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Abstract: In the brain, the human flavoprotein p-amino acid oxidase (hDAAO) is involved in the
degradation of the gliotransmitter p-serine, an important modulator of NMDA-receptor-mediated
neurotransmission; an increase in hDAAO activity (that yields a decrease in p-serine concentration)
was recently proposed to be among the molecular mechanisms leading to the onset of
schizophrenia susceptibility. This human flavoenzyme is a stable homodimer (even in the
apoprotein form) that distinguishes from known p-amino acid oxidases because it shows the
weakest interaction with the flavin cofactor in the free form. Instead, cofactor binding is
significantly tighter in the presence of an active site ligand. In order to understand how hDAAO
activity is modulated, we investigated the FAD binding process to the apoprotein moiety and
compared the folding and stability properties of the holoenzyme and the apoprotein forms. The
apoprotein of hDAAO can be distinguished from the holoenzyme form by the more “open” tertiary
structure, higher protein fluorescence, larger exposure of hydrophobic surfaces, and higher
sensitivity to proteolysis. Interestingly, the FAD binding only slightly increases the stability of
hDAAO to denaturation by urea or temperature. Taken together, these results indicate that the
weak cofactor binding is not related to protein (de)stabilization or oligomerization (as instead
observed for the homologous enzyme from yeast) but rather should represent a means of
modulating the activity of hDAAO. We propose that the absence in vivo of an active site ligand/
substrate weakens the cofactor binding, yielding the inactive apoprotein form and thus avoiding
excessive p-serine degradation.
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conformational change; protein structure/folding; stability and mutagenesis; enzymes; correlation of
structure with spectra and other properties; circular dichroism; fluorescence; kinetics; mechanism-
enzymes; p-serine

Introduction
p-Amino acid oxidase (DAAO, EC 1.4.3.3) is a flavoenzyme that catalyzes the oxidative deamination of p-amino

acids to the corresponding a-keto acids, hydrogen peroxide, and ammonia; for a review see Ref. 1. The physiologi-
cal role of DAAO differs in different organisms and tissues. In yeasts, DAAO is involved in the metabolic utiliza-
tion of p-amino acids; in mammals its function is tissue specific. Several experimental findings suggest that in
brain this flavoenzyme degrades the gliotransmitter p-serine, a neuromodulator that binds the glycine modulatory
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site on the NMDA-receptor and that is needed (to-
gether with glutamate) to activate the receptor.” Inter-
estingly, genes coding for human DAAO (hDAAO), as
well as its putative binding partner pLG72 (the prod-
uct of the G72 primate-specific gene), have been linked
to schizophrenia susceptibility.3

With the goal of contributing to a better under-
standing of the correlation between modulation of the
enzymatic activity in this flavoprotein and its role in
neurotransmission and schizophrenia susceptibility,
we recently investigated the major properties of
hDAAO.* hDAAO shows the main properties of the de-
hydrogenase-oxidase class of flavoproteins (it reacts
quickly with oxygen in the reduced state, stabilizes the
anionic red semiquinone, and binds sulfite covalently)
and shares these properties with both pig kidney
(pkDAAO) and yeast DAAOs. Analogously to pkDAAO,
hDAAO also possesses a low turnover number and fol-
lows a ternary complex (sequential) kinetic mecha-
nism. In contrast to other known DAAOs, the human
enzyme is a stable homodimer even in the apoprotein
form and binding of the FAD cofactor in the absence
of an active site ligand is very weak (Kq is 8 uM).* It is
noteworthy that a 20-fold tighter interaction between
FAD and apoprotein is observed in the presence of a
substrate analogue, such as benzoate.* When compar-
ing the 3D structure of human and porcine DAAOs, a
structural explanation for the aforementioned differen-
ces is not obvious.” hDAAO and pkDAAO show the
same mode of monomer—monomer interaction (“head-
to-head”) but a higher degree of substitution is evident
at the dimer interface (30% vs. 15% for the overall
substitution frequency), yielding a significantly differ-
ent electrostatic surface potential.> Concerning the
interaction between the FAD cofactor and the apopro-
tein moiety, the only remarkable difference is repre-
sented by the conformation of the V47-L51 hydropho-
bic stretch on the si-side of the flavin coenzyme,
showing a deviation from RMS of ~0.9 A when com-
pared with pkDAAO.

