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Abstract p-Amino acid oxidase (DAAO) is a flavoprotein
oxidase that catalyzes the oxidation of amino acids and produces
ketoacids and H,O,. The rate of product release from reduced
DAAO from Rhodotorula gracilis is pH dependent and reflects a
pK, of ~9.3. Binding of benzoate and 3,3,3-trifluoro-p-alanine
to wild-type and Y238F-DAAO is also pH dependent
(pK,=9.8%0.1 and 9.05% 0.1, respectively for benzoate bind-
ing). However, binding of benzoate to Y223F-DAAO is pH
independent, indicating the pK, is due to Y223—-OH. This latter
residue is thus involved in substrate binding, and probably is the
group that governs product release. In contrast to this, the second
active site tyrosine, Y238, has little influence on ligand
binding. © 2001 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

D-Amino acid oxidase (DAAO; EC 1.4.3.3) is a model en-
zyme of the dehydrogenase—oxidase class of flavoproteins [1]
and has, thus, been the subject of a series of kinetic, mecha-
nistic, and structural studies. DAAO catalyzes the dehydro-
genation of p-amino acids to the corresponding imino acids
(subsequently hydrolyzed to a-ketoacids and ammonia) with
concomitant reduction of the FAD cofactor [2,3]. The reduced
flavin is then reoxidized by O, to yield H,O,. DAAO was first
isolated as a homogeneous flavoprotein from pig kidney
(pkDAAO) and later from the yeasts Rhodotorula gracilis
(RgDAAO) and Trigonopsis variabilis (TVDAAO) [2,3]. All
enzymes show a sequential kinetic mechanism with substrates
containing neutral side chains, and comparison of primary
structures of DAAO from various sources indicate high con-
servation of key regions [4].
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The crystal structures of RgDAAO in complex with p-ala-
nine and with p-3,3,3-trifluoro (CF3)-alanine [5] show how the
ligand is anchored to the protein (Fig. 1). This involves two
strong H-bonds with the substrate aNH,, with S335=0 and
with H,O72, and a salt bridge between the amino acid car-
boxylate and R285. In addition, the Y223-OH and Y238-OH
form H-bonds to one of the carboxylate oxygens. The bio-
chemical properties of Y223F and Y238F RgDAAO mutants
are very close to those of wild-type protein [6,7]: both mu-
tants are active and their rates of reduction by p-alanine are
slightly faster than that of wild-type enzyme. However, both
tyrosine mutants show a higher K, for p-alanine and a ~ 5-
fold higher Ky for benzoate (Bz) binding at pH 8.5 [6,7].

Recently, a hydride transfer mechanism was proposed by
Mattevi’s and by our group for DAAO [8,9]. This is based on
different, but complementary, approaches. The 3D-structures
[5,8,10] and results from site-directed mutagenesis [6,7,11,12]
with pk- and RgDAAOs highlight the absence of any func-
tional group that might play a role in acid/base catalysis and,
thus, in abstraction of the substrate oC-H as required by a
‘carbanion mechanism’. The rate of flavin reduction of
RgDAAO reaction with p-alanine and p-asparagine attain
plateaus at high and low pH reflecting two apparent pK,s
at ~6 and ~8, also consistent with the absence of base
catalysts [13]. The apparent pK, ~ 8 is attributed to the inter-
play of kinetic rates and to the microscopic ionization of the
bound substrate o-amino group [13]. These results concord
with linear free energy relationships and kinetic isotope effects
(KIEs) obtained with TvDAAO [9]. The aim of the present
work was the characterization and identification of the ioniza-
tions that are important for ligand binding/release and, spe-
cifically, the elucidation of the roles of Y223 and Y238 there-
in.

