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ABSTRACT. Limited proteolysis ofb-amino acid oxidase holoenzyme with trypsin cleaves the protein at
Arg 221 and near the C-terminus, producing stable 25, 13.4, and 2 kDa polypeptides [Torri-Tarelli, G.,
Vanoni, M. A., Negri, A., & Curti, B. (1990)). Biol. Chem. 26521242-21246]. The 25 and 13.4 kDa
polypeptides remain associated to form a nickesimino acid oxidase species. This nicked protein form
maintains the ability to bind FAD, but exhibits altered catalytic efficiency toward the oxidation of various
D-amino acids when compared to native DAAO. Changes in substrate specificity were first monitored
by measuring the activity in the presence of different amino acid substrates at various times during
proteolysis. Three amino acid substrates were then selected for further analysis of the properties of the
nicked p-amino acid oxidase species produced by limited tryptic proteolysiserine,p-arginine, and
p-alanine. The three-amino acids represented limiting cases of the observed changes of enzyme activity
on nicking: loss of activity, increase of activity, and minor activity changes, respectiveerine was

found to be no longer a substrate mfamino acid oxidase.p-arginine exhibited a 2.5-fold increased
apparent maximum velocity although Kg, value increased 2-fold with the nicked enzyme in comparison

to the native speciesp-alanine was oxidized 1.5-fold faster by the nickedmino acid oxidase at infinite
substrate concentration, and Ks, value increased approximately 4-fold. THg for benzoate, which

was determined kinetically witb-alanine as the enzyme substrate, increased 17-fold in the nicked species.
Primary deuterium kinetic isotope effects dand V/K during the oxidation ob-alanine were also
measured.PV/K increased from 1.4- 0.2 to 1.8+ 0.3 on nicking, while®V increased from 1.04- 0.1

to 2.53+ 0.5. All the observed changes of the values of the kinetic parameters and of the observed
isotope effects are consistent with the hypothesis that nickirmrarhino acid oxidase at position 221
decreases the strength of binding of both substrates and products to the enzyme active site. The information
obtained by limited tryptic proteolysis nicely complements that gathered from the analysis of the three-
dimensional structure af-amino acid oxidase in complex with benzoate, which was recently determined
[Mattevi, A., Vanoni, M. A., Todone, F., Rizzi, M., Teplyakov, A., Coda, A., Bolognesi, M., & Curti, B.
(1996) Proc. Natl. Acad. Sci. U.S.A. 93496-7501]. Arginine 221 is part of the 218228 loop that

covers the active site and contributes residues to substrate binding and catalysis. The limited proteolysis
data support the hypothesis that this loop acts as a lid on the active site and controls both substrate specificity
and the rate of turnover af-amino acid oxidase.

D-Amino acid oxidase-amino acid: oxygen oxidoreduc- side chain, very poorly oxidizes amino acids with a positively
tase, EC 1.4.3.3, DAAY is a well characterized FAD- charged side chain, and is inactive toward acidic amino acids
dependent enzyme which catalyzes the oxidative deamination(Dixon & Kleppe, 1965). p-Aspartate ana-glutamate are
of b-a-amino acids to yield the correspondingketo acid oxidatively deaminated by a specifiz-aspartate oxidase
and ammonia (Curti et al., 1992). (Negri etal., 1992). The kinetics of oxidation of amino acids

Among D-amino acid SubstrateS, the enzyme is more Catalyzed by DAAO differ according to the amino acid side

efficient toward the oxidation of those containing a neutral chain (as reviewed in Curti et al., 1992). The major
distinction is made between neutral and polar amino acids

on one side, and basic amino acids on the other. The reaction
mechanism with the former substrates is described by a
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Scheme 1: Reaction of DAAO with Neutral and Polar Amino Acids (A) and with Basic Amino Acids (B)
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limiting case of an ordered mechanism (Scheme 1A) where the 37 kDa polypeptide, obtained from the holoenzyme or
reoxidation of the reduced flavin by oxygen takes place prior the DAAO—benzoate complex, exhibits properties indistin-
to release of the imino acid, which is the rate-limiting step guishable from those of the native enzyme, while the protein
in the overall reaction. The oxidation of basic amino acids cleaved at position 221222 is inactive with respect t-o.-

is well described, instead, by a simple ping-pong mechanismphenylglycine as the substrate. These findings supported the
(Scheme 1B; Curti et al., 1992; Yagi et al., 1974; Yagi et hypothesis that the region surrounding position 221 of DAAO
al., 1969). Among neutral and polar amino acids, exempli- is involved in the formation of the enzyme active site and
fied by p-alanine andp-serine, respectively, functional that extensive conformational changes involving this region
distinctions have been described (Denu & Fitzpatrick, 1992; do occur on binding of the substrate to DAAO.