We recently demonstrated that hDAAO specifically
interacts with pLG72 yielding a time-dependent loss of
hDAAO activity due to alteration of the tertiary struc-
ture of hDAAO, and that the cellular concentration of
p-serine decreases in U87 glioblastoma cells trans-
fected with hDAAO.® Therefore, we proposed that a
decrease in the synaptic concentration of p-serine as
the result of an anomalous increase in hDAAO activity
(e.g., related to pLG72 hypoexpression) might repre-
sent a molecular mechanism by which hDAAO and
pLG72 are involved in schizophrenia susceptibility.
The in vivo regulation of hDAAO is still unknown, as
is the actual fraction of active enzyme; in fact, and
because of weak cofactor binding and low affinity for
p-serine (K, app i 7.5 mM), the amount of active ho-
loenzyme in the cell, and thus on the DAAO-induced
oxidation of this gliotransmitter, might be at a low
level.
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In the absence of the structure of the apoprotein
form of hDAAO (no crystals of this enzyme form have
been obtained so far) and to clarify the function—struc-
ture relationships in this flavoprotein related to p-ser-
ine catabolism in human brain, we compared the
holo- and the apoprotein of hDAAO and examined the
consequences of cofactor binding on stability and on
the folding process of this flavooxidase. On the basis
of these results, we propose that there is a correlation
between the unique characteristics of human DAAO
(i.e., the weak cofactor binding and stable dimeric
state) and its physiological function in brain.

Results

Spectral properties

Because of the weak interaction with the FAD cofactor,
hDAAO exists as an equilibrium of holo- and apopro-
tein forms in solution (e.g., at a 1 mg/mL protein con-
centration the solution contains similar amounts of
holo- and apoprotein species). This is made evident by
the increase in activity observed by adding exogenous
FAD to the assay solution* and by isoelectrophoretic
analyses. In fact, while the apoprotein gives a single
band whose pI (6.3 + 0.2) is very close to the theoreti-
cal value (=6.36), the holoenzyme yields three bands
at pI = 6.3 + 0.2, 5.9 + 0.2 and 5.4 + 0.35: only the
more acidic ones show enzymatic activity in the zymo-
gram (data not shown). As both holo- and apoprotein
forms are dimers, a possible explanation is that the
two additional bands observed for the holoenzyme
preparation could be dimeric forms resulting from the
combination of two holo-monomers (the band at more
acidic pH) and from the combination of one holo- and
one apoprotein monomer (the band at the intermedi-
ate value). This hypothesis is supported by the absence
of post-translational modifications as indicated by
mass spectrometry of holoenzyme and apoprotein
forms that both yield a peak of ~39,476 Da (theoreti-
cal value is 39,474 Da). For the sake of clarity, the
hDAAO solution at the end of the purification was
named “holo-apo” solution (because it contains both
protein forms) and that to which 40 WM FAD was
added was named “holo” (because the holoenzyme rep-
resents >95% of the protein).

The visible absorbance spectra of the holo- and
apoprotein forms of recombinant hDAAO show evi-
dent differences because the flavin cofactor has been
eliminated in the latter;* however, some other spectral
properties related to protein conformation also distin-
guish the two hDAAO forms. Tryptophan fluorescence
(following excitation at 280 nm or at 298 nm) shows
an emission maximum at 332 nm for holo- and at 338
nm for apo-hDAAO, respectively. Emission intensity is
five-fold higher in the hDAAO apoprotein than in the
holoprotein [Fig. 1(A)], indicating a different relevance
of quenching interactions between tryptophans and
surrounding side chains in the two protein forms.

Conformational Changes in Human p-amino Acid Oxidase
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Figure 1. Comparison of spectral properties of holoenzyme
in the absence (holo-apo, —) and in the presence (holo,
—) of 40 uM FAD, and apoprotein (- - - -) of hDAAO. (A)
Protein fluorescence (excitation at 280 nm, 0.1 mg protein/
mL). (B) Far-UV CD spectrum (0.1 mg protein/mL). (C)
Near-UV CD spectrum (0.4 mg protein/mL). Proteins were
in 50 mM potassium pyrophosphate, pH 8.0, 5% glycerol;
measurements were performed at 15°C.

Interestingly, the structure of hDAAO holoenzyme
shows the close proximity of Trps2 and Trpioy, as
well as of Trp185 and Trp247 at the interface between
the flavin- and substrate-binding domains.> For both
hDAAO species, unfolding by urea is accompanied by
a shift in the emission maximum (at 347 and 355 nm
for holo- and apoprotein, respectively) and by an
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increase in the intensity of tryptophan fluorescence
(see later).

The far-UV CD spectrum of hDAAO apoprotein is
similar to that of the holoprotein [Fig. 1(B)]: estima-
tion of the protein secondary structure by means of
K2D2 software” indicates that the a-helix content is 28
and 37% in apo- and holoprotein form of hDAAO. The
far-UV CD signals of both hDAAO forms are abolished
at >7M urea (see later). Differences are most evident
in the near-UV CD spectra of the two protein forms
[Fig. 1(C)], pointing to an alteration of the tertiary
structure in the apoprotein. Interestingly, the spectrum
of holo-apo hDAAO is not the simple combination of
the ones determined for the holo- and the apoprotein
forms, pointing to conformational changes which are
apparent only when the enzyme is fully saturated by
the FAD cofactor. In fact, the increase in secondary
structure following FAD binding (as shown by the far-
UV CD spectrum) could affect the exposition of trypto-
phan residues and thus also explain the change in pro-
tein fluorescence and near-UV CD spectra [Fig.
1(A,0)].

