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ABSTRACT:. Copper amine oxidases are homodimeric enzymes that catalyze two reactions: first, a self-
processing reaction to generate the 2,4,5-trihydroxyphenylalanine (TPQ) cofactor from an active site tyrosine
by a single turnover mechanism; second, the oxidative deamination of primary amine substrates with the
production of aldehyde, hydrogen peroxide, and ammonia catalyzed by the mature enzyme. The importance
of active site residues in both of these processes has been investigated by structural studies and site-
directed mutagenesis in enzymes from various organisms. One conserved residue is a tyrosine, Tyr369 in
the Escherichia colienzyme, whose hydroxyl is hydrogen bonded to the O4 of TPQ. To explore the
importance of this site, we have studied a mutant enzyme in which Tyr369 has been mutated to a
phenylalanine. We have determined the X-ray crystal structure of this variant enzyme to 2.1 A resolution,
which reveals that TPQ adopts a predominant nonproductive conformation in the resting enzyme. Reaction
of the enzyme with the irreversible inhibitor 2-hydrazinopyridine (2-HP) reveals differences in the reactivity

of Y369F compared with wild type with more efficient formation of an adddgh{= 525 nm) perhaps
reflecting increased mobility of the TPQ adduct within the active site of Y369F. Titration with 2-HP also
reveals that both wild type and Y369F contain one TPQ per monomer, indicating that Tyr369 is not
essential for TPQ formation, although we have not measured the rate of TPQ biogenesis. Fhis UV
spectrum of the Y369F protein shows a broader peak and red-shiftgdt 496 nm compared with wild

type (480 nm), consistent with an altered electronic structure of TPQ. Steady-state kinetic measurements
reveal that Y369F has decreased catalytic activity particularly below pH 6.5 whiléHer substrate
B-phenethylamine increases significantly, apparently due to an elevitg.[75-6.5) for the catalytic

base, Asp383, that should be deprotonated for efficient binding of protonated substrate. At pH 7.0, the
Kwm for wild type and Y369F are similar at 1.2 and kM, respectively, whilek:s is decreased from 15

s~ 1 in wild type to 0.38 s1, resulting in a 50-fold decrease k./Kyv for Y369F. Transient kinetics
experiments indicate that while the initial stages of enzyme reduction are slower in the variant, these do
not represent the rate-limiting step. Previous structural and solution studies have implicated Tyr369 as a
component of a proton shuttle from TPQ to dioxygen. The moderate changes in kinetic parameters observed
for the Y369F variant indicate that if this is the case, then the absence of the Tyr369 hydroxyl can be
compensated for efficiently within the active site.

Copper amine oxidases (CuAO<E.C. 1.4.3.6) have in prokaryotes1—3) and less well understood signaling and
diverse biological functions including nutrient metabolism developmental roles in eukaryote$—6). They are impli-
cated in disease states such as diabetes melltusir(
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of Escherichia colicopper amine oxidase (ECAQ2Y) has
provided important insights into the active site structure and
catalytic mechanism of the copper amine oxidases. It also
facilitated X-ray crystal structure determinations of CUAOs
from pea seedling (PSAORP), Arthrobacter globiformis
(AGAO) (17) andHansenula polymorph@HPAQO) (23). The
structures reveal a high degree of structural similarity despite
low sequence identity. An amino acid sequence alignment
of 14 CuAOs identified only 33 conserved residu@d)(
Each subunit of ECAO comprises four distinct domains: an
N-terminal domain, which is not present in all CuAOs, two
conserved domains with a cystatin-like fold, and a large
pB-sandwich domain (Figure 1A) containing the active site.
Copper coordination is approximately square pyramidal with
three His residues (His524, His526, His689) and two waters;
one axial (Wa) and one equatorial (We) (Figure 1B). The
TPQ is not directly liganded to the €uand has rotational
freedom with the major conformation involving a hydrogen
bond between O2 of TPQ and Wa. TPQ O4 is hydrogen
bonded to the hydroxyl group of Tyr369 while O5 of TPQ
is directed toward the substrate binding pocket close to the
conserved catalytic base Asp383 (Figure 1B). Palwairpins
extend from one subunit to the other. One of these strands
contributes residues that lie close to the active site of the
other subunit, perhaps playing a role in intersubunit com-
munication.

Enzymes isolated from different sources display substrate
specificity differences and variability in the stereochemistry
of proton abstraction26—34). ECAO oxidizes aromatic
primary amines such gsphenylethylamine most efficiently
(35); features of the reductive and oxidative half-reactions
and intermediates in the catalytic mechanism of amine
oxidases are shown in Figure 2.

Our understanding of the reaction mechanism of CuAOs
is extensively informed by the pioneering work of Petterson
and co-workers36, 37) and Klinman and colleague8&—

40). In the reductive half-cycle optimal interaction occurs
between protonated substrate and enzyme with a deproto-
nated active site base. Substrate amine is deprotonated by
the active site basely, 42) that then acts as a general acid
to eliminate TPQ O5 as water to facilitate formation of a
substrate Schiff base at the C-5 position of TPQ (Figure 2,
steps 1 and 2). The base subsequently abstracts ti¢ C
proton from the methylene group of the substrate Schiff base,
yielding the product Schiff base by way of a carbanionic
intermediate (Figure 2, step 3). Hydrolysis of the product
Schiff base yields the aminoquinol form of the TPQ with
Iminoquinone(466) release of product aldehyde (Figure 2, step 4). Studies on

, , , ) ECAO provided strong evidence that Asp383 is the active
Ficure 1. Wild-type E. coli copper amine oxidase structure. (A)