Porter et al., 1977). A series of kinetic isotope effect | the present work we have extended the analysis of the
measurements on the reactions of DAAO (Denu & Fitz- effects of limited tryptic proteolysis of DAAO holoenzyme.
patrick, 1992) has shown thatalanine behaves as a “sticky” |y particular, taking into account the protection exerted by
substrateKs > k; in Scheme 1A), whileo-serine does not.  FAD on further degradation of the 25 kDa N-terminal
The lack of a three-dimensional structure of DAAO has fragment (see above), we aimed to verify if the latter
prevented in the past a rigorous correlation between the polypeptide maintained the ability to bind FAD and if the
observed functional properties of the enzyme and its loss of activity during proteolysis of the holoenzyme we
structural features. A variety of chemical modification and observed withb-a-phenylglycine as the substrate could be
site-directed mutagenesis studies, along with the comparisonextended to other amino acids. As this work was being
of the properties of DAAO from different sources, have been completed, the three-dimensional structure of DAAO was
reported (Curti et al., 1992). In our laboratory, we have used solved in our laboratories (Mattevi et al., 1996) and
limited proteolysis to probe the presence of flexible regions independently by Mizutani and co-workers (Mizutani et al.,
of DAAO exposed to solvent and to compare the susceptibil- 1996). This allowed us to compare the results of limited
ity to limited tryptic proteolysis of the different forms of  proteolysis experiments with the crystallographic data in
DAAO that can be prepared, namely: apoprotein, holo- order to get a better insight on structufenction relationship
DAAO, and the DAAO-benzoate complex (Torri Tarelliet  of this flavooxidase.
al., 1990). These studies revealed that in apo-DAAO three
sites of the protein are particularly sensitive to trypsin (see MATERIALS AND METHODS
Figure 5 of Torri Tarelli et al., 1990). Trypsin first attacks )
the Lys328 or Arg337 position very rapidly to yield an ~ Enzymes.Preparation of the DAAGbenzoate complex
N-terminal 37 kDa fragment and a C-terminal 2 kDa e_md of the apoprotein were c.a.rrleq out according to_estab—
polypeptide. The N-terminal 37 kDa polypeptide is then Ilsheq procedures, with mod|f|cat|o_ns reported prgwously
cleaved into two fragments resulting from hydrolysis of the (Curti et al., 1973; Massey & Curti, 1966; Vanoni et al.,
221-222 peptide bond to yield a stable C-terminal 13.4 kDa 1987). The protein concentration was determined using
polypeptide and an N-terminal 25 kDa polypeptide. The publlshed extinction coefficients (Curti et al., 1973; Massey
latter is unstable and undergoes proteolytic cleavage to yield& Curti, 1966).
an N-terminal 20 kDa polypeptide, which is further degraded.  Limited Tryptic Proteolysis.Limited tryptic proteolysis
The presence of FAD in the holoenzyme protects the on the apo- and holo-DAAO and on the DAAenzoate
N-terminal 25 kDa polypeptide from proteolytic degradation, complex was carried out as described in the previous paper
consistent with the hypothesis that this portion of the protein (Torri Tarelli et al., 1990). Typically, the form of DAAO
is involved in FAD binding. Furthermore, in approximately under study (1 mg/mL) was incubated with trypsin (0.1 mg/
30% of the holoenzyme the 22222 peptide bond is also  mL) for 3—5 h, at 25°C, in the dark in 50 mM Hepes/KOH,
protected from proteolysis, thus leading to the presence of apH 8.0. Before and at different times from trypsin addition
fraction of DAAO converted to the 37 kDa N-terminal the proteolytic reaction was monitored in different ways.
polypeptide. Inthe DAAG-benzoate complex the only site  Aliquots (10 uL) were withdrawn and transferred to an
sensitive to proteolysis is that at the C-terminus of the protein, Eppendorf tube containing 1 of a 20 mM TLCK solution
which leads to the formation of the 37 kDa polypeptide and and 20 uL of 2XSDS sample buffer (Laemmli, 1970).
of the C-terminal 2 kDa fragment. We have also shown that Protein was denatured by heating at 2@0for 5 min. With
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this procedure soybean trypsin inhibitor was not necessarynicked DAAO, the apparenV and V/K values were

to quench trypsin. Proteolytic fragments were resolved by determined independently usimg-(o-*H)- or pL-(a-2H)-
polyacrylamide gel electrophoresis in the presence of SDSalanine in two series of assays. The coupled assay with horse
on 12% minigels, which were stained with Coomassie blue radish peroxidase was used for this experiment, mnft-

as described by Torri Tarelli et al. (1990). Aliquots were 2H]-alanine was a kind gift of Dr. P. Fitzpatrick.

also withdrawn from the proteolytic reactions and diluted in ~ Data Analysis. The kinetics of activity loss or gain during
assay mixtures containing differenta-amino acids. The  proteolysis were well described by single exponential
activity was determined by various methods as describedprocesses (Torri Tarelli et al., 1990), and the data were
below. For kinetic analyses of the DAAO form derived from analyszed by fitting the values of percent residual activity
tryptic proteolysis, the enzyme was incubated with trypsin (A) at a given timet] to eq 1 or 2, respectively:

as described above for-% h to allow for maximal

conversion of the native protein into the cleaved one. TLCK A=A exp(-kit) + A, 1)
to a final concentration of 1.54 mM was added to quench _
trypsin, and the enzyme solution was kept on ice in the dark A=A, (1 - exp(kt) + A, 2)

and used immediately for kinetic analyses. Control experi-
ments showed that 1.54 mM TLCK was sufficient to
inactivate trypsin. Furthermore, during most of the experi-
ments a parallel sample was set up, which was treated exactl)f’l
as the proteolyzed one except for the addition of trypsin. P
Kinetic determinations were also carried out on such control
samples. In these control experiments DAAO was stable
and exhibited the same properties of samples that had no
been incubated for-35 h at 25°C and were not supple-
mented with TLCK.

