated aminoquinol and Cu(HDH,, respectively 24).

For the D630N mutant, the plateau was reached at a much
lower pH and the data were fitted to only a singl€,p=
7.2+ 0.1. Notably, this implies a reduction of the higher

CAO structures and it is not known how the plant enzymes pK, assigned to the Cu(HOH,. At pH 7, where most
compensate for the loss of these hydrogen bonds. The smalbiochemical studies are carried out, the valué&.efK,[O2]

difference ink.o/Kn[MeA] for D630N is difficult to interpret,
particularly in light of the distance of D630 from the site

where the chemistry for the reductive half-reaction occurs.

was an order of magnitude higher for D630N than WT-
HPAO. A fasterk../{Kn[O2] is also observed for the plant
enzymes at pH 7. For the Y407N mutakg/Kn[O2] was
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Ficure 2: Anaerobic reduction of WT-HPAO, D630N, and Y407N with MeA substrate. (A), (B), and (C) are representative spectra of
WT-HPAO (pH 7.2), D630N (pH 7.2), and Y407N (pH 8), respectively: oxidized protein (red), protein anaerobically reduced with MeA
(blue), after addition of cyanide to the anaerobically reduced protein (green). Additionally, the spectra of anaerobically reduced WT-HPAO
(pH 7) and D630N (pH 6) are shown in black, because at these pH values negligiblgJiRQ is formed. (D) pH dependence of TR®

Cu(ll) to TPQ{Cu(l) equilibria for D630N (circles), WT-HPAO (squares), and Y407N (triangles).

Table 2: Kinetic Parameters for Reaction with a Methylamine Substrate, Determined at®H 7.2

protein Keat (73 kealKm[MeA] (10*M~1s7Y) P(Kea) P(keal Km[MeA]) 18(keal Km[O2])
WT-HPAO 1.7£0.02 4.8+ 0.9 1.3+0.1 53+1.1 1.011+ 0.00F
D630N 2.1+£0.04 1.5+0.3 1.3+ 0.1 59+15 1.0074+ 0.0004
Y407N 1.6+ 0.23 0.25+0.04 nd ncP ncP

2 The values 0P (kea), P(keal Km[MeA]), and *8(k../K[O2]) are the ratios of the values obtained with different isotopes as defined in the abbreviations
footnote.” Not determined¢ Determined at pH 7.6.

an order of magnitude lower than that for WT-HPAO at pH conversion) for the reduction of Oby WT-HPAO and
7.2, 7.6, and 8 (Figure 3A). D630N using methylamine as the substrate are shown in
The limiting rate k., of D630N was also measured as a Figure 4. The data are well fitted by eq 6 to git® KIE
function of pH and compared to the value obtained previ- values of 1.014 0.001 and 1.0074 0.0004 for WT-HPAO
ously for WT-HPAO (Figure 3B). Though the limitinkta and D630N, respectively. The former is close to the
value for D630N was somewhat higher ((:460.5)-fold previously published value for WT-HPAQ4), though with
greater than for WT-HPAO), the differences are within greater precision. The results show clearly that changes in
experimental error. Mills et al. found two rate-increasiti@p  the oxygen bond order are occurring in the rate-determining

values inkea for_WT-HPAO of 6.1 and 7.7 and one rate-  gtop ofk./Kn[O,]. The origin of the somewhat reduced KIE
decreasing Ka = 8.7 (24). Here, for D630N, we observed ¢, 'ng30N will be considered in detail in the Discussion.

only a single increasingka = 7.72 @0.13) and a single . ) .
decreasing K. = 7.69 (0.14). Species That Accumulate in the Steady Stasking

To address whether there were significant differences @dvantage of the lowu[O;] for DE3ON, we were able to
between D630N and WT-HPAO in the steps leading up to monitor the UV~vis spectra in the steady state (Supporting
the first irreversible chemical step of the oxidative half- Information Figure 3). Initiating the reaction with methyl-
reaction, thé®0 KIEs were measured. Competititi® KIEs amine, there was an immediate 10 s) bleaching of the
were determined from the fractionation of oxygen isotopes, absorbance at 500 nm, with no appearance of any features
i.e., the change if80/%0 during the consumption of O  attributable to TPQ within the limits of detection. On
catalyzed by either WT-HPAO or D630N. Isotope fraction- exhaustion of @a sharp peak at 465 nm appeared assigned
ation plots {80/*%0 isotopic ratio of ratios versus fractional as TPQq
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Ficure 3: Variation ofkea/Km[O2] andkga; With pH. (A) Variation

of Keaf Ki[O] with pH: solid line, WT-HPAO,; circles and dashed
line, D630N; squares, Y407N. The solid line for WT-HPAO was
plotted using eq 3, i, values of 6.8 and 7.9, and a limitinga./
Km[O2] = 1.04 x 10° M~1 s71 reported in a previous studp4).