Ca backbone diagram of the ECAO homodimer with one monomer .Sltel g_ase angi_l_that IL has mUItlpre role_s durlng _Catalyils
colored black and the other gray. (B) ECAO active site showing ncluding stabilizing the TPQ conformation, assisting sub-

the copper ligands (solid lines) including the axial (Wa) and strate binding to TPQ, and abstracting thelproton from
equatorial (We_) waters, the hydrogen k_)ond network (dashed Iin_es),substrate 33, 43).
and the TPQ with carbon atom numbering shown. (C) ECAO active  The oxidative half-cycle, involving binding of molecular

site in an equilibrium turnover species illustrating features of the P h
oxidative half-reaction 47) with dashed lines indicating key oxygen and reoxidation of TPQ with release of hydrogen

interactions and possible proton transfer pathways. Figure producedPeroxide (st_ep 5) and _ammo_nia (step 6), _is relatively poorly
using SPOCK §6). understood in comparison with the reductive half-cycle. The

aminoquinol/Cé" is in equilibrium with a semiquinone/Cu
cofactor, 2,4,5-trihydroxyphenylalanine quinone (TPQ))( radical species4d, 45). Dioxygen is reduced, leading to
The TPQ is posttranslationally derived by a single turnover, formation of hydrogen peroxide and an iminoquinone state
copper- and oxygen-dependent, processing event of an activdrom which TPQ is regenerated by hydrolysis to release
site tyrosine residuel(l—20). The X-ray crystal structure =~ ammonia. It has recently been proposed that in bovine serum
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Ficure 2: Pathway for the catalytic cycle &:. coli copper amine oxidase. The TPQ is shown together with the active site base, Asp383,

and the conserved Tyr369. The substrate is deprotonated and forms the substrate Schiff base (step 1). A hydrogen is abstracted, by Asp383,
from the methylene group (step 2), allowing rearrangement to the product Schiff base (step 3). Product aldehyde is released by hydrolysis
to leave reduced enzyme (step 4); some hydrogen bonds associated with the reduced (aminoquinol) TPQ are shown by dashed lines.
Oxygen, the second substrate, binds to the enzyme and is reduced to hydrogen peroxide (step 5), giving iminoquinone with subsequent
hydrolysis and release of ammonia, regenerating the active enzyme (step 6).

CuAO (BSAO) the rate-determining step during the oxidative of the gel-purified PCR megaprimer product, 100 pmol of
half-reaction is the first electron transfer from aminoquinol M13(-20) and 100 ng of pAdicacl template restricted at
to dioxygen 46). This study, together with a recent cryo- theBglll site to prevent amplification of the wild-type gene
crystallographic investigation of intermediates and small (50), was included in a similar PCR amplification except at
molecule complexes, including an aerobic turnover speciesan annealing temperature of 3€. The PCR product was
of ECAO (47), provides a view of the interaction and gel purified.

communication network between components of the active The mutagenic oligonucleotide wasGCATGATTGT-

site including dioxygen bridging between copper and the GCCTTTCGGGGATCCTAGTATTG-3 with the mutation
reduced TPQ (Figure 1C). to alter the Tyr369 codon shown in bold italics and the
A conserved tyrosine (Tyr369) appears to play a central mytated codon overscored. A silent mutation to introduce a
role in anchoring the position of the TPQ via a short ganHi restriction site (underscored) is in bold. The gene
hydrogen bond to O4 and is also implicated in proton transfer yas cloned into theE. coli expression vector pKK233-3
from TPQ to dioxygen (Figure 1C}7). The likely impor- — (Amersham-Pharmacia), and a positive clone designated
tance of this residue is indicated by the reduced activity, pKKecaeY369F was identified byBanH! digestion. The
altered substrate specificity, and reduced rate of cofactorpna sequence of both strands of the mutant genes was
biogenesis observed when the corresponding residue (Tyr305konfirmed by dideoxynucleotide sequencing on an ABI 373
was mutated in HPAOA4@). Here we explore the role of  jnstrument (PE Biosystems).
Tyr369 in ECAO by comparative structural, kinetic, and  cg|is were grown in 2TY growth mediurs{) containing
spectral studies of the wild-type enzyme with the Y369F gg uM CuSQ, 50 mg/mL ampicillin, and 25 mg/mL
variant. carbenicillin to an Olgy of 0.6—0.7. Protein expression was
induced by adding isopropyp-p-thiogalactopyranoside
EXPERIMENTAL PROCEDURES (IPTG; Melford Laboratories Ltd.) to a final concentration
Mutagenesis of Tyr369, Protein Expression, and Purifica- of 3.5 mM and allowing growth to continue for a further 4
tion. The ecaogene was mutated by the PCR megaprimer h. ECAO wild type and Y369F were purified from a
method 49) with Pwo DNA polymerase (Boehringher periplasmic fractionZ1, 33) by exploiting its characteristic
Mannheim). PCR amplification with 100 pmol of both the affinity for Q-Sepharose high-performance media at pH 7.2.
M13 reverse primer and Y369F mutagenic primer and 100 The column was equilibrated with 20 column volumes of
ng of pAltecacl as template33) was performed for 20 20 mM Tris-HCI, pH 7.2, at 5 mL/min. Concentrated protein
cycles (94°C for 1 min, 55°C for 1 min, and 72C for 2 was loaded, and the column was washed with 20 column
min) in an MJR PTC-100 thermal cycler. A 100 ng aliquot volumes of the same buffer at 2 mL/min. ECAO was eluted
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Table 1: Data Collection, Processing, and Refinement Statistics for crystallography as previously described for wild-type ECAO