The hydrophobic fluorescent probe ANS was used
to investigate the exposure of hydrophobic regions.
Binding of this probe to hDAAO holoprotein results in
a marked increase in ANS fluorescence and in a blue
shift in its emission fluorescence maximum (not
shown). From the plot of the emission change at
495 nm versus ANS concentration, a K value of 110 +
10 WM and 90 =+ 10 pM is determined for the holo-apo
and the holoenzyme, respectively (the AE,., is ~50 in
the absence of exogenous FAD). At a saturating and
comparable probe concentration, ANS fluorescence in-
tensity is two-fold higher in the apo- than in the holo-
protein, showing a much greater red shift in the holo-
protein (maximum at 510 and 492 nm for holo- and
apoprotein of hDAAO); a higher affinity for ANS bind-
ing to the apoprotein is evident (Kq = 65 + 4 uM).
The AE../Kq ratio is three-fold higher in apo- than
in holoprotein of hDAAO, indicating that larger hydro-
phobic surfaces are exposed in the apoprotein form
under native conditions. These regions could be to
some extent attributed to the unoccupied flavin bind-
ing site which is most likely partially solvent accessible
in the apoprotein form, as also suggested by the
observed competition between ANS and FAD for bind-
ing to pig DAAO.®

Equilibrium unfolding studies

At first, the intrinsic fluorescence of tryptophan resi-
dues (a sensitive marker of protein conformation and
of changes in hydrophobic regions) was used to moni-
tor protein unfolding. At increasing urea concentra-
tion, the apoprotein of hDAAO shows an increase in
emission intensity indicative of a two-step, three-state
process [Fig. 2(A)]. In contrast, the same analysis per-
formed on the holoprotein form suggests a simple
two-state transition that approximately corresponds to
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Figure 2. Equilibrium denaturation curves of holoenzyme in
the absence (open circles) and in the presence (filled
circles) of 40 pM FAD and apoprotein (squares) of hDAAO
as detected by using different techniques. (A,B) Tryptophan
fluorescence (excitation at 280 nm, 0.02 mg protein/mL):
the fraction of unfolded hDAAO was determined from the
fluorescence intensity at ~340 nm using the value for the
untreated and 8M urea-treated proteins as reference, (A);
position of the emission peak maximum, (B). (C) Far-UV CD
measurements at 220 nm (proteins were 0.1 mg/mL). (D)
Activity of hDAAO holoenzyme as a function of urea
concentration following incubation with the denaturant for
60 min at 15°C. Lines represent the best fit obtained using
a two-state denaturation model with the only exception of
changes in fluorescence intensity for the apoprotein (panel
A), for which a three-state model was used. The reported
values have been corrected for readings prior to protein
addition.
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the first change observed for the apoprotein [Fig.
2(A)]. In both cases, changes were complete at 7M
urea: C,, values are reported in Table I. Addition of
urea also caused the emission maximum of tryptophan
fluorescence of hDAAO to shift from ~332 nm to
347 nm (holoprotein) and from 338 nm to 355 nm
(apoprotein) at >6M urea [Fig. 2(B)]: the fluorescence
red shift stems from the transfer of tryptophan side
chains to a more polar environment upon protein
unfolding.® It is noteworthy that the first change in
fluorescence intensity is observed at lower denaturant
concentration than the wavelength shift for both
hDAAO forms [Fig. 2(A,B) and Table I]. Because of
the large amount of free FAD in solution, flavin fluo-
rescence could not be used as a probe to detect
changes in holoprotein conformation; in fact, treat-
ment with increasing urea concentrations causes the
fluorescence intensity to rise linearly, similarly to that
observed for free flavin alone (not shown).

The urea-induced loss of secondary structure ele-
ments was monitored by following the changes in el-
lipticity at 220—225 nm: the CD signals of holo- and
apoprotein of hDAAO show a similar sensitivity to the
denaturant [C,, of 4.2 and 3.9M, respectively, see Ta-
ble I and Fig. 2(C)].

The effect of urea on the activity of hDAAO was
investigated by measuring the enzyme activity on holo-
protein samples previously incubated for 60 min at
15°C in the presence of different urea concentrations
by using the standard assay mixture. As reported in
Figure 2(D), the enzyme activity of the holoenzyme
starts to decline at >1M urea and is lost at 4.5M urea.
The C,, value is significantly affected by the presence
of free FAD in the incubation mixture: it is 1.9 and
2.8M in the absence and in the presence of 40 uM
FAD, respectively (Table I).