Activity Assays and Steady-State Kinetic Analy4e8A0
activity was measured polarographically using a Clark-type

where: A; is the percent activity change associated with
activity loss or increase’; in eq 1 is the percent residual
ctivity at infinite reaction times, whiléy in eq 2 is the
ercent initial activity.

The steady-state kinetic parameters apparent maximum
velocity (V) and apparenk,, for the different amino acids
t(K) were obtained by fitting initial velocitiesy] measured

at different substrate concentratioi® §nd constant oxygen
concentration (0.253 mM at 2Z%) to the Michelis-Menten
equation (eq 3), once visual inspection ensured the linearity
of double reciprocal plots (Segel, 1975).

oxygen electrode at 25C in 0.1 M pyrophosphate buffer, v=(V/K+ 9 3)
pH 8.5, in the presence of 1M FAD and fixed or varied
amounts of the selectestamino acid. Whem-a-phenyl- For the determination of the inhibition constaig)(for

glycine was the substrate, its oxidation was monitored at 243 benzoate, the initial velocitiesv) obtained at different
nm (Fonda & Anderson, 1967). Alternatively, the enzyme inhibitor (I) andp-alanine §) concentrations were fitted to
reaction was measured spectrophotometrically by monitoring eq 4a (Segel, 1975).
the rate of HO, production, in a coupled assay with horse
radish peroxidase (Macheroux et al.,, 1992). Reaction v=VIK(L+IK)+9 (4a)
hm(;)r(;lérf;d(éhrg‘e)rg;g?slg?ir:zeoﬂvgu?glg?dﬁl:gfj’a/fg ?rf] e For graphical reprgsentation, the Dixon plot was chosen
increase of absorbance at 436 nm was monitored. An (eq 4b; Segel, 1975):
extinction coefficient of 11.6 mM cm™! was applied. = A
Reactions were carried out in 50 mM Hepes/KOH buffer, v = (KV)(IK)(LR)! + (KV)(I/S + (IN))  (4b)
pH 8.0, at 25°C. Control experiments demonstrated that  For the determination of the primary deuterium kinetic
the different assay methods gave essentially the same resultgsotope effects ol andV/K, the primary data obtained with
once the composition of the assay mixture was the same withp-[a-!H]- and b-[a-?H]-alanine were fitted to eq 5, wheFe
respect to buffer, pH, and substrate concentrations. is the fraction of deuterium label in the substrafe=t 0.0

In a series of preliminary experiments, the valuesvof  and 1.0 for hydrogen- and deuterium-containing substrate,
andK for the oxidation of the different amino acids were respectively) PV is the deuterium isotope effect o and
determined by varying amino acid concentrations in air- DV/K is the deuterium isotope effect &K (Cleland, 1980).
saturated buffers with the oxygen electrode or the spectro-
photometric method, using native DAAO. In order to v = VI(K(1.0+ F(°V/K — 1)) + 1.0+ F(°V —1)))
monitor activity values at different times during the pro- (5)
teolysis, the activity of DAAO was measured in the presence )
of concentrations of substrate that were at least 10-times the 1he Grafit software (Erythacus Software Ltd., UK) run
K value we determined with native DAAO, unless this was ©On @ Zenith Z-425/SX personal computer was used for data
prevented by the low solubility of the substrate and/or the &nalysis.
high K value exhibited by the reaction.

Inhibition by Benzoate The inhibition constant exhibited RESULTS
by benzoate with respect to the native and nicked DAAO  Time-Course of Actity Changes of DAAO with Respect
forms was determined by varying benzoate concentrationto b-Amino Acids during Limited Tryptic Cleage. The
between 0 and 30@M in the presence of three different results of previous limited proteolysis experiments (Torri
concentrations ob-alanine (8.4, 14, and 28 mM) in the Tarelli et al., 1990), where a different stability of the
coupled assay with the horse radish peroxidase. N-terminal 25 kDa fragment derived from holo- and apo-

Primary Deuterium Kinetic Isotope Effects opAlanine DAAO was observed, suggested that bound FAD could be
Oxidation. In order to measure the primary kinetic isotope the reason of the greater stability of this fragment in the case
effects on the oxidation af-alanine exhibited by native and  of the holoenzyme. As a consequence attempts were made
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Ficure 1: Time-course of activity changes during tryptic limited
proteolysis of DAAO. DAAO (1 mg/mL) was incubated with
trypsin (0.1 mg/mL) at 28C as described in Material and Methods.
At different times aliquots were withdrawn and the activity of

300 400

DAAO using the indicated amino acids was measured. The curves
shown have been drawn using eq 1 or 2 and the indicated values

of Ay, A; and kg (see Materials and Methods and Table b}Ala
(open circles):A = 100;p-Val (closed circles):A = 24eA(—0.067)
+ 71; o-Thr (open squares)A = 64eA(—0.059) + 30; p-Arg
(closed squares)A = 42(1 — en(—0.068)) + 100.
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Table 1: Kinetics of Activity Changes during the Course of
Limited Tryptic Proteolysis of DAAO with Respect to the Oxidation
of Different Amino Acids

