2540  Biochemistry 2010, 49, 2540-2550
DOI: 10.1021/bi1901933d

BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Kinetic and Structural Analysis of Substrate Specificity in
Two Copper Amine Oxidases from Hansenula polymorphaT’i

Cindy M. Chang,*® Valerie J. Klema,'* Bryan J. Johnson,'*"Y Minae Mure, Judith P. Klinman,*® and
Carrie M. Wilmot*"

§Depai tment of Chemistry and Department of Molecular and Cell Biology, University of California, Berkeley, California 94720,
Dcpartment of Biochemistry, Molecular Biology and Biophysics, University of Minnesota, Minneapolis, Minnesota 55455, and

L Department of Chemistry, University of Kansas, Law rence, Kansas 66045 “Current address: LS9, 600 Gateway Blvd.,
South San Francisco, CA 94080. #These authors contributed equally to this work.
VCurrent address: R&D Systems, Inc., 614 McKinley Place NE, Minneapolis, MN 55413.

Received November 10, 2009, Revised Manuscript Received February 12, 2010

ABSTRACT: The structural underpinnings of enzyme substrate specificity are investigated in a pair of copper
amine oxidases (CAOs) from Hansenula polymorpha (HPAO-1 and HPAO-2). The X-ray crystal structure (to
2.0 A resolution) and steady state kinetic data of the second copper amine oxidase (HPAO-2) are presented for
comparison to those of HPAO-1. Despite 34% sequence identity and superimposable active site residues
implicated in catalysis, the enzymes vary considerably in their substrate entry channel. The previously studied
CAO, HPAO-1, has a narrow substrate channel. In contrast, HPAO-2 has a wide funnel-shaped substrate
channel, which also contains a side chamber. In addition, there are a number of amino acid changes within the
channels of HPAO-2 and HPAO-1 that may sterically impact the ability of substrates to form covalent Schiff
base catalytic intermediates and to initiate chemistry. These differences can partially explain the greatly
different substrate specificities as characterized by ke./K, value differences. In HPAO-1, the k.,/K,, for
methylamine is 330-fold greater than for benzyldmine whereas in HPAO-2, it is benzyldmine that is the better
substrate by 750-fold. In HPAO-2, an inflated Pk ,/Kin(methylamine) in relation to Pkey/Kim(benzylamine)
indicates that proton abstraction has been impeded more than substrate release. In HPAO-1, Pkey/Kin(S)
changes little with the slow substrate and indicates a similar increase in the energy barriers that control both
substrate binding and subsequent catalysis. In neither case is k.,/ K, for the second substrate, O,, significantly
altered. These results reinforce the modular nature of the active sites of CAOs and show that multiple factors
contribute to substrate specificity and catalytic efficiency. In HPAO-1, the enzyme with the smaller substrate
binding pocket, both initial substrate binding and proton loss are affected by an increase in substrate size,
while in HPAO-2, the enzyme with the larger substrate binding pocket, the rate of proton loss is differentially

affected when a phenyl substituent in the substrate is reduced to the size of a methyl group.

Copper amine oxidases (CAOs)" are virtually ubiquitous in
aerobic organisms and catalyze the oxidative deamination of
primary amines in the following overall reaction:

RCHzNH3+ + 0, + H,0 — RCHO + H,0, + NH,"

While usually sharing only 20—40% amino acid sequence iden-
tity, features of the active sites are almost identical across CAOs
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from widely varying species. These include the protein-derived
enzymatic cofactor, 2,4,5-trihydroxyphenylalanine quinone (TPQ),
an active site metal, copper, and its three histidine ligands (Z, 2).
The CAO mechanism is ping-pong and proceeds via Schiff base
chemistry, creating a covalent adduct of the amine substrate with
the TPQ (Scheme 1). A conserved Asp residue acts as the catalytic
base. The release of aldehyde product at the end of the enzymatic
reductive half-reaction leaves the cofactor as a two-electron
reduced aminoquinol containing a substrate-derived nitrogen. In
the oxidative half-reaction, the reduced enzyme is converted to a
one-electron reduced N-semiquinone and then an oxidized imino-
quinone through the reduction of molecular oxygen to hydrogen
peroxide. This is followed by hydrolysis of the iminoquinone
to regenerate the resting TPQ quinone and release ammonia.

Despite these similarities, CAOs from different organisms
preferentially react with primary amine structures that range
from small aliphatic amines to peptides. The CAO from Escher-
ichia coli, for example, prefers aromatic monoamines (3), while
the previously characterized CAO from Hansenula polymorpha
(HPAO-1) is most active against small aliphatic amines (4). The
structural basis for this difference in substrate specificity has
remained elusive.
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Scheme 1: Proposed Reaction Mechanism for HPAO-1, Indicating Intermediates along the Pathway”

E . E E E
H3;NCH,R H,0 +
0. 3 2 0. 2~ 0 HO.
OH G + HO
Cu2+ o H3NCH2Rcu2+ (o CHZR (o CHzR cu2+ OH CHR RCHO
, Oxidized Carbinolamine  gypstrate Schiff Base Product Schiff Base HO
NH,4 form intermediate ? A
E 2 NH,
E ' Cu™ on
0 H,0  HsNCH,R NH,*
2 3NCH, 4
B A
NH,
2+ O7
Cu )\ RCHO
H,0; E E E E E
o HO. HO 02 HO
N 0, o) N
HO\O_ NH, S0 NH, NH, 2 NH, o NH,
e OH JRCL OH cu+ OH 2 g 2+ OH

Iminoquinone

Semiquinone

Aminoquinol

“Brackets indicate the probable, but unconfirmed, existence of a carbinolamine intermediate. The dashed arrow indicates that substrate
can react directly with the iminoquinone to form the substrate Schiff base when substrate concentrations are high.

Copper amine oxidases are not unique in their variable sub-
strate specificity. Among other classes of enzymes, €.g., amino-
transferases (5) and flavin-containing monoamine oxidases
(MAO:s) (6), the basis of isoenzyme specificity has been explored.
Protein conformational flexibility has been suggested as a source
of substrate specificity in aspartate aminotransferase and aro-
matic amino acid aminotransferase (7), whereas differences in
static hydrophobic and aromatic 7— interactions in the sub-
strate binding pocket have been implicated in MAO-A (8). It is
rare for paralogous enzymes to demonstrate a strong yet inverted
discrimination between two different substrates. Thus, most
investigations have focused on understanding the relative rates
of preferred over poor substrates in a single enzyme, rather than
between isoenzymes.