2. Materials and methods

2.1. Materials

D,L-CFj-alanine was purchased from ABCR GmbH (Germany).
Recombinant RgDAAO was expressed and purified from Escherichia
coli cells [3]. Production and general properties of Y223F and Y238F
RgDAAOs were described elsewhere [6,7]. In order to minimize arte-
facts arising from changes in buffer composition, pH effects were
performed in a poly-buffer containing 15 mM H3;POy4, 15 mM Tris,
15 mM Na,CO3;, 250 mM KCI, 1 mM 2-mercaptoethanol, and 1%
glycerol. The high KCI was used to buffer against minor changes in
ionic strength at different pH values. These buffers were adjusted to
the appropriate pH with HCI or KOH.
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2.2. Ligand binding and kinetic measurements

Dissociation constants (Kg) for binding of Bz and CF3-alanine were
determined spectrophotometrically at 15°C. For Bz binding, samples
were 1.0 ml and contained ~15 uM RgDAAO. 1-10 ul volumes of
concentrated Bz solutions were added sequentially, and spectra were
recorded. Plots of A4497 nm as a function of Bz were fit to Eq. 1 [14] to
obtain Kjy:

AA = Ao [BZ)/(Kq + [BZ)) (1)

Binding studies with CF3-alanine were performed with 0.4 ml sam-
ples in 0.5 ml cuvettes and at RgDAAO ~24 uM. Kinetic data were
acquired with a stopped-flow instrument as described previously [13]
and at 25°C.

2.3. Interpretation of pH effects

The effect of pH on formation of enzyme-ligand complexes can be
described according to the conventions of Dixon [15] where Eq. 2
describes the effect on Ky for a single ionization such that the ligand
binds only to the protonated form:

P(Ka) = p(Kq, acidic) —log(1 + 10°7PKs) (2)

Each curvature on the pKy vs. pH plot corresponds to an ioniza-
tion. Downward curvature indicates the ionization occurs in the free E
or L (pK,, E or L), and upward curvature indicates ionization of the
E~L complex (pK,, E~L) [15].

3. Results

3.1. pH dependence of the rate of product dissociation from
the reduced enzyme

The pH dependence of the reductive half-reaction of oxi-
dized RgDAAO with excess D-alanine has been recently de-
scribed [13]. Values for the rate of product release, k, in Eq. 3
below, were reported at three pH values (pH 6, 8, 10) as
obtained by procedures described in that paper. In Fig. 2,
inset, product release (kp) corresponds to the absorbance de-
crease that follows the initial flavin reduction step (k;, the
increase finished by 0.1 s).

ki ka kyp
Eox + S=Eoy ~S=FErq~P=E;q + P (3)
k_y k> k—p

We now report the pH dependence of &, over the measur-
able pH range in H,O and in D,0O in order to correlate it with
processes involving ligand binding. The rate of product release
is fairly constant at low pH and increases above pH 9, reflect-
ing a pK,=9.3+0.2 (Fig. 2) for both H,O and D;0. The

Fig. 1. Active site of RgDAAO complexed with CFs-alanine (acces-
sion code 1cOp).
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Fig. 2. pL (L=H, D) dependence of the rate of product dissociation
from reduced enzyme (k, in Eq. 3). The rates of the second phase
of the anaerobic reaction with p-alanine, from experiments such as
depicted in the inset (see also [13]), have been determined in H,O
(@) and D,0O (m). The lines through the data points (the average of
at least three single measurements) are the fit based on Eq. 2
(R*=0.925 and 0.955 in H,O and D,O, respectively). The inset
shows (dashed line) a representative time course at 550 nm for the
reaction of 8.8 uM enzyme with 5 mM p-alanine, in D,O and at
pH 8. The line (solid line) is the fit for a two exponential decay
process yielding kops; =70 s~! (increase in absorbance, correspond-
ing to k; in Eq. 3, formation of intermediate) and kopp =0.7 s~
(decrease in absorbance the rate of product release, k, in Eq. 3).

resulting solvent KIE is constant over the whole pH range
(Fig. 2). Note that the error in the determination of the pK,
is rather large owing to the instability of the enzyme at
pH>10 in experiments requiring extensive manipulations
under anaerobic conditions. Thus, the expected ApK~0.4
for D,O and H,O (due to equilibrium isotope effect of
weak acids) cannot be identified and is within the experimen-
tal error.
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Fig. 3. Effect of Bz binding on the absorbance spectrum of wild-
type RgDAAO at 15°C. 20.0 uM DAAO in poly-buffer at pH 7.85
before (solid line) and after the addition of 4.1 mM (dashed line
with long dashes), 20 mM (dash-dot dash line), and 80 mM (dashed
line with short dashes) Bz. Inset: plot of A&7 nm, the change in ex-
tinction coefficient, as a function of Bz.
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3.2. Bz binding