parameters
amino acid substrate (m®) equatiof AL ki(min™) Az
p-alanine (28) 1 100 0 0
p-isoleucine (11.4) 1 100 0 0
p-methionine (20) 1 100 0 0
D-tyrosine (0.35) 1 21 0.040 87
p-valine (21.34) 1 24 0.044 74
p-proline (43.4) 1 40 0.060 65
Dp-leucine (6.86) 1 35 0.043 60
p-histidine (100) 1 40 0.052 61
p-o-phenylglycine (12.5) 1 56 0.061 43
p-serine (91) 1 61 0.048 31
p-threonine (150) 1 69 0.064 29
p-arginine (20) 2 375 0.087 96
p-lysine (60) 2 19 0.063 102

a Activity assays were carried out in the presence of 0.01 mM FAD,
0.4 mMo-dianisidine, and 1&g of peroxidase in 50 mM Hepes/KOH
buffer, pH 8.0, at 28C. The amino acid substrate concentrations were
held constant at the concentration indicated in parenthég&efore
and at different times after trypsin addition aliquots of the proteolysis
mixture were diluted in activity assay mixtures. The values of residual
activity calculated at different proteolysis times were expressed as the
percent of the activity measured prior to trypsin addition, corrected
for dilution, and were fitted to egs 1 and 2.

creased. In all cases, activity changes observed with the

to separate the N-terminal 25 kDa fragment derived from gifferent amino acids occurred at virtually identical rates,
limited tryptic proteolysis of the holoenzyme, from the given the experimental error associated with these determina-
C-terminal 13.4 kDa polypeptide by several chromatographic tions (compare values in Figure 1 and Table 1) and paralleled
technigues. These experiments were unsuccessful, showinghe formation of the 25 and 13.5 kDa fragments of DAAO,
that proteolysis of DAAO at position 221222 resulted ina  as revealed by electrophoretic analysis of the proteolysis
nicked DAAO species in which the two fragments remained reaction. Furthermore, it should be kept in mind that the
associated. Fluorimetric analysis of samples obtained duringresidual activity observed with ati-amino acids behaving
these chromatographic separations demonstrated that théike D-a-phenylglycine always correlated with the fraction
nicked DAAO species maintained bound FAD. Thus, such 0f 37 kDa polypeptide present at the end of the proteolysis
nicked DAAO species is inactive with respect to the Of DAAO. lts quantity was on the average 30% of the total
oxidation of b-a-phenylglycine (Torri Tarelli et al., 1990),  Protein. These results confirmed that nicked DAAO main-
but its ability to maintain bound FAD prompted us to test tained the ab|I|ty_t9 bind FAD and suggested that prqteolytlc
its activity with respect to other amino acids. In a first series cleavage at position 221222 altered the conformation of

of experiments, DAAO was incubated with trypsin atZ5 the enzyt:n € th'%e s||te with ?n heffect on thle rcej\_tes Wh'ﬁh
in the dark. At different times aliquots of the proteolysis govern the Indivicual steps of the reaction leading to the
n the C ) . L . altered behavior during the oxidation of differamamino
reaction were diluted in assay mixtures containing either

_ : ) . acids. Similar experiments were performed using the
phenylglycine or another amino acid. In order to determine paa0 —penzoate complex which is converted to the 37 kDa
the amino acid concentration to use in these assay« the

N-terminal polypeptide described before (Torri Tarelli et al.,
values exhibited by each amino acid were determined during 1990). In this case, no activity loss was observed with any
separate experiments with the native enzyme. The valuesof the substrates tested, in agreement with the original finding
we obtained were similar to those reported by Dixon and that the 37 kDa polypeptide exhibits properties similar to
Kleppe (1965), regardless of the assay method used. Subthose of native DAAO. Furthermore, proteolysis of the
strate concentration in the assays used to monitor the timeapoprotein led to species that are inactive toward all the
course of activity changes during limited proteolysis of amino acid tested, in agreement with the observation that
DAAO was always at least 10-fold the correspondihgalue the N-terminal 25 kDa fragment produced from apo-protein
for the native enzyme, except for those amino acids that IS unstable and rapidly degraded to low molecular weight
exhibited highK values and low solubility. The results of ~Peptides. Finally, the enzyme preparations remained inactive
these experiments are summarized in Figure 1 and in greateMith respect to the oxidation ef-glutamate and-aspartate.
detail in Table 1. No time-dependent activity changes were _ Steady-State Kinetic Analysis of Nicked DAAID.order
observed using-alanine,p-isoleucine, and-methionine; to be_tter characterize the properties of the nicked DAAO
loss of activity comparable to that observed withu- species formed on proteolysis of DAAO, the enzyme was

phenylglycine was observed withserine ancb-threonine, incubated with trypsin for 35 h in order to obtain maximal
while p-valine, p-proline, p-leucine,b-histidine,p-tyrosine,
and p-phenylalanine had an intermediate behavior. When
p-arginine andp-lysine were the substrates, activity in-

