
THE JOURNAL 
Q 1992 by The American Society for Biochemistry and 

OF BIOLOGICAL CHEMISTRY 
Molecular Biology, Inc. 

Vol. 267, No . 17, Issue of ‘June 15, PP. 11965-11871,1992 
Printed  in U. S. A. 

The  Primary  Structure of the  Flavoprotein  D-Aspartate  Oxidase from 
Beef  Kidney* 

(Received for publication, September 13, 1991) 

Armando Negri, Fabrizio  Ceciliani,  Gabriella  Tedeschi,  Tatjana  Simonic  and Severino RonchiS 
From  the  Istituto di Fisiologia Veterinuria  e  Biochimica,  Universita  di  Milano  and  the  Centro  Interuniuersitario  per lo Studio 
delle Macromolecok  Informazionali, 201 00 Milano,  Italy 

The  complete  primary  structure  of  the  peroxisomal 
flavoenzyme  D-aspartate oxidase from  beef  kidney  has 
been  determined  by analyses of  the  peptides  obtained 
through  fragmentation of the  carboxymethylated  pro- 
tein with trypsin, CNBr,  heptafluorobutyric  acid/ 
CNBr  and Staphylococcus aureus V8  protease.  The 
protein  consists  of  a single polypeptide of 338 residues, 
accounting  for  a M, of 37,306 for  the  apoprotein. A 
form  of  the  enzyme  lacking Lys-338 and  therefore 
ending with Pro-337 has been  detected. 

The  N-terminal  residue is blocked. Seven cysteines 
and  no  disulfide  bridges are present.  Residue 228 can 
be either  Ile or  Val.  Thus,  D-aspartate  oxidase  presents 
two types of heterogeneity  in  the  polypeptide  chain in 
addition  to  the  one  already  described  concerning  the 
possible  content of  FAD  or 6-hydroxyflavin adenine 
dinucleotide. 

Comparison  of the  primary  structure of D-aspartate 
oxidase with other  known  sequences reveals that D- 
aspartate  oxidase is homologous with D-amino  acid 
oxidase (another flavo-oxidase) and  does  not  present 
significant sequence similarities with any  other  pro- 
tein, including  flavoenzymes. 

D-Aspartate oxidase (EC 1.4.3.1) is a flavoprotein that 
catalyzes the oxidative deamination of dicarboxylic D-amino 
acids by O2 with the production of H202, NH3, and  the 
corresponding a-keto acids (1). Since the discovery of a D- 
aspartate oxidase activity in  tissue homogenates, it became 
clear that  the enzyme responsible for this activity is distinct 
from the other well known flavoenzyme D-amino acid oxidase 
(EC 1.4.3.3), which catalyzes the same reaction but is active 
only toward neutral  and basic amino acids. 

D-Aspartate oxidase has been so far purified only from the 
hepatopancreas of Octopus vulgaris. (2) and beef kidney cortex 
(3). The spectrophotometric properties and kinetic mecha- 
nism of the beef enzyme have been investigated in detail (3, 
4). These  studies showed that  the general properties of D- 
aspartate oxidase resemble those of D-amino acid oxidase. 
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The  latter is still considered a model for the understanding of 
the mechanism of action of flavoprotein oxidases. For this 
reason, we extended the comparison between the two enzymes 
at  the primary structure level by determining the amino acid 
sequence of beef kidney D-aSpartate oxidase and comparing 
it with the one of D-amino acid oxidase from mammals (5-7), 
yeast (8), and bacteria (9). This information will  be useful in 
order to  understand  the evolution of these molecules, in view 
of a possible explanation for their physiological role, which is 
still unclear. 

This report  presents the experimental work that allowed 
the determination of the amino acid sequence of D-aSpartate 
oxidase. 

EXPERIMENTAL PROCEDURES AND RESULTS’S~ 

DISCUSSION 

This paper  reports for the first  time the characterization of 
the primary structure of the flavoprotein D-aspartate oxidase 
from beef kidney. The enzyme contains 338 amino acid resi- 
dues, accounting for a M, of 37,305 for the apoprotein. This 
value agrees with the one determined by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and gel filtration, 
suggesting that also this peroxisomal enzyme is not  a glyco- 
protein, despite the presence of N-glycosylation consensus 
sequences (Am-X-Ser/Thr)  at positions 181-183, 230-232, 
and 243-245. 