The first described CAO from the methylotrophic yeast
H. polymorpha (HPAO-1) was heterologously expressed in
Saccharomyces cerevisiae and purified in 1994 (4) and subse-
quently studied by X-ray crystallography (9). Although a perox-
isomal protein in its native host organism, it was found in the
cytosol of S. cerevisiae during recombinant expression (10).
Characterized as a “methylamine oxidase”, HPAO-1 demon-
strated much greater activity against methylamine than benzyl-
amine. However, extraction of CAO from H. polymorpha grown
on benzylamine-enriched media had indicated the presence of a
second CAO with a distinct catalytic activity toward benzyl-
amine (4). In the case of mammals, multiple CAO isoenzymes
have also been established, annotated as aoc-1, aoc-2, and aoc-3
in the human genome (//). Comparison of the enzymatic
activities of the human kidney diamine oxidase (/2) to human
vascular adhesion protein-1 (/3) indicates broad though largely
nonoverlapping substrate specificities. Although these two
human enzymes have also been characterized structurally (14— 16),
their broad substrate specificities make it difficult to rationalize
the features that control substrate discrimination.

In this work, we report detailed kinetic and crystallographic
characterization of a second copper amine oxidase from H. poly-
morpha (HPAO-2) for comparison with HPAO-1. In particular,
keat/Kin data indicate a marked reversal of substrate selectivity
between the two isoenzymes when their activities are interrogated

with a small aliphatic versus an aromatic amine. Using the X-ray
crystal structure of HPAO-2 reported here to compare to that of
HPAO-1, we can begin to decipher the structural origins of this
divergent substrate specificity. Residue changes between HPAO-
1 and HPAO-2 that likely play roles in determining substrate
specificity have been identified close to the active site and are
discussed in the context of the available kinetic parameters and
corresponding isotope effects.

MATERIALS AND METHODS

Cloning. Because of the unavailability of the H. polymorpha
genome at the start of the investigation, the /ipao-2 gene (1967 bp)
was cloned out of the H. polymorpha genome by “genome
walking”, using iterations of primers to progressively amplify
the entire gene. Initially, mass spectrometry of trypsin-digested
protein isolated from cell extracts of H. polymorpha grown on
benzylamine-enriched growth media that demonstrated CAO
activity yielded peptide sequences distinct from that of the
original HPAO (HPAO-1). Degenerated primers were designed
on the basis of the new peptide sequences, and subsequent PCR
resulted in a 600 bp gene fragment of /pao-2. The 5 end and
3" end sequences of the fragment were then used for upstream and
downstream genome walking to yield 1967 bp of the full-length
hpao-2 sequence. The identity of the full-length gene was verified
by comparison to the now available H. polymorpha genome
(Rhein Biotech, personal communication). The /ipao-2 gene was
inserted into the S. cerevisiae expression vector, pY ES2 (Invitrogen),
under inducible control by the GALI promoter, via cloned Kpnl
and Xbal restriction enzyme cut sites present in the multiple cloning
site. The full DNA-derived protein sequence and its comparison to
HPAO-1 are given in Figure S1 of the Supporting Information.

Expression. Invitrogen’s INVSC-1 S. cerevisiae cells were
transformed with selection for uracil-independent growth, con-
ferred by the ura3 gene on pYES2. Importantly, S. cerevisiae
contains no CAO genes and, thus, no background CAO expres-
sion. Starter cultures were grown in URA™ minimal medium
containing 6.7% yeast nitrogen base without amino acids
and 0.77 g/L complete supplemental mixture without uracil
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(MP Biomedicals) with 2% raffinose as a carbon source at
30 °C and 225 rpm in a New Brunswick Scientific Innova 4300
temperature-controlled platform shaker. At an ODgg, of ~5, cells
were diluted to an ODgg of 0.4 into URA™ minimal medium
with 30 uM CuSO,, 1% raffinose, and 2% galactose for
induction of expression. Induced cultures were grown in 1.5 L
volumes in 4 L flasks. After being induced for 24 h, cells were
pelleted by centrifugation in a Sorvall RC 5C Plus centrifuge at
5000 rpm in an SLA-3000 fixed angle rotor for 5 min at 4 °C.
Typically, 9 L of cell culture yields 60—70 g of cell pellet.

Purification. Protein purification followed the previously
developed purification strategy for HPAO-1 with some modifi-
cations (4). Cells were lysed with glass beads (425—600 um, Sigma
G8772) in the presence of four protease inhibitors: 0.5 mM
phenylmethanesulfonyl fluoride, 5 mM 1,10-phenanthroline,
I uM pepstatin A, and 5 uM E-64 (Sigma). Approximately
150 mL of glass beads was combined with an ~250 mL sus-
pension of cell pellet and cold 10 mM potassium phosphate
(pH 7.2) in a bead beater. Cells were lysed by five cycles
of grinding for 5 min and resting for 2 min, with changes in
the ice and water surrounding the bead-beating chamber bet-
ween cycles. The cell extract was then separated from cellular
debris by centrifugation in a Sorvall RC 5C Plus centrifuge
in ~40 mL aliquots at 12000 rpm in an SS-34 fixed angle rotor
at4°C for 1 h.

The lysate was loaded onto an ~200 mL (5 cm diameter,
~20 cm height) Q-Sepharose column, pre-equilibrated with S mM
potassium phosphate (pH 7.2). This column was washed with 1 L
of 5 mM potassium phosphate (pH 7.2). Protein was eluted as
follows: 300 mL total volume of a linear gradient from 5 to
100 mM potassium phosphate (pH 7.2) followed by 200 mL of
100 mM potassium phosphate (pH 7.2), then a 300 mL total
volume of a linear gradient from 100 to 400 mM potassium
phosphate (pH 7.2), and finally 300 mL of 400 mM potassium
phosphate (pH 7.2). Fractions (10 mL) were collected at a rate of
1 min/fraction (elution by gravity). The column was washed with
1 L of 400 mM potassium phosphate and 1 M NaCl between
preparations and then re-equilibrated with ~1 L of 5§ mM
potassium phosphate (pH 7.2).

Fractions 28—58 were pooled at 4 °C and dialyzed (Pierce
SnakeSkin Pleated Dialysis Tubing 10000 MWCO, catalog no.
68100) into 4 L of 50 mM potassium phosphate (pH 7.2)
overnight at 4 °C. Dialyzed pooled fractions were then centri-
fuged at 12000 rpm (1 h at 4 °C) to separate out precipitated
protein. Cleared pooled fractions were concentrated to approxi-
mately 6 mL using Amicon concentrators with polyethersulfone,
50000 NMWL ultrafiltration membranes.

Aliquots (2 mL) of the concentrated pool were centrifuged at
13000 rpm for 5 min at 4 °C in a benchtop microcentrifuge to
clear any precipitation prior to being loaded onto an S-300
column. This was run overnight, by elution with 50 mM
potassium phosphate (pH 7.2). Fractions were collected every
10 min at a flow rate of 0.2 mL/min (for ~2 mL/fraction).