2 The low activity exhibited by DAAO with respect to the oxidation
of glycine (Dixon & Kleppe, 1965; Denu & Fitzpatrick, 1992) prevented
us from obtaining reliable data with this enzyme substrate.
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Table 2: Comparison of Kinetic Parameters Exhibited by Native and Nicked DAAO

native DAAO nicked DAAO
\Y \
substrate K (mM) (umol of H,O2/(min-mg) VIK K (mM) (umol H2Oz/(min-mg) VIK
p-alanine 3.14+0.3 9.6+ 0.3 3.09 13.0:1.3 13.3+ 0.7 1.02
D-serine 41. %55 8.7+ 0.53 0.21 48.3: 7.9 3.7£ 0.2 0.08
p-a-phenylglycine 10.4 3.8 10.8+ 2.1 1.0 155 7.2 29+ 0.8 0.19
p-arginine 26.H 4.8 4.6+ 0.4 0.17 39.0t4.1 9.44+ 0.6 0.24

a Assays were carried out in the presence of varied concentrations of the amino acid, 0.01 mM FAD, 6-diamididine, 15:g of peroxidase,
50 mM Hepes/KOH buffer, pH 8.0, and DAAO that had been incubate® fo in theabsence or presence of 10% (by weight) trypsin. To stop
trypsin proteolysis, 1.54 mM TLCK was added, and protein samples were transferred on ice and immediately used for the determination of the
steady-state kinetic parametet3.he residual activity measured withserine anad-o-phenylglycine correlates with the amount of 37 kDa fragment
present at the end of the trypsin treatment of DAAO in the experiment (approximately 30%).

conversion into the nicked species. Trypsin was quenched 0,40 0 rative DAAD T 1
by addition of TLCK, which had no effect on DAAO activity, '
as shown by control experiments. Enzyme solutions were ® nicked-DAAO

kept on ice and immediately used for the determination of i
the apparent kinetic parametevsand K for p-o-phenyl-
glycine, p-alanine,b-serine, anc-arginine. These amino
acids were selected for further analysis because of the wealth
of information already available on their reaction with DAAO
and because they represented limiting cases: no apparent
loss of activity during proteolysio¢alanine), maximal loss -
of activity (p-o-phenylglycine andbp-serine), maximum
activity increase f-arginine). It should be noted that the /
proteolysed enzyme preparation exhibited a limited stability 0,00 L 1
(namely, 50% activity loss was observed on storage on ice -04 -0,2 0 0,2 0,4
overnight), preventing more complex and time-consuming .

experiments than those shown here. Table 2 summarizes 1/[D-alanine], 1/mM

the results of several experiments which were carried out Ficure 2: Comparison of the steady-state kinetic parameters
with similar results using different assay methods. exhibited by the native and nicked DAAO during-alanine

; : ; " oxidation. All assays were carried out at 25 using the coupled
Itis confirmed that proteolysis of DAAO at position 221 assay with horse radish peroxidase in 50 mM Hepes/KOH buffer,

222 leads to a species that is inactive with respeat-to pH 8.0. The reciprocal values of the initial velocities measured in
phenylglycine (Torri Tarelli et al., 1990). A similar result the presence of varying amounts mfalanine in 50 mM Hepes/
was obtained witlb-serine. The steady-state kinetic analysis KOH, pH 8.0, and 1Q«M FAD, at 25°C, using native DAAO or
of the nicked DAAO form revealed that this protein species nicked DAAO are plptted as a functior! of the reciprocal substrate
oxidizedp-alanine with an approximately 30% faster veloc- concentration. The lines are drawn using the valueg ahd V/K
. . X . summarized in Table 2.
ity, but the K value determined for the amino acid was
approximately 4-fold higher than that determined under the casep-serine andp-a-phenylglycine could not bind
identical conditions with the native enzyme, leading to a productively anymore leading to inactivation-Alanine and
3-fold decrease of the catalytic efficiency/K) of the nicked its oxidation product, iminopyruvate, would bind less tightly
DAAO species in this reaction (Figure 2). Finally, leading to decreased catalytic efficiency but higher turnover
increased 2-fold whem-arginine was the nicked DAAO  number because product release would be no longer (or less)
substrate as compared to the native enzyme. Again nickingrate limiting. Finally, we can imagine that in native DAAO
brought along an increase of tifevalue for arginine (39  the structure of the active site offers steric or electrostatic
mM), from the already high value (27 mM) of the native hindrance to proper binding and positioningm#rginine,
enzyme. a bulky and charged amino acid. A “more open” active site
The nicked DAAO preparations contain approximately in the nicked species would allowvarginine to find a better
30% of DAAO that had been converted into the 37 kDa positioning with respect to catalytic groups and the flavin,
polypeptide (Torri Tarelli et al., 1990). This species exhibits thus bringing along the observed increasé/aind V/K.
the same/ andV/K values as native DAAO. By correcting Benzoate Binding to Nicked DAAQX nicking of DAAO
for the contribution of the 37 kDa polypeptid&/ exhibited at position 221222 resulted in a looser active site, also the
by nicked DAAO withp-alanine becomes approximately 15 binding of the substrate analog, benzoate, should be weaker
umol/(min'mg), (155% that of native DAAO), and that with  than with the native DAAO. The dissociation constant for
p-arginine becomes approximately 11:8nol/(min-mg), the DAAO—benzoate complex was determined kinetically.
(250% that of native enzyme with the same substrate). The nicked DAAO exhibited a 17-fold high#& for benzoate
The changes of the steady-state kinetic parameters we(271uM) with respect to native DAAO (1&M, at pH 8.0
observed immediately suggested to us that nicking of DAAO and 25°C; Figure 3, Table 3).
at position 221 led to a “more open” active site. If thiswere  FAD Binding to Nicked DAAO Given the fact that
proteolysis of DAAO is carried out in the presence of excess
3For the calculation we used the following expressiovk,s = FAD in order to prevent formation of the apoprotein, and
0. MVhickedpano + 0.3*Viativepaso: that the nicked enzyme has a limited stability, we obtained