For D630N the data were fitted to eq 4, giving a single increasing
pKa = 7.2 £ 0.1 with a limiting value ofk.o/K,[O2] = (4.02 +
0.57) x 10° M~1 s71. Not enough points were measured for WT-
HPAO to produce a full curve, but the values obtained were in
good agreement with the earlier work. (B) Variationkgf; with

pH: solid line, WT-HPAO; circles and dashed line, D630N. For
D630N the data were fitted to eq 2, giving a rate-increasiig
7.724 0.13, a decreasingqa = 7.69+ 0.14, and a limitinkea; =
12.6 + 3.6. For WT-HPAO the line was plotted from eq 1 using
the following values from a previous studyKg = 6.1, Ky =

7.7, and K3 = 8.7, and a limitingkear = 7.8 £ 1.2 (24).

8 85 9 95

Using the preferred amine substrate putresding= 100
s1) and lentil seedling CAO, a steady-state mixture of
TPQx, TPQ{Cu(l), and TPQJCu(ll) has been reported
(43). In the case of WT-HPAO, the absence of any detectable
buildup of TPQq in the steady state under conditions of
saturating substrates, together with the partial rate limitation
of keatfor O, reduction, has argued against T&HQu(l) being
the catalytically reactive specieg4). Although we do not
know the extent to which ©reduction controlske, for
D630N, the absence of detectable TRQrovides support
for a pathway 2 mechanism for D630N analogous to WT-
HPAO.

DISCUSSION

Impact of Mutations on Measured Parameters and Their
pH DependencieBy making a single-point mutant in the
second sphere of the copper ion of HPAO, we were able to

Welford et al.

1.008

—e— WtHPAO 0 KIE =1.011(1)
weeelbe=- DE30ON wtHPAO
OKIE__ =1.0074(4)
1.006} @ D630N
l‘.‘
",
o .\‘
% 1.004) e *
" *~,
.
",
.
1.002}- e,
"\_\
1 ] ]
0.4 0.6 0.8 1

1 - fraction conversion

Ficure 4: Isotope fractionation plots for WT-HPAO (circles) and
D630N (squares) (25C, pH 7.6).180 KIE values were obtained
by fitting to eq 6.

convert the enzyme into a “plant-like” CAO. Similar to plant
CAOs, D630N-HPAO forms large quantities of TR(Qu-

(1) on anaerobic reduction with amine and reacts witra®
order of magnitude faster than WT-HPAO at pH 7. However,
the limiting rate constankc,, of D630N (12.6+ 3.6 s1) is
similar to that of WT-HPAO (7.8t 1.2 s'1), not the elevated
value observed with plant CAOs-(50 s?). The Y407N
mutant had the opposite effect of D630N. The rate of reaction
with O, is down an order of magnitude compared to that of
WT-HPAO, and no TPY/Cu(l) was observed on anaerobic
reduction, even at pH 8. Collectively these data help to
explain the disparate experimental observations with different
CAOs and show how the active site copper reactivity is
highly dependent on the second-sphere residues.

The kear and P(keo) Values are nearly identical for both
D630N and WT-HPAO, indicating that the reductive half-
reaction and the nature of the rate-limiting step(s) are unlikely
to have changed greatly. Previously, stopped-flow experi-
ments were used to determine the steps that contribute to
Keatfor WT-HPAO (44). Three steps were found to contribute
dominantly to rate limitation and were assigned as follows:
aldehyde release (27.9%, reduction of Q (22.1 s!), and
peroxide release (13.19. If the observed 4-fold limiting
increase ifk.o/Kn[O,] for D630N is applied to reduction of
O, by the reduced enzyme, an increase in the limiting value
of keat from 6.4 to 7.9 st would be expected.This is an
increase of 1.4-fold and is similar in magnitude to our
observed value of 1.6- 0.5 (12.6 sY/7.8 s1), though the
values are within experimental error of one another. Compar-
ing Co(ll)-substituted HPAO with WT-HPAOQ, the limiting
values ofk.ycare again similar (2.1 and 7.8srespectively),
but thek../Kn[O] is 245-fold lower for the cobalt-substituted
enzyme B5). If we assume, in a similar manner, that the
oxidation of reduced enzyme is 245-fold lower, we predict
the rate-limiting value ok.y to be 72-fold higher for WT-
HPAO in relation to the cobalt-substituted enzyme. This is
in sharp contrast to the experimentally determined values,
which differ by only a factor of 3.7. Thé of Co(ll)-
substituted lentil seedling CAO is reported to be 11(89),
again indicating that catalysis can proceed at a considerable