All the unfolding data reported in Figure 2 fit
excellently using a two-state mechanism of unfolding,
in which only native and denatured molecules are
taken into account.'® The only exception is given by
the changes in fluorescence intensity of the apoprotein
that shows two transitions [Fig. 2(A)]. Anyway, and
because of the partial reversibility of the unfolding
process (see later), data analysis according to a ther-
modynamic model based on equilibrium process is not
feasible. In the case of the hDAAO holoenzyme a series
of events occur as the urea concentration is increased:
the intensity of fluorescence signals was most sensitive
to the denaturant concentration (C, = 2.0M), fol-
lowed by the activity (C,, = 2.8M), and finally by the
change in wavelength at maximal protein fluorescence
and in far-UV CD signal (C,, = 4.0M). The same tran-
sitions (at similar urea concentrations) were observed
for the apoprotein form together with a second change
in protein fluorescence at a high urea concentration
(Cw = 5.6M, Table I). The addition of exogenous FAD
to holo-apo hDAAO only affects the urea sensitivity of
the enzymatic activity to a significant extent.

Conformational Changes in Human p-amino Acid Oxidase



Table I. Comparison of Melting Concentration Values (C,,) for Urea-Induced Unfolding and of Melting Temperature
Values (T,,) as Determined by Different Approaches on Holo and Apoprotein Forms of hDAAO

Holo Holo-apo Apoprotein
Urea-induced unfolding Crm (M)
Protein fluorescence: intensity 2.0 £ 0.2 — First: 2.4 + 0.1
(2.8 +£ 0.1)* Second: 5.6 £+ 0.3
Wavelength maximum 3.7 £ 0.2 — 3.8 £ 0.2
Far-UV CD (220 nm) 4.2 +£ 0.2 — 3.9 + 0.3
Temperature-induced unfolding T (°C)
Trp fluorescencé 57.7 £ 0.3 52.4 + 1.2 48.6 + 1.0
FAD fluorescence — 53.5 + 1.1 —
Far-UV CD (220 nm) 57.0 + 1.0 57.0 = 1.0 51.0 + 1.0

Protein samples were in 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5% glycerol and 5 mM 2-mercaptoethanol or, only for CD meas-
urements, in 50 mM sodium pyrophosphate, pH 8.0, 5% glycerol, at the following concentrations: fluorescence measurements,
0.02 mg protein/mL; far-UV CD and temperature ramp experiments, 0.1 mg protein/mL. Temperature ramp experiments were per-
formed at an identical heating rate (0.5°C/min). Ty, values were obtained by calculating the first derivative of the spectroscopic sig-
nals and are uncorrected for delay effects. The values determined in the presence of 40 pM FAD are indicated as holo form.

# Value determined from the loss of catalytic activity.

The refolding of urea-denatured hDAAO apo- and
holoprotein was studied by monitoring the changes
following a 10-fold dilution of the urea-treated pro-
teins in plain buffer containing a 10-fold excess of free
FAD and 5% glycerol. The holoenzyme recovered
(~50% of the initial specific activity after unfolding
with 4M urea, a concentration at which >90% of the
initial activity is lost [Fig. 2(D)] but the activity recov-
ery is negligible at higher denaturant concentrations.
Analogously, the unfolding of hDAAO holoenzyme is
for the most part reversible up to 4M urea in terms of
its overall secondary and tertiary structure as inferred
from protein fluorescence and far-UV CD spectra. In
contrast, a partial recovery of secondary and tertiary
structure is observed for the refolding of 2, 4, and 6M
urea-denatured hDAAO apoprotein (not shown). The
recovery of enzymatic activity for the urea-treated apo-
protein represents only 5-15% of the activity retrieved
for the holoprotein refolded under the same experi-
mental conditions. Yields of holo- and apoprotein
refolding are not modified by the presence of 20%
glycerol as flavoprotein chemical chaperone.® In terms
of recovery of the enzymatic activity the refolding pro-
cess is not modified by the presence of GroEL either;
however, the protein fluorescence and the far-UV CD
spectra of the reconstituted holoprotein obtained in
the presence of GroEL closely resemble those of native
hDAAO (e.g., the fluorescence intensity at 338 nm at
the end of the reconstitution process of 6M-treated
apoprotein is 238 and 165 arbitrary units in the ab-
sence and in the presence of GroEL, respectively, vs.
156 arbitrary units for the holoenzyme).

Spectroscopic studies on the thermal stability

The temperature sensitivity of specific structural fea-
tures was compared in the holo- and apoprotein forms
of hDAAO using temperature ramp experiments. Stud-
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ies on the temperature sensitivity of tryptophan and
FAD fluorescence (taken as a reporter of tertiary struc-
ture modifications) and of the CD signal at 220 nm
(taken as a reporter of the change in secondary struc-
ture) show midpoint transition temperatures that are
~6—9°C higher for the holo- than for the apoprotein
of hDAAO (see Table I and Fig. 3 for protein fluores-
cence). Comparison of the Ty, values indicates that the
temperature sensitivity of secondary and tertiary struc-
ture elements is similar in the holoenzyme form.

The FAD-binding process

The kinetics of reconstituting the hDAAO apoprotein-
FAD complex was studied under pseudo-first-order
conditions and the results are reported in the Support-
ing Information. Briefly, the dimeric apoprotein of
hDAAO reversibly binds FAD, yielding a Holo* com-
plex in which the flavin fluorescence is largely
quenched and the enzymatic activity is recovered. Sub-
sequently, this intermediate slowly converts into the
final holoenzyme, as made evident by the changes in
protein fluorescence: this step requires >60 min at
15°C to complete.