Pooled fractions 46—>58 were concentrated using an Amicon
concentrator with polyethersulfone, 50000 NMWL ultrafiltra-
tion membranes. After a final volume of ~2—3 mL had been
reached, 50—100 uL aliquots of purified protein were made,
snap-frozen in liquid nitrogen, and kept at —20 °C for short-term
storage or —80 °C for long-term storage. Concentrated purified
HPAO-2 samples were peach in color.

Protein Characterization. The total protein concentration
was measured with a Bradford assay (Bio-Rad). Typical total
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protein yields varied from 150 to 300 mg/9 L of cell culture (at a
90% purity, as judged by SDS—PAGE).

The presence of a quinone cofactor in HPAO-2 was tested by
both quinone stain and phenylhydrazine assay. Reaction with
phenylhydrazine resulted in the formation of a peak at 448 nm, as
previously observed in HPAO-1 (4). The very rapid formation of
the product phenylhydrazone at room temperature in 100 mM
potassium phosphate (pH 7.2) necessitated the use of a Hi-Tech
Scientific stopped-flow instrument to estimate a rate constant.
The phenylhydrazine assay used a 5-fold molar excess of a freshly
prepared solution of phenylhydrazine HCI [in 100 mM potassium
phosphate (pH 7.2)] to HPAO-2 protein concentration, as
determined by the Bradford assay. The change in absorbance
at 448 nm was measured on a Hewlett-Packard 8452A diode
array spectrophotometer. An extinction coefficient previously
determined for HPAO-1 (40500 M~' ¢cm™') and a subunit
molecular weight of 72000 were used to calculate the percentage
of TPQ present in protein (7). The presence of TPQ cofactor was
also observed by redox stain, specifically via reaction of the
protein-bound quinone with nitroblue tetrazolium (NBT) (/7).
After separation of HPAO-2 from contaminants by SDS—
PAGE, protein was electroblotted onto a nitrocellulose mem-
brane and washed in the dark with 0.24 mM NBT in 2 M sodium
glycinate (pH 10).

Purified HPAO-2 was N-terminally sequenced at the Stanford
PAN facility (http://cmgm.stanford.edu/pan/) by Edman degra-
dation.

Kinetic Measurements. Methylamine, [1,1,1-*H;]methyl-
amine, and benzylamine hydrochlorides were purchased from
Sigma and used without further purification. [1,1-*H,]Benzyl-
amine hydrochloride was prepared as previously described (18).
The purity of synthesized [l,1-*H,]benzylamine hydrochlo-
ride and commercial [1,1,1-*H]methylamine were verified by
NMR with no evidence of contamination by protium substrate
found. In all cases with protio and deuterio substrates, NMR
spectra also indicated no significant level of chemical con-
taminant.

Observation of the formation of benzaldehyde from benzyl-
amine (/9) served as a preliminary enzyme activity assay during
the purification of HPAO-2 and in subsequent kinetic studies
of benzylamine. Benzaldehyde absorbs at 250 nm (e = 12800 M~
em™Y), and its production is easily followed on a Hewlett-
Packard 8452A diode array spectrophotometer. Enzyme activity
with a varying level of methylamine was monitored by oxygen
consumption with a Clark oxygen electrode. Unless otherwise
noted, all kinetic studies were conducted at 25 °C in 100 mM
potassium phosphate (pH 7.2), controlled for an ionic strength of
300 mM by the addition of KCI (4). In HPAO-2 assays, the range
of concentration for amine substrates was 0.5-20 mM for
methylamine and 1-200 M for benzylamine. In HPAO-1,
0.05—1.5 mM methylamine and 0.2—5 mM benzylamine were
used for steady state kinetic rate parameter determination.
Buffers used for the pH studies were 100 mM potassium
phosphate (pH 6.2—8.2), 25 mM sodium pyrophosphate
(pH 8.6), and 0.1 M potassium carbonate (pH 9.2-9.5)
(Sigma). Tonic strength was maintained at 300 mM with KCI
for potassium-based buffers and NaCl for sodium-based buffer.
These studies were conducted at 1-150 uM benzylamine at
25°C. Enzyme activity at a varying level of oxygen, at saturating
amine concentrations, for determination of k., /K,(O,) values
was monitored by oxygen consumption with a Clark type oxygen
electrode. The kinetic parameters, ke, and ke, /Ko, were derived
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from data fit to the Michaelis—Menten equation by nonlinear
regression using Kaleidagraph (Abelbeck Software).

Crystallization. HPAO-2 in 50 mM potassium phosphate
(pH 7.2) was buffer exchanged into 20 mM HEPES (pH 7.0) and
concentrated to 23 mg/mL for crystallization. HPAO-2 crystals
were grown by sitting drop vapor diffusion using a 1:1 volume
ratio (6 uL total) of purified HPAO-2 and a mother liquor
solution [0.50—0.75 M potassium sodium tartrate tetrahydrate in
0.10 M phosphate (pH 6.0—7.5)] at 20 °C. Crystals grew as
clusters, and physical manipulation was necessary to separate
individual crystals. Crystals were soaked in 25% high-purity
glycerol (Hampton Research) mixed with mother liquor taken
directly from the crystallization well for 5 min prior to being
flash-frozen in liquid nitrogen.

Structure Determination and Refinement. X-ray diffrac-
tion data were collected from a single crystal at 100 K using an
undulator source (wavelength of 0979 A) and an ADSC
Quantum 315r detector at the Advanced Photon Source, Ar-
gonne National Laboratory (beamline 19-ID, SBC-CAT). Data
were processed using HKL2000 and SCALEPACK (20). Mole-
cular replacement was conducted using PHASER and MOLREP
from the CCP4 suite (2/) with a polyalanine truncated search
model based on a previously deposited HPAO-1 model [Protein
Data Bank (PDB) entry 200v] (22).

An initial model was built into the experimental electron
density, and manual adjustments were made in Coot (23). Model
refinement was performed using Refmac5 with 5% of the data
excluded from the refinement to enable calculation of Ry (24).
ARPWaters was used to place water molecules into the model at
peaks greater than 3.00 in the 2F, — F. map (25). Cycles of model
building and refinement were performed until F, — F, difference
peaks did not make structural sense and appeared to be within the
noise level of the electron density map.