0,20 -

1iv, 1/(U/mg)
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Ficure 3: Benzoate inhibition of the native and nicked DAAO
forms. TheK; values exhibited by the native (top part) and nicked
DAAO (lower part) and benzoate have been determined by
measuring the initial velocity of reactions containing varying
concentrations of benzoate and constant levels-aflanine in 50
mM Hepes/KOH, pH 8.0, 1aM FAD, at 25°C. The Dixon plots
were constructed using the parameters summarized in Table 3.

an estimate of the dissociation constant for FAD from a
steady-state kinetic experiment. The initial velocity of
reactions (1 mL) containing 28 mi#alanine and amounts
of FAD ranging from O to 1M was measured using the
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on V/IK is due to a large value of thie/k, ratio (Scheme
1A). On the other hand, the almost full suppression of the
intrinsic isotope effect oV has been ascribed to the fact
that product release is rate limiting during oxidation of
p-alanine by DAAO ks/ki; > 0). If our hypothesis that the
active site of DAAO has become looser following proteolysis
at position 221 (with increase of the valueskefandk;;) is
correct, we would expect that the nicked species exhibited
greater isotope effects on bothand V/K than the native
form. Again, the experimental results were consistent with
such hypothesis. ARV of 1.04+ 0.1 is observed with the
native enzyme, and tHd//K was 1.38+ 0.25 (Figure 4 and
Table 3). This value is similar to that of determined by Denu
and Fitzpatrick (1992) under similar pH conditions. With
the nicked specie$yV was 2.53+ 0.47 and’V/K was 1.84

+ 0.33.

DISCUSSION

While the present work was in progress, we solved the
three-dimensional structure of DAAO from pig kidney in
complex with benzoate (Mattevi et al., 1996). Analysis of
the DAAO structure in light of the previous (Torri Tarelli et
al., 1990) and present results obtained by limited proteolysis
of DAAOQO allow us both to confirm initial hypotheses on
the structure of the enzyme and to elucidate novel functional
aspects of the enzyme.

The C-terminal region of DAAO (residues 34347) is
disordered and not visible in the three-dimensional structure
of DAAO, thus explaining why a site close or within this
region is extremely sensitive to tryptic proteolysis in all
DAAO forms. Moreover, from the mass and amino acid
composition of the 37 kDa N-terminal fragment of DAAO,
we argued that the C-terminal peptide derived from tryptic
cleavage at Lys328 without ruling out Arg337 as the
proteolysis site. The X-ray structure of DAAO clearly shows
that Lys328 is within ax-helix, while Arg337 is located next
to the disordered C-terminal region. As a consequence, we
suggest Arg337 as the most likely target of proteolysis rather
than Lys328.

The active center of DAAO is lined by hydrophobic

peroxidase-coupled assay. Reactions were started with theesidues, and its size and shape is, as predicted by the early

addition of 0.5uL of nicked DAAO solution or 0.5.L of a
parallel sample from which trypsin had been omitted. The

work of Dixon and Kleppe (1965), optimized for accom-
modating small hydrophobic amino acids whose side chain

FAD concentration was calculated taking into account that is shorter than four carbons. On the basis of the binding
the enzyme solutions added to the assays contained 1 mMmode of benzoate, a model of DAAO in complex with

FAD. The initial velocities measured at the different FAD
concentrations were fitted to the Michaeliglenten equation.
Values ofKapy of (0.034+ 0.009)uM and of (0.120+
0.022)uM were obtained for the native and nicked DAAO

p-alanine was built (Mattevi et al., 1996). More important
in relation to a critical evaluation of proteolysis results is
the finding that in the three-dimensional structure of the
DAAO—benzoate complex positions 22222 of DAAO

species, respectively (Table 3). This result confirmed that belong to a loop extending from position 216 to position
the nicked enzyme maintained FAD bound with an affinity 228: it is on the protein surface and limits the active site of
not dramatically different from that of native DAAO. DAAO preventing contact with solvent (Figure 5). In the

Furthermore, this experiment ensured that both proteolytic DAAO —benzoate complex it is ordered and contributes to

treatment of DAAO and all our kinetic analyses had been
carried out under saturating concentrations of FAD (1 mM
and 10uM, respectively).

Primary Kinetic Deuterium Isotope Effects on the Oxida-
tion of p-Alanine by the Nicked DAAOA small primary
kinetic isotope effect oW/K and essentially no isotope effect
onV have been reported for DAAO during the oxidation of
p-alanine (Denu & Fitzpatrick, 1992; Porter et al., 1977).

benzoate binding with the side chain of Tyr 224 which lays
parallel to the benzoate phenyl ring. From the analysis of
the structure of the DAAGbenzoate complex it could be
inferred that the 216228 active site loop must change its
conformation in order to allow the entrance and exit of the
substrate and products to and from the active site, respec-
tively. In this respect the limited proteolysis data we
presented before (Torri Tarelli et al., 1990) and in this work

The large suppression of the intrinsic deuterium isotope effectare in full agreement with the crystallographic data and
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Table 3: Comparison of the Dissociation Constants for Benzoate and FAD and of the Primary Kinetic Isotope EffeéAlamine Oxidation