The  N-terminal residue is blocked. Seven cysteines and no 
disulfide bridges are  present. The primary structure  has been 
determined by sequencing the fragments  obtained by diges- 
tion of the carboxymethylated enzyme with trypsin, CNBr, 
CNBr/HFBA, and Staphylococcus aureus protease. Experi- 
mental evidence for the amino acid sequence shown in Fig. 9 
has been obtained for all but  the first  amino acid residue, 
which has been indicated as Met  on the basis of the following 
observations: (a) the sequence of C2 shows an N-terminal 
extension of 4 amino acid residues with respect to T2, the 
first  tryptic peptide sequenced ( b )  the amino acid composi- 
tion of the tryptic peptide with retention time of 25 min in 
Fig. 1, whose N  terminus is blocked, agrees with the one 
expected for T1 (Table I); (c) the amino acid composition of 
the protein deduced from the sequence is in good agreement 

Portions of this paper (including “Experimental Procedures” and 
“Results,” Figs. 1-8, and  Tables I and 11) are presented in miniprint 
at  the end of this paper. Miniprint is easily read with the aid of a 
standard magnifying glass. Full size photocopies are included in the 
microfilm edition of the Journal that is available from Waverly Press. 

The abbreviations used are: HFBA, heptafluorobutyric acid 
PTH, phenylthiohydantoin; GnCl, guanidine hydrochloride; TFA, 
trifluoroacetic acid; DTNB, 5,5’-dithiobis(2-nitrobenzoic) acid; 
PVDF, polyvinylidene difluoride; TPCK, N-p-tosyl-L-phenylalanine 
chloromethyl ketone. 
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with the one determined by amino acid analysis (Table I); ( d )  
no additional short peptides deriving from fragmentation with 
CNBr were isolated, suggesting that no other amino acid 
residues besides a single Met is present before C2. The iden- 
tification of the C-terminal residue posed some problems due 
to  the lack of information derived from the direct sequence of 
the  entire protein  through digestion with carboxypeptidase. 
In addition, since the  last residue is Lys, no  tryptic peptide 
lacking a basic residue at  its C terminus was detected, except 
for T37a, which, however, appears to derive from a form of 
the enzyme that underwent partial C-terminal proteolysis 
either in the cell or during the purification procedure of the 
native enzyme. The assignment of T37  as  the C-terminal 
tryptic peptide is based on the sequence of  C7. This CNBr 
peptide, in  fact, overlaps T35, T36, and  T37  and lacks a 
methionine residue at  its C  terminus. In conclusion, these 
data show that  the enzyme is isolated as a  mixture of two 
forms differing for the C-terminal residue that can be either 
Pro-337 or Lys-338. This observation is important  in view  of 
the role proposed for the C-terminal  tripeptide  in many per- 
oxisomal enzymes as a “peroxisomal targeting signal” (10). 
The  data presented here for D-aspartate oxidase suggest that 
such  a  tripeptide (usually Ser/His(Lys)/Leu) is absent,  indi- 
cating  that some different structural feature fulfills the re- 
quirement for the targeting of this enzyme to peroxisomes. 
However, since Pro has been shown to be a possible substitute 
for  Ser as  the first residue of the tripeptide (lo),  it is also 
possible that a third residue following Lys-338 (Leu or a 
residue functionally equivalent for protein  targeting) has been 
proteolytically lost in  a maneer similar to what is observed 
for Lys-338. 

Microheterogeneity has also been observed at  position 228, 
which can either be Val or Ile.  However, this  substitution 
represents  a conservative replacement, originated by a single 
point mutation  in the gene, and is not expected to have a 
major effect on the general properties of the enzyme. In 
conclusion, this study reveals that D-aspartate oxidase shows 
molecular microheterogeneity in  the polypeptide chain,  in 
addition to  the one already described concerning the possible 
content of FAD or 6-hydroxyflavin adenine dinucleotide in 
the isolated protein  (3). 

Fig. 10 shows the alignment of the amino acid sequence of 
D-aspartate oxidase from bovine kidney and  that of several 
D-amino acid oxidases from various sources. The “consensus 
sequence,” comprising 137 out of  387 residues (35%) was 
obtained, considering those  amino acids that are identical or 
conservatively substituted in  at least six out of the seven 
sequences shown. It is interesting to note that D-aspartate 
oxidase presents 125 of the 137 residues of the consensus 
sequence (91%), pig, human, and mouse D-amino acid oxidase 
presents 137 (loo%), rabbit D-amino acid oxidase presents 
134 (98%), Trigonopsis variabilis D-aminO acid oxidase pre- 
sents 107 (78%),  and Fusarium solani D-amino acid oxidase 
presents 115 (84%). This observation suggests that indeed D- 
aspartate oxidase retains most of the primary structural  char- 
acteristics common to D-amino acid oxidases. Inspection of 
the consensus sequence reveals that  it comprises residues 
belonging to all the different portions of the molecules:  39, 
50, and 48 conserved amino acids are present between residues 
1 and 120, 121 and 240, and 241 and 387  of the consensus 
sequence, respectively. It can be concluded that D-aspartate 
oxidase and D-amino acid oxidase derive from divergent evo- 
lution of a single gene. 