ECAO Y369F by Murray et al. 43). . _

A Mass Spectroscop$amples were analyzed by inductively
A 0899 led pl t try (ICP-MS) usi Plat
Grmin (R) 21 coupled plasma mass spectrometry (ICP-MS) using a Plat-
space group P2:2:2; form ICP instrument (Micromass U.K. Ltd., Manchester,
unit cell dimensions, b, ¢ (A) 134.54,166.45, 79.38 U.K.) as described previously®). For electrospray mass
“m”u"ﬂti‘:ji éﬁ:{'e(oc/z')ons 2%0148 spectrometry protein samples were diluted in sterile deionized
completeness (%) (final shell) ‘914 water to a final conqentratiqn 0f0.5 mg/mL. The sqmples
I/ol (final shell) 13.0 (2.3) were dialyzed overnight agains6000 volumes of deionized
Reym I("/?) (final Sh?&)) 42% §3f~6) water to remove any salt or unreacted inhibitor. Samples were
resolution range . H 0, H H H H
no. of reﬂect!ons !n Working set 87056 tre_?tefq Int0'05 A)tf(:\;lmlC acid (E)JHKZEI?dprIIar to ﬁnatlySISUOQ a
no. of reflections irRye. set 3092 Q-Tof instrument (Micromass U K. Ltd., Manchester, U.K.)
non-hydrogen atoms to provide molecular mass information.

amino acid residues 1440 Enzyme Preparations for Solution Studi&szyme con-

gg?\tzwt?;%@zules 11%)%532 centration, typically in the range (:.0) x 106 M, was

Cltions 2 determined from absorbance at 280 nm adjusted by a

Ca* ions 4 gravimetrically derived correction factor of 0.76 to give

Reryst (%0) 19.5 concentration in mg mt! (e = 2.1 x 10° M~ cm?) (54).
av?;';a gf’_)f;ctors 235 Enzyme was dialyzed against 20 mM phosphate buffer, pH

protein atoms (A 298 7.0, at 4°C and centrifuged prior to use.

water molecules (3 40.9 UV—Vis Spectral Studies and TPQ Titratiord! UV —
RMSD from ideal geometry vis spectral studies were performed on a Shimadzu UV-

bo”f'S (/z) oéoolo 2401PC spectrophotometer at 25@. Two methods were
Ra?;'gcizgd?g% | ' used for titration of wild-type ECAO and Y369F with

plot . - .

energetically favored regions (%) 88.7 2-hydrazinopyridine (2-HP). For the first method, a stock

additionally allowed regions (%) 10.8 solution of 2-HP was prepared at a molar concentration 10

gggﬁ;%g&yrzg?&esd({f?'ons (%) 0065 times that of the protein. On the basis of the protein

0 . . . .
RMS distance of G atoms of variants concentration of the monomers, TPQ was titrated by stepwise
onto wild type (A) additions of 0.1 equiv of 2-HP. Absorbance changes were
A subunit 0.17 corrected for the 1% dilution of the sample at each addition.
B subunit 0.21 For the second method, 10 separate aliquots of protein were

titrated by the addition of single aliquots of 2-HP containing

from 0.1 to 1.0 equiv. In both methods the reaction was

at 2 mL/min by applying a gradient o850 mM NacCl in allowed to proceed until no further increase in absorbance

20 mM Tris-HCI, pH 7.2. ECAO typically eluted as a broad was detected following each addition. Where necessary, a

peak at~63 mM NacCl. Fractions were analyzed for purity final addition of 20 equiv of 2-HP was added to ensure full

by 10% SDS-PAGE, and activity assays were conducted titration.

using the coupled assay in a microtiter plate (Falcon). Pooled Enzyme Actity MeasurementsEnzyme activity was

and concentrated fractions were subjected to gel filtration measured as previously described using a coupled assay with

using Sephacryl HR-200 media (Amersham Pharmacia S-phenylethylamine as substra@l) in either air-saturated

Biotech) packed into a Bio-Rad Econo column (diameter 6 or oxygen-saturated reagents in solution or in crystis. (

cm, length 120 cm, void volume 60 mL) and equilibrated Pre-steady-state measurements were made using an Applied

with 20 mM Tris-HCI, pH 7.2, using a flow rate of 5 mL/h.  Photophysics SX-17MV stopped-flow rapid reaction spec-

Typically, ECAO eluted after 10 h. Purity was checked by trophotometer essentially by following the procedure of

10% SDS-PAGE and electrospray mass spectrometry, and Steinebach and colleaguess( 56). Briefly, for anaerobic

activity was measured by the coupled ass2d).( experiments, all reagents were purged of oxygen under argon
X-ray Crystallographic Data Collection and Structure and transferred to an anaerobic glovebox (Belle Technology)

Determination.Crystals of the Y369F protein were grown under nitrogen atmosphere purged of oxygen<ttO ppm

from 1.26 M sodium citrate and 100 mM HEPES, pH 7.0, using catalytic deoxygenators. Reactions were performed in

at 18°C using the sitting drop vapor diffusion method. They 100 mM sodium phosphate buffer (pH 7.0) at 25 with

were transferred briefly to a cryoprotectant solution contain- enzymes diluted to a final concentration o£8! in the assay

ing 20% glycerol before flash cooling to 100 K in a cold mix. Substrate was present at BBl (>30Ky), rather than

nitrogen gas stream. Diffraction data were collected at 100 the 1984M used by de Vries et al56), to minimize substrate

K using the Daresbury SRS (Synchrotron Radiation Source) inhibition. A reference scan was taken of assay reagents

with 300 mm MAR imaging plate detectors. The diffraction minus protein. The absorbance changes of samples containing

patterns were markedly anisotropic, with diffraction extend- protein were then recorded at thg.xover 0.1 s to determine

ing further in thea- and b-axis directions than along the an optimal time period for data collection: 10 ms for wild-

c-axis, as noted previously for frozen ECAO crysteds)( type ECAO and 100 ms for Y369F.