RESULTS

Characterization of HPAO-2 and Comparison to HPAO-1.
Cell extracts after induction for 24 h contained a band at
~72 kDa that is absent in the nontransformed control yeast cell
extracts. The size of the protein corresponds to the estimated size
of HPAO-2 calculated from the primary sequence. After puri-
fication, the resulting protein constituted >90% of the total
protein, as observed by SDS—PAGE (Figure S2 of the Support-
ing Information). The net effect of the purification protocol was
to increase the relative amounts of HPAO-2 to the contaminant
bands. Some of the contaminant bands also stained on an NBT
blot, indicating probable breakdown of HPAO-2 (data not
shown). HPAO-1 migrates slightly faster by SDS—PAGE,
suggesting an overall smaller primary structure; however, the
DNA-derived primary protein sequence of HPAO-1 predicts a
protein slightly larger than HPAO-2. Post-translational modifi-
cations may account for this difference as HPAO-2 has an
additional predicted glycosylation site. Concentrated purified
HPAO-2 was a vibrant peach color, characterized by a broad
shoulder in the UV—vis region around 480 nm (Figure 1).
N-Terminal sequencing of the protein matched the expected
N-terminus from the HPAO-2 DNA sequence, except for the
absence of the initial Met (Figure S3 of the Supporting Infor-
mation). The N-terminus of HPAO-1 is longer by 20 amino acids
and contains a peroxisomal targeting sequence (Figure S3 of the
Supporting Information).

The presence of a quinone cofactor was tested by both quinone
stain and phenylhydrazine assay. Nitroblue tetrazolium staining
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FiGure 1: UV—uvisible spectra of 20 uM HPAO-2 before (—) and
after (———) incubation for 5 min with 100 #«M phenylhydrazine HCI
in 100 mM potassium phosphate buffer (pH 7.2) at 25 °C. The inset
shows 20 uM HPAO-2 before incubation with phenylhydrazine HCI
blown up to show a shoulder at 480 nm, as observed for other TPQ-
containing enzymes.

resulted in a purple band similar to that observed with HPAO-1
(data not shown). Reaction with phenylhydrazine resulted in the
rapid formation of a peak in the region seen previously with
other CAOs (~450 nm) corresponding to the phenylhydrazone
(Figure 1). The rate of phenylhydrazone formation in HPAO-2
(87 £ 3 s ) is >10*fold faster than that of HPAO-1 (7.8 X
107 + 7.0 x 107 s7"). Typical yields of phenylhydrazone
correspond to ~50% of the subunit concentration.

The copper content of purified protein was measured by
elemental analysis. Initial analyses indicated 2 mol of copper
per monomer. However, after overnight dialysis against 1 mM
EDTA, followed by dialysis against 0.1 M potassium phosphate
buffer (pH 7.2), the expected level of one copper per monomer
was observed. The presence of the loosely bound second copper
did not affect enzyme turnover rates, as kinetic measurements
performed with the dialyzed enzyme yielded rates that were the
same as those with nondialyzed enzyme samples (Table S1 of the
Supporting Information). Thus, there appears to be an adventi-
tious metal binding site that plays no role in catalysis.

Kinetic Properties. The near-unity Pk, values observed for
HPAO-2 with both substrates indicate that proton abstraction is
not significantly rate-limiting with either substrate (Table 1). The
lower limit for the rate constant reflecting the proton abstraction
step is thus defined by the respective k., values. Conversely,
HPAO-1 has an elevated Pk, for the slower substrate benzyl-
amine [ key(benzylamine) equals 5.9, whereas ke, (methyl-
amine) equals 1.7], pointing to a higher relative energy barrier
for proton loss from the poor substrate relative to other steps
following substrate binding. The overall turnover rate (k) for
benzylamine is also down 94-fold relative to that for methyl-
amine. Stopped-flow kinetic studies of HPAO-1 have confirmed
the oxidative half-reaction is the major determinant of rate
during turnover with methylamine (26).

Overall, the changes in k. between the different amine
substrates are smaller than the changes in k.,/Kn(S) (Table 1).
The second-order rate constant reflects turnover under low
substrate conditions and varies by 750-fold between the two
substrates for HPAO-2. The change in k., /K, (S) between
substrates observed with HPAO-1 is similar, but somewhat
smaller (330-fold). As such, HPAO-2 shows a clear preference
for bulkier aromatic amines, and HPAO-1 shows a preference for
short aliphatic amines. These differences in kc,/Kin(S) originate
from substrate-dependent rate differences in one or more steps
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Table 1: Steady State Kinetic Parameters for HPAO-1 and HPAO-2 at 25 °C in 100 mM Potassium Phosphate (pH 7.2) with the Tonic Strength Maintained at

300 mM with KCl

Kea 571 ke Km(S)* M~ s71) Kea/ Kn(02)” M™"'s7h Pkcat Pk cat/ K(S)
HPAO-2
benzylamine 8.1+0.2 (94 1) x 10° (4.7+0.6) x 10° 1.00 +0.04 20403
methylamine 2.18 + 0.06 (1.2+0.1) x 10° (1.64+0.3) x 10° 1.36£0.08 18.5+ 0.1
HPAO-1
benzylamine (6.6+£0.3)x 1072 O+1)x10 (8.1£2.1)x 10* 5.940.7 3+1
methylamine 6.2+£0.2 (3.0£0.6) x 10* (4+1)x10° 1.740.1 43402

“Amine substrate. “Measured at saturating amine substrate and varying oxygen levels. This led to some variation in ionic strength: HPAO-2, u =250 mM
with benzylamine and 4 = 300 mM with methylamine; HPAO-1, u = 257 mM with benzylamine and ¢ = 250 mM with methylamine. ‘Data from ref 26;

experimental conditions identical to those herein, except at pH 7.0 instead

of pH 7.2.
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Scheme 2: Proposed Free Energy Diagrams That Represent k,./Ki,(S) for (A) HPAO-2 and (B) HPAO-1
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that occur between binding of the substrate to the enzyme up to
and including the first irreversible step (Scheme 1).

In contrast, k., /Kn(O,) changes little between the two sub-
strates and two isoenzymes (Table 1). This suggests that steps from
oxygen binding through the irreversible oxygen reduction step
vary little between the two substrates, as expected for the ping-
pong mechanism proposed for HPAO-1 (Scheme 1). The small
reduction in k¢, /K,(O,) for methylamine turnover (as compared
to that of benzylamine) in HPAO-2 could suggest oxygen binding
to an enzyme form that has retained formaldehyde and is
unreactive to O, until the product is released. Bound aldehyde
product has been shown to significantly impede the oxidative half-
reaction in E. coli CAO crystals, where the restraints imposed by
the lattice lead to very slow product release (27).