2 Calculated according to Ry = 1/k; + 1/k; + 1/ks, where the rate
constants refer to aldehyde release, oxygen reduction, and peroxide
release, respectively.
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rate in the absence of TRECu(l). What is clear from to distinguish these possibilities, revealing the extent to which
comparing WT-HPAO, Co(ll-FHPAO and D630N-HPAO a change in oxygen bond order occurs in all reversible steps
is that the changes ik.y are relatively small compared to  up through the first irreversible step. Previously, 1@ KIEs
the collective differences ik../Kn[O2] and the amount of  have been measured for WT-HPAO, HPAQGo(Il), and
TPQ{Cu(l) formed upon anaerobic reduction by substrate. bovine serum CAO at pH 6.0, 7.2, and 8.5, with all values
This argues that the mechanism of reduction of bouptsO  being essentially the same (1.040 0.002), identifying
similar among these three forms of HPAO. electron transfer to ©as a rate-limiting step2@, 24). The

We note that stopped-flow experiments on lentil seedling reduction in the size of the observE&® KIEs in relation to
CAO have defined the rate-limiting step as hydrolysis of the a calculated Z4, 36) value of 1.03 for an outer-sphere
product Schiff base to release the aldehyde prodL6t ( conversion of @to O~ could have been the result of oxygen
Clearly, the superiok.y of the plant CAO implicates not  binding being partially rate-determining; however, studies
just an increased rate for the oxidative half-reaction, but also of the impact of solvent viscosity o../Kn[O2] were
a faster product release step. The impact of modest changesoncluded to rule out this interpretation. Alternative pos-
in the active site of the CAOs can be manifested on numeroussibilities that have been considered are the presence of an
steps, making it essential to measure as many parameters asternal commitment that controls the binding of"Oto
possible, as done here and in earlier studies of HPAO. the Cu(ll) center or an interaction between the active site

The pH dependence of TRCu(l) formation on anaerobic ~ Cu(ll) ion with O~ as it is formed during the reduction of
reduction with amine substrates has been measured forO, by the TPQ cofactorl). We favor the former process in
several different CAOs. For HPAQ, D630N-HPAOQ, bovine which Oy~ binding to Cu(ll) is partially rate-determining,
serum CAO, and\. globiformisCAOs a trend of increasing  thus lowering the observefO KIE. The change in the
levels of TPQ{/Cu(l) with pH is observed in the range of properties of D630N (a lowered reduction potential together
6—8 (17, 23). In comparison, lentil seedling and. coli with an altered [, for one of the metal-bound waters) may
CAOs show a bell-shaped profild3, 45). For lentil seedling be expected to alter the degree to which a second step is
CAO, WT-HPAO, and D630N-HPAO the pH dependence partially rate-determining. Roth has, in fact, suggested that
of TPQ4Cu(l) has been shown to follow the same profile either superoxide collapse onto the Cu(ll) center or the
as the second-order rate constant for reaction p{33). second electron transfer to a Cu(l10 intermediate from
One mechanistic aspect that became particularly clear duringthe TPQq could be rate-determining fég./Km[O2] in HPAO
this study was that the enzyme form that reacts by pathway (46). Turning to pathway 1 of Scheme 1, availabi® KIEs
2 (containing neutral TP and Cu(ll)-OH, Scheme 2) will for direct reaction of @with Cu(l) indicate changes in bond
also be the form of the enzyme that favors formation of order that are significantly larger than suggested by%n
TPQ{Cu(l). The conversion to TPGCu(l) is expected to  KIE value of 1.01, with measured and calculated equilibrium
proceed by proton-coupled electron transfer from ERQ values for Cu(l)+ Oz=Cu(ll)—0O,~ of 1.015-1.023 @6).
Cu(ll)=-OH, giving TPQq and Cu(l)-OH,. Similarly, for The fact that the observeldO KIE for D630N is smaller
pathway 2 (Scheme 1) direct electron transfer from [EPQ than for WT-HPAO argues strongly against a change in
to O, is expected to be accompanied by a subsequent rapidmechanism from pathway 2 to pathway 1, despite the large

proton transfer to Cu(Ih-OH to generate Cu(lfyOH, (23). increase in TPEYCu(l) seen in the reduced form of the
The water, thus formed, is shown as undergoing displacementD630N mutant. In the case of the D630N mutant, a reduced
by O, to produce the inner-sphere complex, CuiD, . electron-donating ability that both increases the redox