Programs from the CCP4 suit8) and DENZO §3) were

used to process the data. Details of crystal parameters, datngSULTS

collection, and processing statistics are shown in Table 1. Protein Purification and Initial AnalysisThe Y369F

The crystal structure of Y369F was determined by cryo- protein was purified as for wild type and migrated in a similar
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more flexibility to adopt other conformations, with one
prevalent conformation evident in the electron density (Figure
3). This dominant conformation in the resting mutant
enzyme, in which the C5 and O5 atoms of TPQ are well
defined, is likely analogous to that termed a “nonproductive
conformation” 68). There is evidence in the electron density
for a minor contribution from the “on-copper” conformation
as observed in the original inactive ECAO wild-type
structure, crystallized from ammonium sulfate, in which O4
of TPQ is coordinated to the coppetlj.

In the Y369F nonproductive conformation, water mol-
ecules interact with polar groups of the TPQ side chain
(Figure 4). The O2 atom interacts via a water molecule, W4,
with a carboxylate oxygen of the catalytic base, Asp383. The
S 04 group of TPQ makes a hydrogen bond (2.4 A) with the
Fune: Eloctonderstymapof e acve sef Y360 shoung (197 SO0 s moleule, W2, 99 = e o

g. . .

well defined in all crystal structures of ECAO. Tyr381, the
manner during SDSPAGE. Electrospray mass spectrometry “substrate gate” residud 7, 33) adopts different conforma-
gave a mass for wild-type ECAO of 81 28615, which is tions in wild-type and catalytic variants. In the Y369F
in good agreement with the predicted mass of 81 271, thatstructure, Tyr381s 2 A closer to the Phe369 position than
includes the two additional oxygen atoms on the TPQ. The it is to Tyr369 in wild-type ECAO. In this position, the
comparative difference in the ES-MS determined mass phenolic ring of Tyr381 has rotated approximately 40
between wild type and Y369F (81 279 2) of 16 corre- The ability of TPQ to adopt nonproductive conformations
sponds to loss of the O4 atom from Tyr369. in the resting enzyme is a feature revealed by crystal

Crystal Structure Analysis of Y369Fhe structure of  structures of native CuAO4{, 22) and resonance Raman
Y369F was refined to a resolution of 2.1 A. Overall, the studies of active site mutantdg 58, 59). In the case of
Y369F crystal structure is essentially identical to that of the HPAO the N404A (N465 in ECAO) and E406N (D467 in
wild-type ECAO homodimer4l, 43) with equivalent atoms = ECAO) variants appear to undergo a slow conformational
of wild type and Y369F having an RMSD of 0.20 A. Data change of Schiff base intermediates to a nonproductive
collection and processing statistics are shown in Table 1.conformation. In contrast, the Y305A (Y369 in ECAO)
The Y369F structure exhibits good geometry and no residuesvariant data suggest a rapid and reversible formation of a
in energetically disallowed regions of the Ramachandran plot nonproductive product Schiff base. These observations
(57). Figure 3 shows a region of the electron density map of indicate the importance of hydrogen-bonding interactions in
the active site of Y369F revealing well-defined electron maintaining productive conformations of TPQ in the resting
density for the TPQ. Both wild type and Y369F show enzyme, product Schiff base, and presumably reduced TPQ
catalytic activity in the crystals. states.

Structural Comparison of Wild Type and Y369A. TPQ Formation.In the work of Hevel et al. 48), the
comparison of the active sites of wild type and Y369F is HPAO Y305F variant was shown to react more slowly than
shown in Figure 4. Wild type and Y369F display a high level wild-type HPAO with phenylhydrazine and was estimated
of structural similarity with the most significant differences to contain around 0.3 TPQ per monomer. To investigate
occurring in the active site. In wild-type ECAO the TPQ whether the ECAO Y369F variant behaved similarly, we
side chain is located within a wedge-shaped pocket formedhave studied the TPQ content of this protein in comparison
by the side chains of Val367, Asp383, and Asn465 that could with wild-type ECAO. The presence of a significant popula-
accommodate tetrahedral intermediates in the reductive half-tion of TPQ in the electron density maps of Y369F and a
reaction. This conformational constraint leads to the electron substantial extinction coefficient of 1496 36 M~* cm™*
density of TPQ being stronger for O2, O4, and the ring per monomer at 496 nm for Y369F compared with 1990
carbons from C1 to C4 but weaker for O5, C5, and C6, 32 M~*cm! per monomer at 480 nm for wild type (Figure
reflecting a degree of conformational flexibilityld). As 5) suggested that Tyr369 is not essential for TPQ formation.
shown in Figure 1B, the TPQ O2 atom makes interactions The difference in extinction coefficient may reflect differ-
with the axial water molecule (Wa) and another crystallo- ences in the electronic state of the TPQ in wild type
graphically conserved water molecule, W1, over average compared with Y369F. In addition to the red-shiftéghs,
distances of 3.0 and 2.6 A, respectively. The O4 atom of the spectrum of Y369F reveals a broader peak than wild type,
TPQ is involved in a 2.7 A hydrogen bond interaction with consistent with the lack of a hydrogen bond between TPQ
the OH group of Tyr369, and the TPQ O5 atom lies close and the OH of Tyr369 and differences in the electronic
to the catalytic base and interacts with the carboxylate groupstructure of TPQ. The lower extinction coefficient of Y369F
through a mobile water molecule, W5. There is a well- could also reflect a reduced TPQ content, as noted for HPAO
ordered molecule (W2) forming a hydrogen bond between Y305F. Thus it was important to determine the TPQ content
OH of Tyr369 and the axial water on the copper. in Y369F to allow comparison with wild-type ECAO and