Comparison of isotope effects on kg, /Kn(S) on the two
isoenzymes with both substrates demonstrates that the extent
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of rate limitation by proton abstraction differs on steps in
the reductive half-reaction. Isotope effects on kca/Kin(S) with
HPAO-2 indicate that proton abstraction is clearly more rate-
limiting for methylamine than benzylamine, as “key/Kin(S)
equals 2.0 for benzylamine and 18.5 for methylamine (Table 1).
The increase in the contribution of the proton abstraction step to
kea/ K 1s likely due to an increase in the free energy barrier for
proton abstraction, rather than a decrease in the barrier for
methylamine binding (Scheme 2A), as this substrate is smaller
than the preferred substrate benzylamine and thus should have
no trouble accessing the active site. In the case of HPAO-1, the
similar Pk, /K, values [3.0 for benzylamine vs 4.3 for methyl-
amine (Table 1)] indicate that proton abstraction is similarly
rate-limiting with respect to substrate binding for both substra-
tes, despite the large reduction in rate when using benzylamine
as the substrate. This implies that both substrate binding/release
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and proton abstraction are affected to a similar extent
(Scheme 2B).

The impact of pH on catalysis has also been examined for
HPAO-2 (benzylamine as the substrate) for comparison to that
of HPAO-1 [methylamine as the substrate (28)]. As summarized
in Figure 2, the pH optima for both kg, /K(S) and k., are
~8—8.2 and similar to that of HPAO-1 (28). The fact that these
pH optima are elevated above pH 7 is consistent with the fact that
HPAO-1 is found in the peroxisome with a pH of 8.2 in
S. cerevisiae (29). The intracellular location of HPAO-2 is
unknown; however, the absence of an extended N-terminus in
relation to HPAO-1 suggests the site of function may be cytosolic
(Figure S3 of the Supporting Information).

Crystal Structure of HPAO-2 in Comparison to That of
HPAO-1: Overall Fold and Active Site. Table 2 contains the
data collection, processing, and refinement statistics for HPAO-2
to a resolution of 2.0 A. Final Ry, and R, values are 14.5 and
19.1%, respectively (for the quality of the electron density, see
Figure S4 of the Supporting Information). Three polypeptide
chains, or 1.5 physiological HPAO-2 dimers, were seen in the
crystallographic asymmetric unit (ASU) in space group C2. The
overall structure of the HPAO-2 dimer is identical in fold to that
of HPAO-1 and other CAOs (Figure 3 and Figure S5 of the
Supporting Information) (2, 9, 14— 16, 30—33). Superimposition
of the HPAO-2 and HPAO-1 homodimer yields a root-
mean-square deviation (rmsd) for main chain atoms of 0.99 A
(Figure S6 of the Supporting Information). HPAO-2 consists of
three domains arranged along its primary sequence (D2—D4).
The amine oxidase from E. coli contains an additional protruding
“stalk” domain (D1) at the N-terminus that is not present in the
other CAO crystal structures (2). Two small o/ domains
(D2 and D3) are formed by the N-terminal portion of HPAO-
2, while the larger catalytic domain (D4) is composed of the C-
terminal portion of the chain. As seen in HPAO-1, the catalytic
domain (D4) of HPAO-2 contains a complex antiparallel
p-sandwich fold (9). Two S-hairpin arms protrude from each
monomer and form part of the intricate interaction within the
HPAO-2 homodimer (Figure 3). Some CAOs from different
sources, such as E. coli, pea seedling, and human kidney, bind a
calcium or manganese ion at an additional site on the periphery
of the protein (2, 12, 16, 31). Like HPAO-1, no evidence of this
second metal binding site was observed in the HPAO-2 crystal
structure (9). Unusually, an adventitious second copper ion is
present in HPAO-2 samples following initial protein purification.
Even though the protein used in crystallization had not been
dialyzed against EDTA, which removes this loosely bound
copper, there was no evidence in the electron density to indicate
where this site may be located within the protein. HPAO-2
contains eight cysteine residues per monomer, but only two form
a disulfide bond (Cys 321 and Cys 347). In HPAO-1, the two
equivalent cysteine residues (12 Cys residues in total) also form
the single disulfide bond of HPAO-1 (Cys 338 and Cys 364) (9).

The HPAO-2 active site is deeply buried within the protein
interior. The two active sites within the functional HPAO-2
homodimer each contain a TPQ cofactor (42.2 A between the Cy
atom of each TPQ cofactor) and a cupric ion (34.7 A between
coppers in the dimer) coordinated by three conserved histidine
ligands in a distorted square pyramidal geometry (Figure 4). Two
well-ordered water molecules are ligated to the copper ion: one
sits in an axial position (W,) bridging O2 of TPQ and the copper
and the other in an equatorial position (W,) nearly planar with
the Cu*" and nitrogen atoms of its three histidine ligands
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Table 2: X-ray Crystallographic Data Collection, Processing, and Refine-
ment Statistics for HPAO-2

Data Collection and Processing Statistics

ADSC Quantum 315r

19-ID SBC-CAT, Advanced
Photon Source

temperature (K) 100

space group 2

unit cell dimensions a = 288.5 A, b =91.1 A,

c=151.1A,8 = 1172°

detector type
beamline and source

no. of molecules in the 6
unit cell, Z
wavelength (A) 0.9785
resolution (A)” 50.0—2.0 (2.07—2.00)
no. of unique reflections 210228
completeness (%)¢ 90.6 (69.3)
Rinerge™” 0.089 (0.319)
1ol 13.4 (3.0)
redundancy? 3.5(3.1)

Crystallographic Refinement and Model Statistics

resolution range (A)°
no. of reflections in the
working set”

37.4-2.00 (2.06—2.01)
200161 (10684)

no. of reflections in the test set” 10514 (539)
Ryork (Y%0)“¢ 14.5(21.9)
Riree (%)™ 19.1 (27.3)
no. of non-hydrogen atoms

no. of amino acid residues 1899

no. of protein atoms 15321

no. of solvent molecules 3199

no. of Cu®" ions 3

no. of other atoms 91
rmsd from ideal geometry

bond lengths (A) 0.026

bond angles (deg) 2.0
Ramachadran plot

energetically favored regions (%) 89.2

additionally allowed regions (%) 10.4

generously allowed regions (%) 0.2

disallowed regions (%) 0.2
average B factor (A?)

main chain 24.4

side chain 26.3

ligands 43.8

solvent atoms 44.2

“Numbers in parentheses refer to the highest-resolution shell. b Rinerge =
E/’/\’/Ei I/?/\’/,i - <[hkl>‘/z/]klzilhkl,f7 where 7 is the observed intensity and <I>
is the average intensity for multiple measurements. ‘Ryork = >.|[Fol —
|F.||/> | F,|, where |F,| is the observed structure factor amplitude and |F| is
the calculated structure factor amplitude for 95% of the data used in refine-
ment. “Rizee and Rpyeior based on 5% of the data excluded from refinement.