Importantly, we conclude that comparative pH dependenciespotential of the copper center and stabilizes a Ct{OH
for kealKm[O2] versus TPQ@/Cu(l) formation cannot, in  center relative to Cu(lfOH, may also lead to a stronger
themselves, be used to discriminate between the postulatednteraction between the Cu(ll) center angCn the course
O, reduction mechanisms in Scheme 2. of its formation; the latter could well be the origin of the
The demonstration herein that the D630N mutation alters somewhat decreased experimeriff) KIE. As discussed
the pH dependencies for bolg./Kn[O,] and the position below, the reduction in charge that occurs within the active
of the TPQ./Cu(ll) to TPQ4/Cu(l) equilibrium is attributed  site of D630ON may also be expected to increase the affinity
to a reduction in the I§, of the Cu(ll)-OH,. These of O, for its site; this could produce a somewhat larger barrier
observations can be rationalized in terms of the effect of the for the loss of @ from its binding pocket, making substrate
mutation on the electron-donating ability of His624 (Scheme dissociation partially rate-limiting and the experimerit@
2). An asparagine at position 630 will lead to a decreased KIE smaller than for WT-HPAO.
electron-donating ability of His624, making it easier to  The evidence for the plausibility of pathway 2 from studies
deprotonate Cu(l-OH, in the mutant relative to the WT.  of Co(ll)-substituted CAOs remains strong4( 26—29).
The same feature that affects the,at the Cu(ll}-OH, may Combining the data here and our earlier work on HPRQ),(
also be expected to increase the redox potential of the metalwe have collected some of the most detailed studies
offering an explanation for the substantial increase in the concerning trends in the TRQCu(ll) to TPQ{Cu(l)
level of the TPQ/Cu(l). equilibrium andk:a/Kn[O2] with pH. On face value the
Mechanism of @Reduction and Origin of the Increase similar trends with pH might have offered the conclusion
in kea/ Km[O2] for D630N-HPAQ In the context of Scheme  that TPQ{/Cu(l) is the active species. However, the data offer
1, two alternate explanations were possible for the observedno definitive proof that TPE/Cu(l) is catalytically compe-
4-fold increase irkeafKm[O2] for D630N-HPAO over WT- tent, as its formation will be favored by the same factors
HPAO: either a change in reaction mechanism or a changethat favor reaction of TPQ/Cu(ll) with O,. Overall, the
in O, affinity at the active site. CompetitiveO kinetic metal substitution data, together with measu¥&l kinetic
isotope effects!®(k.a/Km[O2]), were carried out in an effort  isotope effects, implicate a conservation of pathway 2 of
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Scheme 2, independent of the change in the redox potentialdJohnson and Professor Carrie Wilmot (University of Min-

of the active site copper ion.

In light of the above discussion, we now examine in greater
detail the 4-fold elevation fok../Km[O2] in the D630N
mutant. The fact that the increase in T&HQu(l) and increase

nesota) for valuable discussions.

SUPPORTING INFORMATION AVAILABLE

A sequence alignment of the C-terminal portion of the

N kea/Km[O] are close in magnitude must be considered in ¢opper amine oxidases, a depiction of the active site of

the context that TPQ/Cu(ll) and TPQ{/Cu(l) are expected
to be in rapid equilibration. Using eqs-B, it can be shown
that a ca. 2.6-fold increase in TR{Zu(l) (at the highest
pH, Figure 2D) would only increade./Kn[O;] by ca. 2.2-

the

HPAO, and UV-vis spectra of species that accumulate in

steady state for D630N. This information is available

free of charge via the Internet at http:/pubs.acs.org.

fold in the event that TP&Cu(l) were the active species. REFERENCES
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The most reasonable interpretation of the observed 4-fold  7-

increase ink../Km[O2] for D630N is that the resulting
reduction in active site charge in D630N enhances the

prebinding of Q within its hydrophobic pocket adjacent to 8.

the copper site. A similar argument has been invoked to
explain the reduction iR..{Km[O;] for the Co(ll)-substituted

form of HPAO without any change ik, ascribed in that 9.

case to a significant elevation of the net charge at the active
site that accompanies the perturbdg, ior Co(l1)—OH,.

CONCLUSION

The results reported herein show how a second-sphere
single-point mutation affects the properties of a redox-active
metalloenzyme. First, we have demonstrated that the D630N
mutant of HPAO is more active than the wild type, being
one of a few cases where a single-point mutation increases
the enzymatic rate. Second, the removal of a negative charge

that interacts with a metal ligand has been shown to increase 13-

the redox potential of the copper center without changing
the overall mechanism of oxygen activation. Last, the
mutation has been proposed to alter the binding affinity of
O,, possibly introducing an external commitment that reduces
the 80 KIE values in relation to those of WT-HPAO. Copper
centers are involved in a range of different biological
processes, including Qransport, oxygenase, and oxidase
reactions 21). Commonly, copper ions are coordinated by
at least one histidine ligand. Hydrogen-bonding interactions
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of the protein can play an important part in controlling the
reactivity of the metal center, as demonstrated herein. In the
blue copper field, in particular, the major tuning of the redox
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