The crystal structure of the Y369F variant indicates that with the Y305F variant of HPAO. Both Y369F and wild-
Tyr369 influences the conformation of both TPQ and type ECAO were titrated with 2-HP, which forms irreversible
Asp383. The removal of the hydroxyl of Tyr369 allows TPQ adducts with TPQ. 2-HP was preferred over the phenylhy-
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Ficure 4: Stereoview of an overlay of the active siteskofcoli copper amine oxidase wild type and Y369F. In general, the structures of

the resting enzyme are very similar, although the difference in TPQ conformation from productive in wild type to nonproductive in Y369F

is clearly shown. The water molecules at the copper site are essentially unchanged whereas W5 associated with TPQ in wild type has been
lost and a new water W4 is observed. Carbon atoms in the wild-type structure are colored cyan and in Y369F yellow. Figure produced

using SPOCK §6).
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Ficure 5: UV—vis spectra ofE. coli copper amine oxidase wild
type and Y369F.

drazine family of irreversible inhibitors because of its long-
term stability. In wild type, the reaction results in the
formation of an initial adduct (adductAmax420—435 nm),
which is slowly converted to a second spectroscopically
distinct species (adduct 1max 525-540 nm). Wild-type
ECAO forms adduct Il very slowly such that at pH 6.0
virtually no spectral changes in the 530 nm region occur,

expected mass of the TPQ/2-HP addu€B0), indicating
that all of the monomers had reacted with 2-HP. For wild
type the mass shift was 150, which may comprise 2-HP plus
copper, perhaps reflecting a conformational difference
between the adduct | and adduct Il forms that influences
copper retention during ES-MS.

Clearly, given the different relative amounts of adducts |
and Il formed under equivalent conditions within the two
enzymes, the loss of the Tyr369 hydroxyl has a dramatic
influence on the chemistry of adducted forms of the enzymes.
The titrations reveal a more rapid formation of adduct 2 and
an end point corresponding to complete TPQ content in
Y369F. Importantly, these studies reveal that Tyr369 is not
essential for complete TPQ formation and highlight a distinct
difference between Y369F and HPAO Y305F, in which TPQ
formation was reported to be incomplete.

Kinetic Characteristics of Y369FBoth wild type and
Y369F are active in the crystals and in solution, indicating
that Tyr369 is not essential for catalytic activity. We have
made comparative kinetics measurements for wild-type
ECAO and Y369F over a range of pH values (Table 2) and
under different oxygen concentrations. Reaction rates for
wild-type ECAO and Y369F under the air-saturated condi-
tions (~250uM) used for all other assays were identical to

and the titration of TPQ was therefore measured at this pH those conducted using oxygen-saturatediZ50.M) buffers.

by adduct | accumulation at 423 nm. In the case of Y369F

This demonstrates that under our standard assay conditions

at pH 6.0 both adduct | and adduct Il are observed while at the oxygen concentration is not I|m|t|ng the overall rate. It

pH 8.0 conversion to adduct Il is essentially complete.
Titration of TPQ in this variant was thus performed at pH
8.0 by following absorbance at 530 nm. As the titrations of
wild type and Y369F were conducted under different

is clear that despite the predominance of a nonproductive
conformation in the crystal structure of the resting state this
does not prevent substrate binding to the C5 of TPQ either
in the crystal or in solution. The wild type and Y369F variant

conditions, it is not possible to compare the rates of adduct display closely similay values forj-phenylethylamine,
formation recorded during these experiments. It was found &t PH 7.0, of 1.2 and 1.aM, respectively (Table 2). It is

that wild-type enzyme reacts rapidly with 2-HP to form
adduct | until~1.5 TPQs per dimer have been titrated. The

the catalytic efficiency of amine oxidation that is most
significantly affected in the Y369F variant. Wild-type ECAO

reaction then becomes extremely slow although it can be OXidizes-phenylethylamine at pH 7.0 withl@a: of 15.0+

driven to completion (2.1 8% TPQ per dimer) by addition
of excess 2-HP. In contrast, for Y369F, 1.955% TPQs
per dimer are titrated by 2 equiv of 2-HP without addition
of excess 2-HP. The titrations were performed by two

0.8 s compared with 0.38= 0.02 s* for Y369F. Thus, in
Y369F, thek../Kw is reduced approximately 50-fold from
1.25x 107" Mt s ! for wild type to 0.025x 10’ M~1s?

for Y369F (Table 2). At the higher pH values of 7.5 and 8.0

procedures (see Experimental Procedures), and the resulty369F is slightly more efficient with a 30- and 27-fold

were in excellent agreement. In addition, ES-MS was

decrease in catalytic efficiency, respectively (Figure 6). The

performed and revealed a predominant species in the 2-Hpvalue ofke, for wild type reported here is correct, although

adduct of Y369F of 81 356t 5, which is 80 mass units

it is 8-fold lower than we have previously reportetB).

greater than the monomer mass of the nontitrated sample. The plot of k../Kyu for S-phenylethylamine vs pH is
This additional mass is in reasonable agreement with theapproximately bell shaped for wild type, with &p~5.75
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Table 2: Relative Rates fgt-phenylethylamine Oxidation by Wild-type ECAO and Y369F at a Range of pH Values

wild-type ECAO Y369F
kca[KM kcaIKM ratio kcaIKM
pH Keat(s7%) Kwv (uM) M~tsh) x 10° Keat (S74) Kw (uM) (Mtsh) x 10° wild type:Y369F
55 9.4+ 0.6 7.8+ 04 1.2+ 0.1 0.28+ 0.02 5.9+ 0.5 0.05+ 0.01 24
5.75 11.1+ 0.7 2.3+0.1 4.8+ 0.6 0.44+ 0.01 6.1+ 0.2 0.07+£ 0.01 69
6.0 20.3£ 0.7 1.8+0.1 11.3+1.1 0.48+ 0.03 6.1+ 0.4 0.08+ 0.01 141
6.5 19.4+ 0.8 1.7£0.1 114+ 1.2 0.39+ 0.01 24+ 0.1 0.16+ 0.01 71
7.0 15.0+ 0.8 1.2+0.1 125+ 1.9 0.38+ 0.02 1.5+£0.1 0.25+ 0.04 50
7.5 14.1+ 0.6 1.7£0.2 8.3+ 15 0.36+ 0.01 1.3+0.1 0.27+ 0.04 31
8.0 12,9+ 0.2 23+0.1 5.6+ 0.4 0.19+ 0.01 0.9t 0.1 0.21+ 0.04 27