(Figure 4). This latter solvent position is variably occupied in
different CAO crystal structures and when modeled has a higher
average B factor than the axial water. W, was clearly observed in
all three subunits within the crystallographic ASU of the HPAO-
2 electron density, whereas it was only modeled in two of the six
subunits in the HPAO-1 structure ASU; thus, this water appears
to be more labile in HPAO-1 than HPAO-2 (22). The electron
density for TPQ clearly indicates that >90% of the active sites in
the crystal contain fully formed TPQ (Figure 4), even though
treatment with phenylhydrazine of the protein preparation used
in crystallization indicated only ~50% TPQ was present. How-
ever, the observation of only 50% TPQ could arise from half-of-
sites reactivity, which is known to occur in other CAQOs, and as
indicated in the crystal structure, the true TPQ content could
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FiGure 3: Overall view of the HPAO-2 dimer highlighting the two $-hairpin arms. One monomer is displayed as a green ribbon, except for the two
[-hairpin arms that are colored blue (corresponding to residues 348—376) and red (corresponding to residues 454—481). The second monomer is
displayed as a gray C,, trace. The TPQs are drawn in stick colored by atom type, and copper atoms are displayed as gold spheres. This figure was

produced using PyMOL (http://www.pymol.org/).

FIGURE 4: Active site of HPAO-2 with 2F, — F, electron density.
Residues are colored by atom type (carbon, green). Hydrogen bonds
are indicated by dashed lines. Ligand—metal interactions are indi-
cated by solid lines. The copper ion is shown as a gold sphere. Water
molecules are depicted as red spheres (W, indicates the axial water
ligand to the copper and W, the equatorial water ligand). The 2F, —
F, electron density contoured at 1.50 is shown as a blue mesh. This
figure was produced using PyMOL (http://www.pymol.org/).

actually be close to 100% (34—36). Alternatively, enzyme with
TPQ in both subunits may have selectively crystallized from the
mother liquor. The TPQ cofactor adopts a single orientation with
its O2 atom closest to the copper center and O5 atom closest to
the conserved catalytic base, Asp302. It is thus poised for
substrate attack at C5 to form the substrate Schiff base inter-
mediate and represents a conformation competent for catalysis
termed “copper off”. There is no evidence of the “copper on”
conformation in which O4 of TPQ is directly ligated to the copper
displacing the axial water ligand (W,). This conformation is
considered not competent for catalysis as the C5 is inaccessible
to amine substrate but is often present in CAO crystal struc-
tures, including HPAO-1 where it forms ~30% of the TPQ
conformers (22).

Crystal Structure of HPAO-2 in Comparison to HPAO-
1: Substrate Amine Entry Channel. Although the residues
important for chemistry are structurally identical between
HPAO-2 and HPAO-1, the substrate channels differ consider-
ably. HPAO-2 has a broad, funnel-shaped substrate entry
channel compared to HPAO-1 (Figure 5). The widening of the
channel mouth of HPAO-2 is primarily due to a two-residue

A B

Solvent

Side-Chamber

FIGURE 5: Surface representation of substrate entry channels in
(A)HPAO-2 and (B) HPAO-1. TPQ and the “gating” Trp are drawn
in stick colored by atom type [(A) carbon, green; (B) carbon, blue],
and copper is depicted as a gold sphere. This figure was produced
using PyMOL (http://www.pymol.org/).

deletion in the loop of the f-hairpin arm from the other monomer
that reaches across close to the active site (blue in Figure 3). This
arm contains a conserved His (residues 359 and 376 in HPAO-2
and -1, respectively) that forms a hydrogen bond to the conserved
acidic residue following TPQ in the protein sequence. In HPAO-1,
the loop is defined by the Arg 380-Asp-Asn-Phe-Ala-Thr 385 seq-
uence, whereas in HPAO-2, the Phe and Ala residues are deleted
to give a four-residue S-hairpin turn consisting of Arg 363, Thr
364, Asn 365, and Val 366 (orange in Figure 6). Interestingly,
HPAO-2 also has a side chamber just below the mouth of the
main channel, which is sufficiently large to accommodate and
retain a bulkier aromatic substrate like benzylamine or the out-
going product of its reaction, benzaldehyde (Figure 5 and Figure S7
of the Supporting Information). The chamber is accessed by a
mouth that widens out to a diameter of 5.1 A and is 5.4 A deep.
The chamber has three small pockets at its deepest point that
present backbone polar groups (Ile 33, Gln 34, and Ile 35) that
could form hydrogen bonds to a substrate amine group (red in
Figure 6, and Figure S7A of the Supporting Information). One
side of the chamber is hydrophobic, which is formed by the alkyl
chain of Arg 332, Val 259, and Ala 310, and would enable a
favorable interaction with an aromatic moiety (red except Ala
310 which is blue in Figure 6, and Figure S7B of the Supporting
Information). Interestingly, the opposite wall contains a high
density of oxygen atoms, which gives a slight negative electro-
static potential to this side of the chamber.
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FIGURE 6: Stereo overlay between key residues in HPAO-2 and HPAO-1 that define the substrate channel. Only HPAO-2 residues are numbered,
and the side chains are colored as specified in the text. The structurally corresponding residues in HPAO-1 are drawn as white sticks, except in the
case of the red HPAO-2 side chains that define the side chamber, which is absent in HPAO-1. The fold of HPAO-2 is depicted as a green ribbon.

This figure was produced using PyYMOL (http://www.pymol.org/).

Table 3: Differences in Residues between HPAO-2 and HPAO-1 That
Likely Impact Accommodation of Substrate and Catalytic Intermediate
Structures

HPAO-2 HPAO-1
Met 140 Thr 157
Tyr 155 Leu 174
Cys 306 Tyr 323
Ala 310 Tyr 327
Thr 311 Met 328
Val 383 Ala 402

Between the side chamber and the active site, there are two key
sequentially adjacent residue side chain changes that widen the
HPAO-2 channel from that of HPAO-1, these being Ala 310 and
Thr 311 in HPAO-2 compared to Tyr 327 and Met 328 in HPAO-
1 (Table 3, blue in Figure 6).