Bz is a competitive inhibitor of DAAO, and it binds at the
active site inducing typical spectral effects on the flavin chro-
mophore [16,17]. Fig. 3 depicts the effects accompanying bind-
ing to RgDAAO at pH 7.85, and the inset demonstrates sat-
uration behavior. The same pattern of spectral changes is
observed over the whole pH range 5.0-10.5. However, the
amplitude of the band at 497 nm shows a pH dependence
(Ae=4300 M~! ecm™! at pH 5 and =3000 M~ cm™! at pH
11); the fit of such data to a single ionization [14] allows the
estimation of an apparent pK, ~9.6 + 0.3 (not shown). A sim-
ilar apparent pK, ~9.8 0.1 is reflected by the pH dependence
of K4 for Bz binding as shown in the double logarithmic plot
of Fig. 4. The correspondence between these two pK, values
strongly suggests that both reflect the ionization of the same
group. Analysis according to the rules of Dixon [15] indicates
that Bz binding is decreased upon deprotonation of a group
with a pK, ~9.8, while the downward curvature determines
that the ionization is of either free enzyme or free ligand.
Since the pK, of free Bz is 4.2, we can assign this ionization
to an uncomplexed enzyme. The slope of the fitted curve
approaches —1 at high pH, equivalent to a net change of
one charge concomitant with ligand association [15]. This is
consistent with the existence of a single ionizing residue that
must be protonated for optimal Bz binding. The same exper-
imental data may also be fit using a two ionizations equation.
The same experimental data may also be fit using an equation
based on two ionizations. The lower limit of the second ion-
ization (> 11.3), which would correspond to the pK, of Bz-
complexed enzyme (not shown), is above the pH at which the
enzyme is stable and did not give a better fitting. However, the
quality of the data is low at pH > 11 due to the instability of
the protein and to interference with spectral changes associ-
ated with the ionization of the flavin N(3)-H (pK, ~10.5 [3]).
The rate of Bz binding to RgDAAO is too fast to be assessed
with the stopped-flow instrument. This contrasts with the case
of pkDAAO where binding is relatively slow with a rate con-
stant 3x 10> M~ s7! at pH 8.0 [16,18].
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Fig. 4. pH dependence of Bz binding. The pKy for binding of Bz to
wild-type (a), Y223F (@), and Y238F (O) RgDAAO is plotted ac-
cording to Dixon [15]. Fits to Eq. 2 yield a pKy acigic 2.5 for wild-
type and Y238F-DAAOs. Data for Y223F were fit to a linear func-
tion with a slope=0 and a pKy=1.84. The segments (dashed lines)
indicate the theoretical slopes of 0 or —1.
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Fig. 5. Difference spectra for Bz binding to Y238F-DAAO in the
pH range 5.5-10.5. Traces were obtained by subtraction of the ab-
sorbance spectrum of the free oxidized RgDAAO from the spectrum
of the same enzyme after addition of saturating Bz. The traces are
(top to bottom curves at 497 nm) for pH 5.5, 8.0, 9.0, 9.5, and
10.5. Inset: pH dependence of extinction coefficient at 497 nm for
the Y238F-DAAO-Bz complex. The solid line is the theoretical
curve obtained for a single ionization [14] and a Aeg_ym)=7370
M™!cm™! and a Agg_y(-)=1880 M~! cm™!.

In order to assess the role of the active site residues Y223
and Y238 of RgDAAO in ligand binding, the study of the pH
dependence of Bz binding was extended to the corresponding
phenylalanine mutants. The spectral effects observed for
Y238F-RgDAAO follow the same pattern found with wild-
type enzyme (difference spectra, Fig. 5), with the distinction
that the derived pK, (fit to Eq. 2) is lowered to 9.1 £0.1 (Fig.
4). The main difference between the two DAAQO variants is
represented by the amplitude of the perturbation at 450 nm
induced by Bz binding at low pH (~4000 M~!' cm™! and
~7400 M~' em™! for wild-type and Y238F-DAAO). This
indicates that the mode of binding of Bz is retained in the
mutant, and that the effects can be attributed to an altered
polarity of the active site. The pattern of the difference spectra
observed with RgDAAO is also quite similar to that reported
for pkDAAO at pH 8.5 [16]. The inset of Fig. 5 depicts the
pH dependence of the molar absorption coefficients at 497 nm
for the Y238F-DAAO-Bz complex in the range pH 5.5-10.5.
The solid line is the fit for a single ionization [14] and iden-
tifies a pK, of 9.3%0.1, very close to the value ~9.05 ob-
tained from the pH dependence of Kys (see above and Fig. 4).
Bz binding to Y223F is weaker and essentially independent of
pH, with a K4~15 mM (Fig. 4). Also, and in contrast to
binding to wild-type and Y238F-RgDAAOs, the induced ab-
sorbance changes are less pronounced than those with the
Y238F mutant and little dependent on pH at ~3500 nm
(Ae~3000£750 M~! em™! at pH 5.5-10.5). These results
identify Y223 as the group with a pK, =9.8+0.1 whose de-
protonation weakens Bz binding.