and a basic I§; above 8.0, which are attributed to the ascribed to a particular step in the reductive half-reaction.
catalytic base and substrate, respectively (Figure 6). TheAs a preliminary approach to identifying the rate-limiting
corresponding plot for Y369F is also bell shaped but with a step in the Y369F variant, we measured substrate reduction
shift in the lower K, to ~6.5 and with a basic i, again by following the loss of TPQ absorbance using stopped-flow
above 8.0. Wild-type ECAO displays the highdgt/Ky rapid reaction spectrophotometry. Initial experiments were
value at pH 6.75 while for Y369F the optimal pH is 7.3. In conducted under relatively strict anaerobic conditions, but
contrast with wild type, Y369F begins to show a significant later repetition under aerobic conditions gave identical results
reduction in catalytic efficiency below pH 6.5. This reduction as anticipated for an initial oxygen-independent step in the
is due to an effect oKy rather thark., probably due to a  reductive half-reaction. The “dead time” of the spectropho-
perturbed K, of the catalytic base Asp383. Alteration of tometer was 1.5 ms before recording started. Figure 7
the protonation state of Asp383 in Y369F could affect indicates that the rate constant (taken to be first order) for
optimal interaction with the protonated substrate, thereby decay of absorbance at 487 nm iy is 935 s for wild
reducing the efficiency of substrate binding. type and 63 st for Y369F. There is also a lag before loss
Transient Kineticslt is well established that reduction of  of the absorbance in both wild type and Y369F, with the
TPQ by substrate leads to loss of absorption in the480 duration of this lag being some 10-fold longer in the mutant.
500 nm range 36, 56, 60, 61) although this has not been While we cannot ascribe these events to specific stages in
the reductive half-reaction, it is clear that they are not rate

030 limiting for either wild-type ECAO or Y369F that display
’ keat Values at pH 7.0 of 1573 or 0.38 s?, respectively.
%S 0as ] Metal Analysis by Mass Spectromeffjie metal analyses
i o averaged over both copper isotopes revealed 2.8 Cu per dimer
620 for wild-type ECAO and 2.6 Cu per dimer for Y369F. There
=3 was no detectable zinc. These values indicate complete
% 015 copper loading.
-4
< 0.10- DISCUSSION
The present study on the effect of mutating a conserved
0054 tyrosine residue in the active site of ECAO reveals that
o5 50 o5 70 75 a0 Tyr369 is not mandatory for either TPQ biogenesis or
pH catalytic activity.
Measurement of TPQ content indicates that, in both wild-
14 5 type ECAO and Y369F, TPQ reacts with 1 equiv of 2-HP

per monomer. Our experiments do not allow any assessment
of variation in the rate of TPQ formation. There is a
significant difference in the mode of reaction of 2-HP with
Y369F compared with wild type, and quantitation of the TPQ

2000} r 1600
6 i i
o 18504 1500 +
§ . < 9
& [Ny
X 44 -1400:9\
Enoo >
5 g
24 2 1300 3
+ 15504 %
. =

P I e o
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Ficure 6: pH profiles of the catalytic efficiency d&. coli copper FIGURE 7: Transient kinetics data db. coli copper amine oxidase

amine oxidase wild type and Y369F shownlkagKy over the pH wild type and Y369F. Rapid reaction spectra were recorded at 487
range 5.5-8.0. nm to monitor the disappearance of the oxidized TPQ species.
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stoichiometry in the two proteins required measurements hydrogen bond network and interactions between the copper
under different reaction conditions. For this reason we are and TPQ cofactors in the active site and also perturb the
unable to compare the rates of reaction of 2-HP with wild- pK, of the multifunctional catalytic base, Asp383. Third, from
type ECAO and Y369F. It is of interest that for wild type previous crystal structure analysis of catalytic intermediates
1.5 TPQs per dimer are readily titratable in a quantitative of ECAO (47) and solution studies of BSAO46), the
manner, and the remainder reacts only following addition phenolic OH of Tyr369 is implicated as part of a proton
of excess 2-HP. This implies that a population of TPQs is shuttle in the oxidative half-reaction. We now consider each
not so readily capable of interaction with 2-HP because they of these possibilities in more detail.
are either initially chemically distinct or inaccessible. In Productive TPQ ConformationThe ECAO crystal struc-
CuAOs there are long-strands that extend from the active ture suggests that the interaction between O4 of TPQ and
site of one monomer to the active site of the other monomer, OH of Tyr369 plays a role in the optimal positioning of the
providing a potential mechanism for communication between cofactor for reaction with substrate. In Y369F, this interaction
active sites (Figure 1A). It seems possible that, at least in is absent, disrupting the hydrogen bond network in the active
some CuAOs, the reaction of 2-HP with the TPQ in one site. On the basis of the crystal structure of Y369F, the
subunit of a dimer may influence the reactivity of the TPQ resultant effect on TPQ is the observed high-level occupancy
in the second subunit. This aspect of CUAOs and the role of of a nonproductive conformation. In this orientation, the O4
any intersubunit communication mechanism require further atom of TPQ is hydrogen bonded to W2 at a distance of 2.4
study. A (Figures 3 and 4). This interaction results in a lengthening
In ECAOQ, at pH 7.0, Y369F shows a slight increase in of the distance between W2 and Wa, an axial copper ligand,
Kwu for g-phenylethylamine, from 1.2 to 1/0M, with a more from 3.0 to 3.5 A. The orientation of TPQ in this nonproduc-
substantial effect ois, Showing a 39-fold decrease from tive conformation may account for the observed0O-fold
15.0 to 0.38 st. These differences in kinetic parameters, increase in the lag during the transient phase of TPQ
however, result in only a 50-fold reduction ikia/Ky, reduction in Y369F. In addition, conformational flexibility
indicating that while Tyr369 plays a role in catalysis, this may also reduce the time that TPQ occupies optimal
role is not essential. The altered behavior of the Y369F orientations throughout catalysis, perhaps accounting for the
variant over the pH range studied (5.8.0), particularly at observed slower rate of loss of the oxidized TPQ species
pH 6.5 and below, reveals an increase I pf the catalytic during reduction (Figure 7).
base, consistent with an altered active site environment. We It has been observed in the HPAO variants, E4068),(
have also shown by transient kinetics measurements thatN404A (59), and Y305A 48), that, with the preferred
early events in the reductive half-reaction are affected by substrate methylamine, the cofactor appears able to adopt
the mutation, although these do not represent the rate-limitingconformations, in a pH-dependent manner, that inhibit
step. enzyme activity. Above pH 7.0, the product Schiff base is
The identities of the intermediates formed in the reductive proposed to ionize and flip into a nonproductive conforma-
half-cycle remain unclear. Previous stopped-flow studies on tion (48). However, with the larger substrate ethylamine this