The changes in conformation between apoprotein
and holoenzyme of hDAAO were probed by limited
proteolysis experiments using 10% (w/w) trypsin and
at 25°C. SDS-PAGE analysis of the time course of
holo-apo hDAAO trypsinolysis clearly shows that the
40-kDa band corresponding to the intact protein is
quickly degraded [~20% of the intact protein is pres-
ent after 30 min, Fig. 4(A,B)]. The addition of a 10-fold
excess of free FAD protects the enzyme from trypsin
cleavage: more than 75% of the intact hDAAO is pres-
ent after 30 min of incubation. Under the same experi-
mental conditions, but in the absence of FAD, the apo-
protein form of hDAAO is fully degraded in 5-10 min
[Fig. 4(A,B)]. These data indicate that proteolytic sites

PROTEIN SCIENCE ‘ VOL 18:801-810 805
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Figure 3. Comparison of the temperature dependence of
tryptophan fluorescence spectroscopic signals for the holo-
(holo-apo, in the absence —, and holo in the presence —
of 40 M FAD) and apoprotein (- - - -) of hDAAO. All
experiments were performed in 20 mM Tris-HCI, pH 8.0,
100 mM sodium chloride, 5% glycerol and 5 mM
2-mercaptoethanol, and at 0.1 mg/mL protein concentration.
Spectral signals were monitored continuously during
progressive heating from 20 to 80°C at a heating rate of
0.5°C/min and are given as percent of the total observed
change regardless of the direction of the change.

of the apoprotein are more accessible to trypsin than
in the corresponding holoenzyme form and suggest
that the observed proteolysis of the holoenzyme is
mainly due to the FAD dissociation. Indeed, under the
same experimental conditions, the apoprotein is
largely protected from proteolysis by prior incubation
for 5 min with the coenzyme [see sample Apo + FAD
in Fig. 4(A,B)]. This result indicates that a significant
change in the apoprotein conformation is obtained
within a few minutes after adding the coenzyme, a pe-
riod corresponding to the time required to complete
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the first step in the cofactor binding process, as indi-
cated by the flavin fluorescence studies and the full re-
covery of enzymatic activity [see Supporting Informa-
tion Fig. 1(A)].

Associative behavior

We previously reported that both holo- and apoprotein
forms of hDAAO elute in size-exclusion chromatogra-
phy as a single peak corresponding to a 80-kDa homo-
dimer protein in the 0.1-10 mg protein/mL concentra-
tion range.* Under the same conditions, the addition
of 40 WM FAD in the elution buffer does not modify
the elution volume of hDAAO (not shown).

The effects of urea and thiocyanate on oligomeri-
zation state and/or the molecular size of hDAAO were
also analyzed by the same method. At increasing urea
concentration, the holo- and apoprotein forms elute as
multiple peaks at a lower retention volume, indicating
an increase in molecular dimensions (higher aggrega-
tion state or increased hydrodynamic radius, see Fig.
5). The eluted peaks had retention volumes corre-
sponding to hDAAO aggregates comprising four to
eight subunits, as determined using a calibration curve
obtained with standard proteins. The main difference
between hDAAO holo- and apoprotein forms is the sig-
nificant decrease in the total peak area in the chroma-
tograms at a 4M urea concentration: this reduction is
more evident in the presence of 40 puM free FAD in
the elution buffer (to ~30% of the area measured for
the untreated enzyme, see Fig. 5). This result clearly
indicates that the solubility of the holoenzyme is mini-
mal at this urea concentration, corresponding to the
condition at which an unfolding intermediate is evi-
dent for the apoprotein [see Fig. 2(A)]. When the urea
concentration is increased further, a large fraction of
the insoluble aggregates are converted into soluble

B
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Figure 4. Time course of trypsin digestion of different hDAAO forms (10 pM, 0.4 mg protein/mL) with 10% (w/w) trypsin at
25°C. (A) SDS-PAGE analysis of hDAAO samples at different times: (lane Ctrl) control before trypsin addition; (lane 1)
immediately after trypsin addition (~30 s); (lane 2) 30 min after trypsin addition. (B) Time courses of the amount of the 40-kDa
band (corresponding to the intact hDAAO monomer) as determined by densitometric analysis of gels such as those reported
in panel A. HOLO (+ FAD) is the sample obtained following the addition of 100 uM free FAD to the holo-apo hDAAO. APO +
FAD is the apoprotein sample to which 100 uM free FAD was added 5 min before adding trypsin. The intensity of the 40-kDa
band of the sample before adding trypsin (sample in lane Ctrl, panel A) is indicated as 100%. Bars indicate S.E. as

determined for three independent experiments.
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Figure 5. Effect of increasing urea concentrations on the
molecular dimension of holo- (holo-apo, in the absence —,
and holo, in the presence — of 40 pM FAD) and
apoprotein (- - - -) of hDAAO. Size exclusion
chromatographic profile of hDAAO samples (1 mg protein/
mL incubated for 60 min at 15°C in the presence of
different urea concentration) on a Superdex 200 column
equilibrated in 20 mM Tris-HCI buffer, pH 8.5, 150 mM
sodium chloride, 5% glycerol, 5 mM 2-mercaptoethanol
without (holo-apo and apoprotein samples) or with 40 uM
FAD (holo sample), and containing the same urea
concentration used for preincubation.