When the comparative analysis is restricted to D-aspartate 
oxidase from  beef kidney and D-amino acid oxidase from pig 
kidney (the usual and best  studied source of this enzyme), the 
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FIG. 9. The complete amino acid sequence of beef kidney D- 
aspartate oxidase. T, tryptic peptides; C, CNBr peptides; H,  CNBr/ 
HFBA peptides; S,  S. aurem V8 peptides. 

two proteins  appear to be  homologous (41% identities and  an 
additional  15% of conservative replacements). In addition, 
the observation that 75% of the glycines and  tryptophans  and 
60% of the prolines are conserved suggests also that  the 
tertiary  structure of the two enzymes must be very similar. 

The role of active site residues in pig kidney D-amino acid 
oxidase has been extensively investigated using both chemical 
modification and site-directed mutagenesis techniques (7, l l ) .  
According to  the alignment shown in Fig.  10, Tyr-228 and 
His-307 (the numbers refer to pig kidney D-amino acid oxi- 
dase) are punctually conserved in all the enzymes, suggesting 
a common catalytic role for these residues that, however, has 
not yet been elucidated. None of the  other “active site resi- 
dues” (11) (Tyr-55, Met-110, Lys-204, His-217, and Tyr-224; 
marked with an asterisk in Fig. 10)  are conserved in all the 
proteins considered, although  in most cases, functionally 
equivalent residues can be found around the position of those 
amino acids in the sequence of the enzymes. 

No other proteins besides those shown in Fig. 10 present 
extended  primary structure similarity with D-aspartate oxi- 
dase, except for the  N-terminal sequence, which is known to 
be common to most enzymes binding ADP-containing nucle- 
otides (12). In particular, no significant similarities were 
detected between D-aspartate oxidase and  the  FMN- contain- 
ing flavoproteins of the oxidase/dehydrogenase class that 
have been shown to share a common mechanism of catalysis 
with D-amino acid oxidase (13) (lactate oxidase, glycolate 
oxidase, and flavocytochrome bz (14-16)). This observation 
reinforces the proposal of Geigel et al. (14) that D-aspartate 
oxidase and D-amino acid oxidase (both FAD-containing en- 
zymes) constitute  a family of homologous proteins different 
from the one comprising the FMN-containing oxidases and 
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FIG. 10. Comparison of the  primary  structure of D-aspar- 
tate oxidase with that of D-amino acid oxidase from various 
sources. DASPO  b,  bovine D-aspartate oxidase; DAAO p ,  pig D- 
amino acid oxidase (5); DAAO h, human D-amino acid oxidase (6); 
DAAO r,  rabbit D-aminO acid oxidase (7); DAAO m, mouse D-amino 
acid oxidase (7); DAAO t ,  T. uariabilis o-amino acid oxidase (8); 
DAAO f ,  F. solani D-amino acid oxidase (9).  The consensus sequence 
was determined,  considering the residues that were identical in all 
seven sequences (bold  upper  case), identical or conservatively replaced 
in all seven sequences (upper  case), and identical or conservatively 
replaced in at  least  six out of seven sequences (lower case).  Asterisks 
mark  the active site residues of mammalian D-amino acid oxidase 
proposed on  the basis of chemical modification and site-directed 
mutagenesis  studies (7, 11). 

that  the two families evolved toward  a common chemical 
mechanism of catalysis  through convergent evolution. 

No extended sequence similarities were found between D- 
aspartate oxidase, L-aspartate oxidase from Escherichia coli, 
and L-amino acid oxidase from Neurospora crassu. The  latter 

two enzymes are FAD-containing oxidases constituted by 540 
and 566 amino acids, respectively (17, 18). The different 
masses and  the absence of sequence similarities between the 
oxidases active on D- or L-amino acids, which result  in the 
completely different substrate specificity exerted by the two 
groups of enzymes, probably derive from the need to mantain 
a strict control  on the  entrance of  D- or L-amino acids in 
different metabolic pathways. The growing number of infor- 
mation concerning the presence and  the possible biological 
role of D-amino acids will permit  a conclusion whether D- 
aspartate oxidase and D-amino acid oxidase are  still  to be 
considered "detoxifying enzymes" (19) or are involved in more 
complex metabolic pathways. 
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EXPERIMENTAL PROCEDURE 

Mawids Beef  kidney D-aspanatc oxidase was purified as described in (3). TFA 6 N H a ,  HFBA CNBr and 
GnCl were from Pierce Chemical Company. TPCl-trypsin. Sfqhybcoccur rwrpys protease and carbaxypep- 
tldascBwereobtainsdfromBaehringsrMaMheim. Iodo[2-'4C]aeet~cacidwasframAmersham.Alltheothcr 
resgenu used were of the highest purity commcreially available. 