anaerobic reduction of wild-type ECAO b3+phenylethy- feature was not observed. It seems likely that for the larger
lamine were unable to follow loss of the TPQ species due ethylamine-derived product Schiff base there is insufficient
to the 6 ms dead time of their instrumer5( 56). An space for a flip into the nonproductive conformation. For

intermediate withlnmax 400 nm, which was observed in a ECAO, with 5-phenylethylamine as the preferred substrate,
difference spectrum, was assigned as the protonated produck../Ku vs pH profiles for wild-type ECAO and Y369F are
Schiff base. This assignment was based on the similarity of similar above pH 7.0, and we would anticipate that the
the spectral properties of the 400 nm species with those of Phe369 ring would prevent flipping of the large phenylethyl-
a synthesized model compourg@l). The model compound  amine product Schiff base, consistent with the reasonable
studies, however, mimicked the reaction of TPQ with catalytic rate in the variant. It seems likely, however, as
benzylamine, resulting in a compound containing a fully suggested by Hevel et ak§), that TPQ, aminoquinol, and
conjugated ring system. The spectral properties of the iminoquinone may be capable of rapid conformational
analogous protonated product Schiff base formed with change. The evidence from Y369F suggests the importance
B-phenylethylamined5, 56) are unlikely to be similar, since  of the TPQ O4 and Tyr369 OH hydrogen bond for maintain-
its ring system would not be conjugated. More detailed ing the predominant productive conformation of TPQ and,
studies to characterize reaction intermediates are requiredpy implication, of aminoquinone and iminoquinone. None-
and the Y369F variant, which displays slower rates of theless, given the increased flexibility in the Y369F active
reaction, may prove a useful tool in this regard. site, we cannot rule out the possibility of a reversible
Although Tyr369 is not an essential residue, it seems nonproductive Schiff base species as observed for the HPAO
likely, from the present studies of the effects of the Y369F Y305A variant.
mutation, that this residue influences multiple stages of the Altered Actve Site Emironment and the Catalytic Base.
catalytic cycle including an effect on the rate-limiting step. The environment of Asp383 is altered as indicated by the
X-ray structural information provides an important basis for increased K. in Y369F leading to a narrower range of pH
understanding the molecular basis underpinning these pos-over which the variant is maximally active. Thus at pH 6.0,
sible roles of Tyr369. First, in Y369F the TPQ is more Kk /Ky of Y369F is 140-fold lower than wild-type ECAO
mobile and can adopt a nonproductive conformation in the compared with only 50-fold at pH 7.0. The W\Wis spectrum
resting state with potential effects on the initial stages of of Y369F differs from wild type with a red-shiftedax of
substrate binding. Second, the chemical environment of TPQ496 nm compared with 480 nm and a broader peak profile.
in the Y369F active site is altered. This may affect the Such differences reflect alterations in the electronic structure
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of the TPQ, presumably due to the loss of the hydrogen bondprecedes the rapid hydrolysis of the product Schiff base
between O4 and Tyr369 OH affecting charge localization at intermediate. This supports the hypothesis that the O2 of
C4. TPQ accepts a proton from the axial water in going from
The importance of the hydrogen bond between TPQ 04 the product Schiff base intermediate to the aminoquinol
and Tyr369 OH for the stabilization of catalytic intermediates intermediate 40).
is demonstrated by the structure of ECAO with 2-hydrazi- While HPAO Y305F shows a 500-fold reduction kg./
nopyridine (2-HP) bound 33). The 2-HP structure is Ky compared to wild-type HPAO, two other mutations at
analogous to the substrate Schiff base and therefore provideshis residue, Y305C and Y305A, proved more active,
insight into the interactions between active site residues andshowing only 3.3- and 10-fold reductionskg/Kw, respec-
this intermediate. Reductive trapping experiments have tively. This effect was attributed to the possibility that a water
indicated that the substrate Schiff base intermediate has amolecule could occupy a site vacated by the tyrosine ring
Amax = 340 nm 3). Spectroscopic characterization of when a residue with smaller side chain occupied the site.
adducts of amines with model TPQ compounds indicates thatThe presence of an additional water molecule that could
the substrate Schiff base complex has considefgleénone affect proton transfer to dioxygen in place of the hydroxyl
structure with increased charge localization on the TPQ O4, of Tyr is consistent with the observég/Ky trends for these
in contrast to the resting state where there is considerableHPAO mutants. By contrast, the conservative change of Tyr
charge delocalization between the O2 and O4 oxygen atomsto Phe would not create sufficient space for a water molecule
The charge localization in the substrate Schiff base complexto occupy the site of the missing O4. It seems likely that
has been proposed to occur through an electrostatic interacthis situation will also be true for ECAO Y369F, and indeed,
tion (64). The ECAO-2-HP complex shows that this charge the crystal structure shows no evidence for a new water
localization is likely to occur through the 2.3 A interaction molecule. There are, however, clear changes in the hydrogen-
between OH of Tyr369 and O4 of TPQ. This close bonding pattern of TPQ that may affect the rate of proton
interaction, compared to 2.7 A in the unadducted enzyme, transfer to oxygen. If Tyr369 OH plays a role in proton
suggests increased charge localization at the O4 positiontransfer, then the 50- and 500-fold reductiongdf/Ky for
resulting in the sharing of a proton between this atom and ECAO Y369F and HPAO Y305F, respectively, imply that
the Tyr369 OH group. In the Y369F variant where such an a Tyr369 OH mediated proton transfer pathway is less critical
interaction cannot occur, the substrate Schiff base would bein ECAO than in HPAO.