polymeric forms, as seen by the increase in the total
area of the eluted peaks. Consistent with low affinity
of hDAAO for FAD, the peak at a very high elution
volume (>20 mL) contains the released flavin and its
intensity is only identical using a elution buffer with
or without 40 WM FAD at urea concentrations >6M
(see Fig. 5). It is noteworthy that the urea-induced dis-
sociation of dimeric hDAAO into monomers produces
“adhesive” protein conformers which are prone to ag-
gregate; this process is not due to disulfide bond for-
mation since it was also observed in the presence of
reducing agents during gel-permeation experiments.
Thiocyanate is a lipophilic ion that interferes with
ionic pairs located either on the protein surface or in
the hydrophobic core of folded proteins: we previously
reported that the dimeric holoenzyme of yeast DAAO
is fully converted into its monomeric counterpart at
0.5M thiocyanate." The effect of NH,SCN on the qua-
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ternary structure of holoenzyme of hDAAO was inves-
tigated by means of size-exclusion chromatography on
a Superdex 200 column (see Fig. 6). The elution pro-
files of the different hDAAO forms (at a concentration
of 1 mg protein/mL) at different NH,SCN concentra-
tions show the presence of a peak corresponding to a
monomeric form only at a concentration of the lipo-
philic ion >1.5M. In any case, the area of this peak is
less than 15% of the original starting material, which
indicates aggregation of a large part of the protein
under these conditions (see Fig. 6).

Discussion

DAAO is a catabolic enzyme (strictly specific for p-iso-
mers of amino acids) destined for the peroxisome.'
hDAAO is a homodimer containing one molecule of
weakly bound coenzyme FAD per 40 kDa protein

DIMER MONOMER
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100 L

Absorbance at 280 nm

50|

5 10 15 20 25
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Figure 6. Effect of thiocyanate on the molecular dimension
of holo- (holo-apo, in the absence —, and holo, in the
presence — of 40 uM FAD) and apoprotein (- - - -) of
hDAAO. Size exclusion chromatographic profile of hDAAO
samples (1 mg protein/mL incubated for 60 min at 15°C in
the presence of different thiocyanate concentrations) on a
Superdex 200 column equilibrated in 20 mM Tris-HCI
buffer, pH 8.5, 150 mM sodium chloride, 5% glycerol, 5
mM 2-mercaptoethanol without (holo-apo and apoprotein
samples) or with 40 M FAD (holo sample), and containing
the same thiocyanate concentration used for pre-
incubation.
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monomer; cofactor binding is mandatory for the enzy-
matic activity. The human enzyme is the only member
of the DAAO family which is a stable homodimer even
in the apoprotein form." In solution, and because of
the weak interaction with the FAD cofactor, hDAAO
exists in equilibrium between the holoenzyme (active)
form and the corresponding apoprotein (inactive)
counterpart. Our results highlight differences in con-
formation between hDAAO forms: the CD spectra dif-
fer, the protein emission intensity is five-fold higher
and more hydrophobic surfaces are exposed in the
apoprotein form than in the holoenzyme. The different
conformation is further demonstrated by the higher
sensitivity to proteolytic cleavage of hDAAO apopro-
tein with respect to the holoenzyme.

A further conclusion from the present study is
that binding of the flavin cofactor only slightly
increases the structural stability of hDAAO towards
chemical denaturation (see Table I). In contrast, a
most significant effect is evident for the thermal
unfolding: the Ty, value for the unfolding of the apo-
protein is ~6—9°C lower than that of the holoenzyme
(Table I). However, the stabilization due to FAD bind-
ing in hDAAO is lower than that observed for the ho-
mologous enzyme from yeast: Ty, values are 50 and
36°C for the holo- and the apoprotein of R. gracilis
DAAO, respectively (unpublished data). The urea-
induced unfolding process of both holo- and apopro-
tein of hDAAO can be considered as a two-step (three-
state) process, analogously to that reported for the
yeast enzyme.'” The presence of intermediate(s) in the
unfolding process is demonstrated by the changes in
the protein fluorescence intensity for the apoprotein
[Fig. 2(A)] and is also revealed by the different urea
sensitivity of the spectral probes used (Table I). The
chaotropic effect of urea disrupts the solvating water
structure of hDAAO and stabilizes an expanded, fully
unfolded, and soluble multimeric aggregate (see Fig.
5). Gel-permeation experiments show that at 4M urea
the apoprotein produces a structural intermediate that
retains part of the secondary and tertiary structure:
this intermediate can be distinguished from the one
obtained for the holoenzyme form by its higher solu-
bility. Refolding activity recovery data indicate that
chemical denaturation of hDAAO holoenzyme is par-
tially reversible (50% of the initial activity is recovered
starting with the refolding from 4M urea-denatured
holoprotein) while the refolding of apoprotein is
largely irreversible even at 2M urea (15—20% of recov-
ery of enzymatic activity vs. 90—100% for the holo-
enzyme) and even in the presence of the cofactor. Pro-
tein fluorescence and far-UV CD data are indicative of
structural differences between the native and the
refolded and reconstituted holoprotein: even minor
modifications in the conformation, such as those
observed following refolding in the presence of GroEL,
can prevent the full recovery of the native conforma-
tion of hDAAO.