Exhibited by Native and Nicked DAAD

native DAAO nicked DAAO
\Y, \Y
Substrate Inhibitor K (umol of HO,f Ki K (umol of HO,f Ki
(mM) («M) (mM) (min-mg)) («M) (mM) (min-mg)) (uM)
Dissociation Constant for Benzo#te
p-alanine (8.4, 14, 28) benzoate{800) 3.5+ 05 11.7+ 0.3 16+ 1.9 231+ 4 23+ 1.9 271+ 41
native DAAO nicked DAAO
\Y \Y
substrate FAD KdFap) (umol of HO.f KaFap) (umol of HO./
(mM) (uM) (uM) (min-mg)) («M) (minmg))
Dissociation Constant for FAD
p-alanine (28) 0.510.5 0.034+ 0.009 12.9+0.11 0.12+ 0.022 14.14+-0.22
native DAAO nicked DAAO
\Y \Y
K (umol of HO,f K (umol of HO,f
substrate (mM) (min-mg)) PV/K bV (mM) (min-mg) PV/K bv
Primary Kinetic Deuterium Isotope Effeéts
p-[a-'H]-alanine 3.0 0.54 14.8+0.9 12.0+£1.9 22.0+2.0
p-[a-?H]-alanine 4.0 14.2 8.7 8.7
1.4+0.2 1.04+£ 0.1 1.84+ 0.33 2.53:0.47

a Assays were carried out in the presence of 0.4 mManisidine, 15:g of peroxidase, 50 mM Hepes/KOH buffer, pH 8.0, and DAAO that had
been incubated fa3 h in theabsence or presence of 10% (by weight) trypsin. To stop trypsin proteolysis, 1.54 mM TLCK was added, and protein
samples were transferred on ice and immediately used for the determination of the steady-state kinetic patassageswere carried out in the
presence of 1@M FAD, varying concentrations of benzoate and different fixed levels-afanine. The data were fitted to eq 4a which describes

competitive inhibition. Assays were carried out in the presence of 28

orslanine and varying concentration of FAD. The data were fitted to

the Michaelis-Menten equation? Assays were carried out by varyimg[o-'H]- or b-[a-?H]-alanine concentration in the presence ofudd FAD.
The data were fitted to eq 5, and the value¥/@ndK for the deuterated substrate were calculated using the estimates for the protio substrate and

the values of the isotope effects dhand V/K.

further clarify the role of the 216228 active site loop of
DAAO. In the absence of bound substrate the loop is more

size and charge (Dixon & Kleppe, 1965; Yagi et al., 1974;
Mattevi et al., 1996). This most likely explains the low

flexible (“open”) and, presumably, in a disordered state affinity exhibited by DAAO toward these substrates, the low

leading to a high susceptibility to tryptic attack of position rate of oxidation of them, and the rapid release of the
221-222. Following benzoate (or amino acid) binding, the corresponding oxidation products, which brings along the
prevailing form is that with the loop in the ordered (“closed”) switch from the order mechanism of Scheme 1A to the ping-
position observed in the crystal structure where position pong mechanism of Scheme 1B. With these substrates,
221-222 no longer is accessible to trypsin. Interestingly, disorder of the loop in nicked DAAO most likely improves

limited proteolysis of DAAO holoenzyme always showed catalysis because it may allow better positioning of the basic

the presence of a fractio@0%) of protein in which the
221222 position was not accessible to trypsin, suggesting
the presence of a slow conformational equilibrium with the
loop in the “open” or “closed” position also in the benzoate-
free enzyme. Proteolytic nicking of the loop most likely
prevents coordinated movement of such protein portion
during closure of the active center on substrate binding.
Therefore, the ability of DAAO to oxidize various types of
amino acids is modified. Such effects range from loss of
activity (as exemplified byp-o-phenylglycine and-serine)

to increased activity, although with a lower catalytic ef-
ficiency (with b-alanine om-arginine). With native DAAO,
D-serine is not a sticky substrate of the enzyrkgky is
relatively small; Denu & Fitzpatrick, 1992). Nicking by
proteolysis may increask,, thus preventing binding of

amino acid in the active site. It may even be suggested that
the nicked loop exhibits a greater conformational flexibility
than in the native protein and can adapt its conformation to
the bulky charged substrate and position catalytic groups to
favor its oxidation.

D-Alanine is the most commonly used substrate of DAAO.
The variety of data available, which describe the reaction of
DAAO with this substrate (in particular see Porter et al.,
1977 and Denu & Fitzpatrick, 1992), allowed us to define
better the properties of nicked DAAO. With the nicked
enzyme, the catalytic efficiency of DAAO toward the
oxidation of p-alanine decreased 3-fold, but the turnover
number increased 1.5-fold. In order to rationalize our results,
we evaluated the expression fdgrand V/K (eqs 6 and 7,

p-serine to DAAO. Furthermore, the lack of coordinated respectively. See also footnote 4) when written using the

movement of the active site loop may alter the position of net rate constants method of Cleland (1975) for the mech-
amino acyl residues within the active site to the point where gnism shown in Scheme 1A:

catalysis is prevented>-Arginine offers an example opposite
to that observed witb-a-phenylglycine ana-serine on the
effect of nicking of DAAO. Amino acids with bulky and k)t ke = (KJOIIK (ke + ko'): ks = (koks)(Ke - ks): Ko

positively charged Sid? Chains cannot be easily accom- ., [AA] ks')/ (k. + k3'). The primed rate constants are net rate constants
modated by DAAO active site, probably, because of their calculated as described by Cleland (1975).