destabilized. On the basis of the present studies the conclusion that
Proton TransferPrevious studies, most importantly those Y369F is not essential for TPQ formation or catalytic activity
of Su and Klinman 46) and Wilmot et al. 47), have is in general agreement with those of Hevel et 48)(who

identified a potential role for the conserved tyrosine in proton investigated mutations of the corresponding residue Tyr305
transfer during the oxidative half-reaction. Detailed kinetic in HPAO. However, for ECAO Y369F titration with 2-HP
analysis of the oxidative half-reaction of bovine serum amine shows one TPQ per monomer compared with impaired levels
oxidase (BSAO) by UV-vis, stopped-flow, and EPR spec- of 0.3—0.7 TPQ per monomer reported in the HPAO variants
troscopies, effects of viscosity?O kinetic isotope effects, Y305F and Y305A, respectively. Differences are also
and computer simulation concluded that the rate-limiting step revealed between HPAO Y305F and ECAO Y369F in their
in the oxidative half-cycle is the first electron transfer to kinetic parameters. At pH 7.0 for HPAO Y 305F, tKg for
oxygen @6). It was also indicated that both protons for ethylamine is increased from 0.38 to 1.6 mM, a 4-fold effect,
reduction of Q to H,O, are transferred from reduced TPQ, with ke reduced by 125-fold from 20 to 0.16% leading to
with one likely to be substrate derivedd) via TPQ 04 and a 500-fold decrease a/Knm. In contrast, Y369F shows only
the other from the axial water via TPQ OZ20j. The crystal a 50-fold decrease ikcaf/Kwu.
structure determination of ECAQO catalytic intermediates  These differences in TPQ content and catalytic rate suggest
during aerobic turnover has provided a structural context for that despite overall structural similarity there is significant
these kinetic studies4?). The rate-determining species in functional variance in the active sites of CuAOs. Previous
crystals reveals both a dioxygen species situated betweerstudies on the catalytic base in these two enzym8sgb)
the O2 of iminoquinone and copper and possible proton also revealed variation in catalytic properties conferred by
transfer pathways consistent with the proposals of Su andequivalent mutations. This presumably reflects the relative
Klinman (46) including one involving OH of Tyr369. The  abilities of the active site residues or waters to compensate
two protons originate from the reduced TPQ cofactor, and for the mutations during TPQ biogenesis and catalysis,
the transfer pathways involved are suggested to be directlyincluding the productive accommodation of catalytic inter-
from cofactor O2 and indirectly from cofactor O4 via the mediates.
hydroxyl of the conserved Tyr369 and a conserved water ConclusionsStructural analysis has demonstrated that the
(W2) as shown in Figure 1C. It is therefore possible that in Tyr369 O4 is important for maintaining TPQ in a conforma-
Y369F the efficiency of the latter proton transfer is reduced. tion that is likely to facilitate catalysis. Removal of this atom
In terms of the postulated direct proton transfer to allows TPQ to adopt a nonproductive conformation in the
dioxygen from cofactor O2, the loss of Tyr369 OH does not resting enzyme. The effects of the observed increase in
affect the interaction of TPQ O2 with the axial water conformational flexibility of TPQ in Y369F, and that
molecule or the interaction between the axial water molecule proposed in equivalent HPAO mutants, may account for the
and W2. However, the distance between the axial water reduced catalytic efficiency of these variants. Kinetic studies
molecule and the copper ion is reduced from a distance of usings-phenylethylamine as substrate indicate taatather
2.9 A in resting ECAO to 2.6 A in the 2-HP complex. The thanKy is the parameter predominantly affected in Y369F
change in the distance between the copper and the axial wateat pH 7.0 and above. It remains to be resolved whether the
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rate-limiting step occurs in the reductive or oxidative half-
reaction, although it has been shown that it does not occur
during the initial stages of the reductive half-reaction. The
hydrogen bond network in wild type suggests that the Tyr369
04 group could serve as a component of a proton shuttle
for the substrate-derived proton that reduces copper-bound
oxygen to HO,. However, the substantial activity retained
in the Y369F enzyme indicates that either Tyr369 does not
participate in this proton shuttle or the Y369F active site is
able to compensate for loss of this hydrogen bond network
component. Mutation of the homologous residue, Tyr305,
in HPAO has revealed a role in substrate specificity, cofactor
biogenesis, and catalysis compared with mutation of Tyr369
in ECAO that appears to affect catalysis. The differences in
properties of the equivalent mutants ECAO Y369F and
Y305F indicate that apparently similar active sites display
subtle differences in residue reactivity and function. Further
studies are underway to define the rate-limiting step in ECAO
Y369F and to identify further reaction intermediates by
cryocrystallography.
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