At the base of the substrate entry channel, where the substrate
undergoes chemistry to form the product, there is a conserved
Trp in HPAO-2 and -1 [Trp 139 and Trp 156, respectively
(Figure 5 and yellow in Figure 6)] that in other CAOs is generally
aTyrorPhe (2,9, 14, 15, 30—33). This residue has been termed a
gate to the active site (33). It has two major conformers: one
blocking access to TPQ (normally observed in resting state CAO
crystal structures, although the side chain can also be disordered)
and the other rotated out of the way (observed in Schiff base
intermediates generated in an active site base mutant, and sui-
cide inhibitor complexes that mimic Schiff base intermediates)
(15, 36—38). Interestingly, the gate hypothesis does not appear to
pertain to mammalian CAQs. The corresponding tyrosine resi-
dues in structures of CAO from bovine plasma, human diamine
oxidase, and human vascular adhesion protein-1 are in an inter-
mediate position halfway between the “open” and “closed”
conformations (/4—16, 32). In the case of HPAO-2 and -1, both
of which have Trp at this position, the gate is always open in
these structures, with Trp B-factors that are equivalent to those of
surrounding residues indicating a lower mobility than in other
CAOs. However, the angle of the Trp side chain is different
between the two enzymes, and the main chain is shifted such that
the channel in HPAO-1 is more constricted than in HPAO-2
(Figure 5). This appears to primarily result from the substitution

of Leu 174 in HPAO-1 for Tyr 155 in HPAO-2 (Table 3 and
yellow in Figure 6). This residue does not directly form part of the
channel wall but sits behind the five-membered ring of Trp,
pushing it into the channel in HPAO-1. The conserved Pro
residue that is N-terminal to the Trp in both structures rigidifies
the main chain, reducing the possibility of compensating flexi-
bility in the channel (yellow in Figure 6). On the other side of the
channel, the main chain is also moved inward in HPAO-1,
constricting the channel compared to HPAO-2. This is again a
“knock-on” effect due to a two-residue insertion into the tip of
the S-hairpin that reaches across from the other monomer of the
homodimer and was discussed above (blue in Figure 3 and
orange in Figure 6). HPAO-1 has a two-residue insertion (Phe
383-Ala 384) compared to HPAO-2, and it is the side chain of Phe
383 that pushes the main chain containing Ala 402 (Val 383 in
HPAO-2) into the substrate channel (Table 3 and colored dark
gray in Figure 6). Although Val 383 is a larger side chain than
Ala 402, the displacement of the main chain places the end of
these two residue side chains at the same place, but the effect
N-terminal to these residues is an overall displacement constrict-
ing the HPAO-1 channel. The coincident positioning of the end
of the side chains of Val 383 in HPAO-2 and Ala 402 in HPAO-1
appears to have an important role, as TPQ is sequentially close to
this position (HPAO-2, position 386; HPAO-1, position 405) and
the structures become coincident immediately C-terminal to Val
383 or Ala 402.

Finally, there are two side chain changes between HPAO-2
and -1 within the substrate entry channel that would interact with
bulky R groups during the reductive half-reaction; in HPAO-2,
Met 140 and Cys 306 have replaced Thr 157 and Tyr 323,
respectively, in HPAO-1 (Table 3 and magenta in Figure 6).

DISCUSSION

HPAO-2 s the second copper amine oxidase to be isolated and
characterized from H. polymorpha. The marked change in
substrate specificity is largely manifested in k., /K, which is
750-fold greater for benzylamine than methylamine. Comple-
mentarily, the kg, /K, values for the previously studied CAO
from the same organism, HPAO-1, are opposite in specificity.
Hence, the isolation and characterization of two copper amine
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oxidases from the same organism with 67% sequence homology
and 34% sequence identity, but inverted substrate specificities,
begin to address the nature of substrate specificity in these
kinetically diverse enzymes.

The substrate entry and binding pockets of the two enzymes
are clearly very structurally different as determined by compa-
rison of the X-ray crystal structures (Figure 5). The wider mouth
of the entry channel of HPAO-2 would be more likely to capture
and funnel the larger benzylamine from bulk solvent into the
heart of the enzyme. In HPAO-1, the channel is almost as narrow
at its entrance as it is close to the active site. This would restrict
the orientations in which bulky aromatic substrates could enter
the channel, which is likely to reduce their probability of capture.

In the amine entry channel in HPAO-2, there is a defined side
chamber (Figure 5A). This chamber could easily accommodate
benzylamine, and the three pockets at the deepest part of the
chamber have polar groups that could form hydrogen bonds with
the amine group of substrate (Figure S7 of the Supporting
Information). This could be considered a holding area or “ante-
room” that increases the local concentration of substrate near the
active site. It is also possible that binding of substrate into this
side chamber away from the main portion of the entry channel
could facilitate movement of the product out of the enzyme.
Interestingly, there has been another anteroom identified in
CAOs that is proposed to have a similar function, but in this
case for substrate O, (22, 30, 32). This anteroom lies on the
opposite side of the copper from the amine entry channel and is
structurally conserved among CAOs. In contrast, the amine
anteroom appears to be a particular feature of HPAO-2 and is
unlikely to play a significant role in the kinetics of the enzyme.

The large changes in k.,/K,, between the substrates of both
enzymes suggest that substrate binding at the site of chemistry
plays a role in determining substrate preference. However,
selection against the smaller substrate methylamine for HPAO-
2 cannot depend on sterics alone, since the substrate-binding
pocket could accommodate both substrates. During catalysis, the
formation of tetrahedral intermediates is postulated through
nucleophilic attack on C5 of cofactor, as in the initial attack of
amine to form the substrate Schiff base (Scheme 1). TPQ in its
active “copper-off” conformation sits in a wedge-shaped envi-
ronment in which the C2—C3 side of the ring forms tight packing
interactions with the protein, while the C5—C6 side of the ring
does not. This additional space next to C5 is proposed to be
important for the accommodation of tetrahedral intermediates
during nucleophilic attack (39). The C5 environment is controlled
primarily by two invariant residues, the Asp catalytic base and
the Asn residue (position 385 in HPAO-2 and position 404 in
HPAO-1) N-terminal to TPQ. The headgroup of the Asn packs
against one face of the TPQ ring, meaning that amine attack can
occur only from the other face of the ring that lies by the catalytic
base (Figure S8 of the Supporting Information). The importance
of this residue in orienting the TPQ cofactor has been demon-
strated. Mutation of Asn 404 to Ala in HPAO-1 leads to the
accumulation of product Schiff base upon reaction with methyl-
amine (40). However, for bulkier substrates, such as benzyl-
amine, the orientation of amine attack and the accommodation
of subsequent Schiff base intermediates are controlled by the next
sphere of residues that line the entry channel just outside the
catalytic active site. A key pair of residues are juxtaposed
spatially with the large/small residue pattern being reversed in
the two enzymes; Met 140 and Cys 306 in HPAO-2 are replaced
with Thr 157 and Tyr 323, respectively, in HPAO-1 (Table 3,
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magenta in Figure 6, and Figure S9 of the Supporting In-
formation). This has the effect of moving the position of a small
pocket such that bulkier R groups can access the HPAO-2 active
site. Benzylamine, as a substrate, is unusual in that its product
Schiff base is fully conjugated and thus planar, and the shape of
the HPAO-2 substrate channel by the active site is more
complementary to this species than that of HPAO-1 (Figure S9
of the Supporting Information).