3.3. CFjs-alanine binding

The salient feature of D-CFj-alanine is that it is nearly
isosteric with the substrate Dp-alanine, while it has a much
lower pK, of the aNH; group (~5.85 vs. 9.69 for alanine)
and is not a substrate [5] due to its high redox potential. Since
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Fig. 6. Interaction of wild-type RgDAAO with CFj-alanine and its
pH dependence. The absorption spectrum is shown for 24.8 uM
RgDAAO at pH 7.0 and 15°C, and upon addition of 3.0 mM, 13.5
mM, and 26 mM D-CFj-alanine. The arrows denote the changes
with increasing ligand concentration. Inset: pH dependence of pKy
plotted according to Dixon [15]. The curve was generated using Eq.
2 and a pKjy acigic = 1.9 (R* =0.942).

RgDAAO is not inhibited by L-amino acids [2,3], use of ra-
cemic CF3-alanine causes no complications. Addition of CF3-
alanine to wild-type RgDAAO causes a spectral perturbation
similar to that induced by other ligands of DAAO (Fig. 6). At
difference with that previously observed for Bz binding to
wild-type DAAO, the absorbance changes do not show a clear
pH dependence (data not shown). Ky for CF3-alanine binding
varies ~ 7-fold from pH 5 to 11 (Fig. 6, inset), and reflects a
pK.=9.71£0.2 for the ionization of a single group on free
enzyme or ligand (fit to Eq. 2). The ionization in question is
thus attributed to Y223.

4. Discussion

With pkDAAO, the pH dependence of Bz binding reflects
three ionizations with pK,s at 6.3, 9.2, and 9.6 [16], where
only the latter could be assigned (to the N(3)-H group of
the flavin). With RgDAAO, a single ionization with a
pK.~9.8 is observed (Fig. 4) that is assigned to Y223. As
shown by the 3D structures, R285 is the anchoring point
for ligands (Fig. 1). Based on the structural analogy between
RgDAAO and pkDAAO [5,8,10], it can be speculated that the
pKa~9.2 in the latter is also due to either of the active site
tyrosines, Y224 or Y228. Assignment of the third pK, at 6.3
in pkDAAO remains elusive, although this ionization might
correspond to an apparent pK, ~ 6 recently uncovered with
RgDAAO [13]. The pH dependence of CF3-alanine binding
reflecting a pK, ~9.7 (Fig. 6) shows that the effects are not
unique to binding of Bz, but are applicable to the binding of
amino acids. Y238 affects only marginally the thermodynam-
ics of Bz binding (Fig. 4). Y238 in RgDAAO can assume
different positions depending on the size and properties of
the ligand (Pollegioni et al., unpublished results). With an-
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thranilate bound, the side chain of Y238 assumes a different
position compared to the complexes with p-alanine and CF3-
alanine.

As pointed out previously [2,3], the main difference between
yeast and pkDAAO:s is the location of the rate limiting step in
the catalytic cycle. This is (in general) substrate dehydrogen-
ation with yeast DAAO and product release with pkDAAO.
The pH dependence of the rate constant for product release in
RgDAAO reflects a pKj app~9.3 (Fig. 2). Ionization of
Y223-OH, thus, is likely to weaken the interaction with the
(product) imino acid carboxylate and to increase its rate of
dissociation. This would also be in line with the proposal that,
with pkDAAO, product release requires a conformational
change that is coupled to the release of a proton [18,19]. While
a conformational change might also play a role in RgDAAO
catalysis (e.g. the rotation of the side chain of Y238), a major
factor affecting ligand release should be the deprotonation of
a group with an apparent pK, ~9.3 [13] that, from the present
results, is proposed to be Y223-OH.
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