4E, total enzyme concentratioRiy’ = ki1; ko' = ko; k7' = (kzko)/ (ks
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FIGURE 4: Deuterium primary kinetic isotope effects exhibited by ~cofactor are shown in ball-and-stick representation. The position
native and nicked DAAO. The primary kinetic isotope effects on ©Of the active site lid and of Arg221 is outlined.

the oxidation ofb-alanine have been determined using native (top )
part) and nicked DAAO (bottom part) by measuring the initial Substrate were also accompanied by a faster release of the

velocity of reactions containing variable amountspeffa-tH]- or imino acid product (increase &f; of Scheme 1A)Y would
?ﬁé‘#}i?é‘ﬁq'g”ég‘fa'i”nt{‘hi %rgjglgcﬁeggfggar flglrjn} T:r? d“trklliscz';é)&llvate 4 &Iso increase, as observed. In support of this interpretation
parameterd/ and V/K are summarized in Table 3. is the fact that theK; for benzoate increases 17-fold on
DAAO nicking. In this context, we would like to point out
E/V=1/(1k; + 1k + 1k, + 1Ky + 1ky,) (6) that benzoate is routinely defined as a substrate analog of
DAAO. Itoccurred to us that in light of the low; exhibited
(VIKYE = (kK3 (K, + k3') @) by benzoate and the native enzyme (in the micromolar range)
and its planarity at the € position, this compound may act
With p-alanine and the native enzyme, product relekse (  more as a product rather than as a substrate analog.
is rate-limiting turnoverk, is effectively zero so thats' = The values of the observed kinetic primary deuterium
ks and ks/k, > 0 so thatk,’ = k,[AA] (Porter et al., 1977; isotope effects during oxidation ofalanine also change on
Denu & Fitzpatrick, 1992). Furthermore, reoxidation of nicking of DAAO. Their analysis allows us to further
DAAO by molecular oxygen is described as a simple elucidate the effect of nicking of the active site lid of DAAO
bimolecular reaction, so that/k; andkg/ks are essentially  on its reaction. The expressions fBv/K and PV were
zero, andk; andky are very large. Therefore, eqs 6 and 7 derived for the mechanism shown in Scheme 1A (Cleland,
reduce to egs 8 and 9, respectively. 1982), keeping in mind the known properties of DAAO
reaction withp-alanine as detailed above:
BNV =1/(1K; + 1k + 1Kk, ,) (8)
D D D
(VIK)/E = k, ©) VIK D( k;+ C; + C, Keo)/él +C+C)
(Cks + C)/(A + C) = (Cky + ko/ky)/(1 + kq/k;) (10)
The changes il andV/K we observed are consistent with
the hypothesis that proteolysis primarily affektsandk;. wherePV/K is the observed kinetic isotope effect ®K;
If k, increases following nicking and no longerkigk, > 0, Pks is the intrinsic isotope effect, and it was estimated to
V/K would be described by eq 7 rather than eq 9 and be have a value of approximately 5.5 (Denu & Fitzpatrick,
smaller thanV/K exhibited by native enzyme by a factor 1992). C; is the forward committment to catalysis; a@g
given by ks/(k. + ks). If the decreased stickiness of the = kglk;; C; is the reverse committment to catalydigks' ~
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0 becausey ~ 0. PKeq is the primary deuterium kinetic
isotope effect on the equilibrium constant:

V= (Pks + Cs + C K1+ C+C) =
(Dks + Cvf)/(l + Cvf) == (Dks + k3/k5' + k3/k11)/
(1 + kolks' + kalkyy) (11)

wherePV is the observed isotope effect ¥nC,; is the ratio
of catalysisks/ks' + ks/ki.

PV/K increases only a little from 1.4 0.2 to 1.8+ 0.3
on nicking of DAAO, whilePV increases significantly from
1.04+ 0.1 to 2.5+ 0.5, indicating that most of the changes
brought along by nicking involve the oxidative half reaction
of DAAO. The increase oPV, together with the 1.5-fold
increase ol, indicates that the rate of release of the imino
acid (k1) must be approximately 2-fold faster in the nicked
species with respect to native enzyme (at 25, O,
concentration is only 0.25 mM, makinks' partially rate
limiting: 2530 mim? with ks = 1 x 10 M~ min~t andky;
= 600 mirr?; Porter et al., 1977). However, a 2-fold increase
of ki3 would not be sufficient to justify the large increase of
PV we observed. A significant increase 't; is ruled out
by the small change dfV/K we observed. Assuming that
Pks still has a value of5.5, we can estimate th&; must
decrease at least 10-fold (if we use a valu€ivith native
DAAO of 1.14 and that for the nicked species of 2.0, the
maximum and minimum values foPV we estimated,
respectively).

Therefore, we must propose that nicking

Vanoni et al.

experiments do not allow to explain the lack of interaction
with p-aspartate opb-glutamate and the native or nicked
DAAO forms. In this respect we found interesting the fact
that there is a very low similarity between DAAO and
D-aspartate oxidase in the loop region (Negri et al., 1992).
Also the closely related DAAO from yeast exhibits little
similarity with the pig kidney DAAO in the active site loop
region (Faotto et al., 1995).

Together these observations support the hypothesis of the
major role played by this part of the protein molecule in
determining both substrate specificity and the kinetics of the
reaction.
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