In HPAO-2, the effect of substrate deuteration on k. /Ky, 1S of
particular value in understanding the reduced reactivity with
methylamine, specifically the large Pkcy/K,y for methylamine as
compared to the more optimal substrate, benzylamine. The
magnitude of the methylamine Pk a/Kom (18.5 £ 0.1) is very close
to the intrinsic isotope effect for CAOs (4/), implying that proton
abstraction has become rate-limiting for the poor substrate. The
origin of the reduced k,/Ki(S) value is thus attributed in part to
an impaired proton abstraction step (Scheme 2A). Considering
the shape complementarity for benzylamine in the entry channel
of HPAO-2, a preferential decrease in the rate of proton abstrac-
tion is likely due to difficulty in achieving a precise alignment
between the methylamine substrate Schiff base and the active site
base. It was also possible that the faster benzylamine rate could
reflect an increased level of conjugation in its resulting car-
banion—product Schiff complex. However, a comparison of
kea/ Kin(S) for the aromatic phenylethylamine oxidation (2.6 x
10> M~' s7") at the nonconjugated C1 position to the benzyl-
amine value (Table 1) indicates a similar or elevated value.

Although the HPAO-1 and -2 structures overlay exactly with
regard to the positions of the catalytic Asp base, copper-off TPQ,
and the ordered water molecules between them, TPQ appears
to have a lower mobility in HPAO-2 than in HPAO-1. This is
supported by the fact that in the three subunits of the crystallo-
graphic ASU of HPAO-2 there is no evidence of the copper-on
conformer of TPQ, whereas in four of the six subunits in the
HPAO-1 structure, there is a substantial proportion of copper-on.
The side chain B factors of the cofactor and surrounding residues,
normalized to the overall B factor of each structure, also support
the idea that TPQ is less mobile in HPAO-2 than in HPAO-1. This
feature may exacerbate the ability of HPAO-2 to orient the
reactive carbon of the methylamine Schiff base with the catalytic
Asp. We note that there is some isotope effect on k¢, /Ky, for
benzylamine with HPAO-2, indicating that proton abstraction
contributes to ke,/ Ky, for this substrate as well as for methylamine.
It is, therefore, very likely that additional factors contribute to the
10°-fold rate reduction with methylamine oxidation by HPAO-2.

In the case of HPAO-1, similar Dkcat/Km values are observed
for both substrates, while the second-order rate constant is
reduced ~330-fold for benzylamine. The most likely explanation
is that both proton abstraction and substrate binding/release
are slowed when the enzyme is challenged with the larger
substrate (Scheme 2B). The increase in rate limitation by proton
abstraction for benzylamine is also reflected in “key, Which is
elevated relative to that of methylamine [Pk q(benzylamine) =
5.9, whereas Pk, (methylamine) = 1.7]. In previous studies of
HPAO-1 with methylamine, three partially rate-determining
steps have been documented that include aldehyde release,
transfer of the first electron to oxygen, and hydrogen peroxide
and/or ammonium release (26). Loss of a proton from C1 of the
substrate Schiff base must contribute significantly to the de-
creased rate of turnover with benzylamine, since all steps after
oxygen binding are common to both substrates, and therefore
cannot account for the difference in turnover rates (Scheme 1).
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Significantly, the differences in k.,/Kin(S) are not mirrored in
keat/ Km(O7). The oxygen binding and reactivity sites, copper, and
copper ligands on the two enzymes are structurally similar. All
the residues that define the O, anteroom close to the copper are
different between HPAO-1 and -2, but the nature of the area is
still hydrophobic (Table S2 of the Supporting Information). This
is true in other CAOs, where the residues are not conserved but
the hydrophobic nature of the pocket is maintained (22, 32, 42, 43).
Hence, the kinetic and structural data suggest a modular struc-
ture for both HPAOs, in which changes at the amine substrate
site are not propagated to the pocket where oxygen undergoes
reaction. Furthermore, the similar k,/K;,(O,) values for both
isoenzymes, regardless of substrate, support the ping-pong
mechanism proposed for HPAO-1 (Scheme 1). The stark contrast
between the substrate-dependent changes in k¢,/Kn(S) and the
substrate-independent k¢,/K,(O,) highlights the independence
of the oxygen binding and reduction sites from the structural
determinants affecting amine kinetics.

CONCLUSIONS

In this study, we have investigated the origins of substrate
specificity in the copper amine oxidases designated HPAO-1 and
HPAO-2. From the newly determined crystal structure of
HPAO-2 in comparison with that of HPAO-1, we can begin to
see how the narrow binding channel of HPAO-1 may predispose
that CAO isoenzyme to reaction with smaller aliphatic amines via
changes in substrate binding energies. However, selection against
the smaller aliphatic substrate in the wide funnel-like substrate
binding channel of HPAO-2 cannot be due to sterics alone.
A significant increase in key/Kiy values for the poorer methyl-
amine substrate relative to the preferred substrate indicates that
proton abstraction has become rate-determining with this sub-
strate. An impairment of the positioning of the methylamine
substrate Schiff base in HPAO-2 affords the most likely explana-
tion for the increase in Pkey/Kin(S), while the reduction in the
absolute magnitude of kg,/Kn(S) likely arises from numerous
factors. Conversely, in HPAO-1, both binding of substrate and
release of product, as well as the proton abstraction step, appear
to be hindered under catalysis with the bulkier aromatic amine.
This combination of kinetic and structural characterization
reveals the multiplicity of factors that enters into the differential
discrimination between large and small substrates at the active
sites of a pair of paralogous enzymes catalyzing identical chemi-
cal reactions.
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SUPPORTING INFORMATION AVAILABLE

Comparison of k., values in EDTA-dialyzed versus nondia-
lyzed HPAO-2 samples (Table S1), residue changes that define
the O, anteroom (Table S2), HPAO-1 and HPAO-2 seq-
uence alignment (Figure S1), 10% SDS—PAGE gel of HPAO-2
(Figure S2), comparison of the N-terminal sequence of HPAO-2
and HPAO-1 (Figure S3), stereo graphic of the 2F, — F, electron
density quality in HPAO-2 (Figure S4), overall fold of the
HPAO-2 dimer (Figure S5), ribbon diagrams showing an overlay
of HPAO-1 and HPAO-2 (Figure S6), graphics of the side
chamber located in the HPAO-2 entry channel (Figure S7),
TPQ environment showing that only one face of the ring can
support nucleophilic attack (Figure S8), and model of the
product Schiff base of benzylamine with TPQ (Figure S9). This
material is available free of charge via the Internet at http://pubs.
acs.org.
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