808  PROTEINSCIENCE.ORG

The recombination process of hDAAO holoenzyme
is represented by the sequence of steps reported in
Supporting Information Eq. (1), in which a compara-
tively rapid binding of FAD related to attainment of
the enzyme activity is followed by a slower secondary
conformational change of the reconstituted holopro-
tein. The reconstitution process of hDAAO contrasts
with that of the homologous enzymes from different
sources: in the porcine enzyme a lag in the appearance
of enzymatic activity was also observed but the sec-
ondary conformational change was required to acquire
enzymatic activity.'® Limited proteolysis data demon-
strate that FAD binding to the hDAAO apoprotein
quickly produces a compact conformation similar to
that of the holoenzyme. Since the apoprotein of
hDAAO is also present in solution as a dimer, as the
holoenzyme is, we can rule out a dimerization step in
the recombination process. Instead, previous investiga-
tions on yeast DAAO, whose apoprotein is monomeric
while the holoenzyme is dimeric and whose mode of
monomer-monomer interaction is different than that
of mammalian DAAOs,' showed that the dimerization
step is involved in the kinetics of forming the interme-
diate observed in the reconstitution process' and that
monomerization, obtained by site-directed mutagene-
nesis or thiocyanate treatment, destabilizes the holo-
enzyme (of ~6°C).""'?

Elucidation of the interaction between hDAAO
apoprotein and FAD and its effect on the catalytic and
stability properties of this flavoprotein represents an
important issue even from a physiological and patho-
logical point of view. In fact, hDAAO is involved in the
catabolism of the gliotransmitter p-serine, an allosteric
activator of the NMDA-type glutamate receptors in
human brain, and thus, was associated with the onset
of schizophrenia."3® We recently established that the
binding of the protein pLG72 does not affect the ki-
netic properties of hDAAO or the affinity for FAD but
rather induces inactivation faster.® We now demon-
strate that FAD binding to hDAAO apoprotein does
not increase its stability to a significant extent and
does not modify its oligomeric state, as instead
observed for the homologous enzyme from yeast.">*
The weak interaction between hDAAO apoprotein moi-
ety and its cofactor may represent a means of evolving
an enzyme that is largely present in the holoenzyme
(active) form only in the presence of an active site
ligand, for example, of the substrate p-serine (in the
millimolar range) or of an unknown physiological
ligand. In fact, in extracellular fluid p-serine concen-
tration is ~6 uM in forebrain areas and the overall
concentration in brain is ~300 uM' values signifi-
cantly lower than the K, of hDAAO for p-serine (7.5
mM)* Furthermore, overall FAD concentration in
brain is estimated ~5 pM,* a value close to the Ky for
coenzyme binding to hDAAO apoprotein. Therefore, at
physiological substrate and FAD concentrations
hDAAO should be present in the uncomplexed form
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that is in equilibrium with the corresponding inactive
apoprotein. The low affinity of hDAAO for its coen-
zyme thus appears to be evolved in the human fla-
voenzyme to control p-serine concentration and avoid
an excessive decrease of this gliotransmitter (which is
the underlying cause of a number of neurological dis-
orders). Noteworthy, this hypothesis also correlates
with the long half-life of p-serine in brain (~16 h).*

Materials and Methods

Enzymes

The recombinant hDAAO is expressed in E. coli cells
and purified as reported in Ref. 4; 40 uM free FAD is
present during all purification steps. For some experi-
ments, this enzyme sample was further purified by gel-
permeation chromatography on a HiLoad Superdex
200 column; the final enzyme preparation was stored
in 20 mM Tris-HCI buffer, pH 8.0, 100 mM NaCl, 5%
glycerol, 5 mM 2-mercaptoethanol, and 40 WM FAD
and diluted in plain buffer without FAD before use.
hDAAO apoprotein was prepared by overnight dialysis
of the holoenzyme against 1M KBr.* Enzyme concen-
tration was determined by using a known extinction
coefficient at 445 nm (12.2 mM ‘ecm ') for the holo-
enzyme and at 280 nm (75.2 mM ‘em™ ") for the
apoprotein.

DAAO activity assay

DAAO activity was assayed with an oxygen electrode at
pH 8.5, air saturation, and 25°C, using 28 mM p-ala-
nine as substrate in the presence of 0.2 mM FAD.*
The effect of urea concentration on the enzymatic ac-
tivity was determined using the same assay on protein
samples previously incubated at 15°C for 60 min in
the presence of different concentrations of denaturant.

Spectral measurements

Flavin and protein fluorescence measurements were
routinely performed in a Jasco FP-750 instrument.
For rapid reactions (e.g., the investigation of the
kinetics of FAD binding to hDAAO apoprotein), a Bio-
logic SFM-300 stopped-flow apparatus was employed
and connected to the same Jasco fluorimeter.# Protein
emission spectra were taken from 300 to 400 nm (ex-
citation at 280 or 298 nm); flavin emission spectra
were recorded from 475 to 600 nm (excitation at
450 nm). Steady-state fluorescence measurements
were performed at a 0.1 mg/mL protein concentration
and corrected for buffer contributions. Fixed wave-
length emission measurements were taken at 340 and
526 nm for tryptophan and flavin fluorescence, respec-
tively. Circular dichroism (CD) spectra were recorded
on a J-815 Jasco spectropolarimeter. Cell path length
was 1 cm for measurements above 250 nm and 0.1 cm
for measurements in the 190—250 nm region. All spec-
tral measurements were carried out at 15°C. For tem-
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perature ramp experiments, both the fluorimeter and
the spectropolarimeter were equipped with a software-
driven Peltier-based temperature controller producing
the same temperature gradient (0.5°C/min); data were
analyzed by means of Jasco software.

Unfolding-refolding equilibrium and

ANS binding experiments

The unfolding equilibrium of holoenzyme and apopro-
tein of hDAAO was determined by following the
changes in protein (and flavin, for the holoenzyme
only) fluorescence, catalytic activity, and far-UV CD
signal as detailed elsewhere'” and by primarily using
the “consensus” set of experimental conditions sug-
gested by.® Each point in the urea denaturation
curves was determined at 15°C on an individual sam-
ple, prepared by mixing appropriate volumes of a con-
centrated protein, of 8M urea in buffer, and of 50 mM
sodium pyrophosphate, pH 8.0, 5% glycerol (for CD
measurements) or 20 mM Tris-HCIl, pH 8.0, 100 mM
NaCl, 5% glycerol, and 5 mM 2-mercaptoethanol (for
fluorescence measurements). The unfolding curves
were analyzed by fitting to a two-state or three-state
mechanism as described previously.'”' A least-
squares curve-fitting analysis was used to calculate the
Cp values by using a software routine. ANS binding
experiments were carried out at 15°C and at a 0.1 mg/
mL protein concentration. ANS fluorescence emission
spectra were recorded in the 450- to 600 nm range
with excitation at 370 nm. To investigate the refolding
process, holo- and apoprotein samples of hDAAO were
incubated for 60 min at 15°C in buffer containing dif-
ferent concentrations of urea (0-6M) and then
refolded by 10-fold dilution in 50 mM sodium pyro-
phosphate, pH 8.0, 5% glycerol and 15°C, in the pres-
ence of a 10-fold molar excess of FAD. The refolding
yield was determined by monitoring protein fluores-
cence, far-UV CD spectra, and the recovery of enzy-
matic activity. Refolding experiments were also per-
formed in the presence of 20% glycerol, or of GroEL
tetradecamer (0.25 pM with respect to 2.5 uM apopro-
tein) in 1 mM ATP, 25 uM FAD, and 5% glycerol.

Limited proteolysis

Various hDAAO forms (0.4 mg protein/mL, corre-
sponding to ~10 puM) were incubated at 25°C in
20 mM Tris-HCI, pH 8.5, 150 mM NaCl, 5% glycerol,
and 5 mM 2-mercaptoethanol, with 10% (w/w) tryp-
sin. Protein samples (7 pg) taken at various times after
adding trypsin were diluted in sample buffer for SDS-
PAGE, heated at 100°C for 3 min, and analyzed elec-
trophoretically. The intensity of the protein bands was
determined by densitometric analysis using the Quan-
tityOne software (BioRad Lab.). Changes in apoprotein
conformation during the cofactor binding process were
analyzed by proteolysis of 10 WM apoprotein samples
pre-incubated for different times (5—-60 min) with
100 pM FAD.
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Size-exclusion chromatography

Size-exclusion chromatography was performed at
room temperature on a Superdex 200 column using
an Akta chromatographic system (GE Healthcare),
using 20 mM Tris-HCI buffer, pH 8.5, 150 mM sodium
chloride, 5% glycerol, 5 mM 2-mercaptoethanol, and
the appropriate concentrations of FAD/urea/ammo-
nium thiocyanate as eluant. The column was calibrated
with suitable standard proteins.
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