Aminnlndanalvrir Gas-phase hydrolyns was carried out in 6 N HCI containmg 1 % (vh) phenol at 105OCfor 
24  h. Armno acid analyses were carried out by a post-column o-phtalhaldeyde derivatiration procedure (20). 
using a Jasm (Japan Spectroscopy) amino aad  analyzer equipped wth a 880-PU pump and a 820-FP detector. 
Cysteme content was determined either as carboxymetbylqsteinc after reduction and earboxymethylatmn of 
the pratcm or by titralmn wtb DTNB under denatunng no" ndunngcondmons in 50 mM K P I .  6 M GnCI, pH 
7.4 (21). 

E u b j e c t c d  to tryptiedigcaion wasderivatircd usmg iodo[2-P4C]al.eticadd 1 VCii +mol. 

-, Trypic digestion was carried out m 0.1 % NHaHCm pH 8.0 at 37oC for 4 h using B 

protcasc : carboxymethylated D-aspartate oxidase ratio of 1 : 1W. Asecond aliquot ofprotease was thenadded 
and the digestion was allowed to proceed for an additional hour under the same conditions. The reaction was 
stoppedbylower~ngIhepHbelow2.0w~lhTFAfollowedbylyophyBzation.Themateriaiwasthenresuspcnded 
in500 alof0.1%~Aandeentnfugedfor8minusinganEppendorf54l4cenfrifuge.Thhcpclletsasurashed 
wilh1W u l a f O l % T F A a n d c e n t r i f u g e d a s ~ b ~ ~ ~ . T h ~ ~ ~ p e ~ ~ ~ t ~ ~ t ~ f ~ ~ m t h ~ w ~ ~ ~ ~ t ~ i f u g ~ t i ~ ~ ~ w ~ ~ ~ p o ~ l ~ d  

The pellet (0.1 % TFA insoluble material) was dissolved in 4W 11 of 30 % CWCOOH. eentnfugcd and 
and thc peptides (0.1 % TFA soluble peptides) chromatographed on a RP-HPLC column as described below. 

separated on asecond RP-HPLCehromatography. No insoluble material wasprescntaftersalubilization with 
30 % CHFOOH. 

Digestion with S. rwmw protease was earned out for 24 h at 37 OC using a protease : carboxymethylated 
D-aspartate oxidase ratio of I : 25 (w/w), m 50 mM ammomum acetalc, pH 4 0 

Carbamplidase B digestion was conducted both on the carboxymethylated enzyme (usmg a protease : 
substrate r a m  of 1 : 25 (w/w) in 0.2 M N-ethyimorpholine acetate, 1 M urea, pH R.5. Aliquatr of the incuballon 
mixture were withdrawn a1 different times, the proteins precipitated with IO % trichloroacetx acid  and 
centrifuged, and the supernatant analyzed for amino acid contcnt. 

Reduction and earboxymcthyiation of the  proleu were crformed as described in (22). 

1ated protein in 70 %formic acid and adding P lOOfold molar m e a  of CNBr over mcthionyl residues. After 
Clcavsgc PI methionyl residues was accomplished by dissolving 0.5 mg of earbaxymethy- 

24 h 81 rwm temperature in the dark the reaction ms stopped by a lbfold dilution with water followed by 
hophyliration. 

Further cleavage of the CNBr peptides at trypophanyl residue was carried out by dissolving the pcptides in 2 
ml of 70 % formic add : HFBA 1 : 1 and adding a 10,000-fald molar excess of solid CNBr over tryptophanyl 
reriduer(U).Ancr24hatraomtcmpcraturethe~turewasdriedwithartrcamofnilrogeninhwd,diJsaived 
in 10 ml of water and Iiophylrzed. 

(lapan S p l r m c o p y )  HPLC equipped with a n Uvidec-100 V detector ret at 220 m and an Aquapore C-8 
Purification of peptides was carried out by RP-HPLC using B JASCO 

RP-3W 14.6~25 mm) column 1Aoolied BiosvrtemhThe ehromato~aohicconditionsured arc indicated in the 
Figure <cgcnds. Aliquou from &h fraerion we;; withdrawn ani analyzed for amino acid content, ["C] 
incorporation and amino acid sequence. 

L'" 
barymethylatcd e-, HPLC- purificdpeptideror PIH-amino acid derivatives originateddunngthc Edman 

["C] incorporation was measured by dissolving aliquou of  ['4C]-car- 

degradation and recovered from  the sequencer in Instagel (Packard) and counting in a Packard Minaxi Triearb 
liquid adntillation counter. 

Sequens analyses were canied out on an Applied Bimyy~tem Model 477.A pubs liquid- 
phase sequencer equipped with a Model 120-A PIH-analyzer according to the manufeecturcr's insvuctions. 
Identiiieation of PIH-["Cl- earboxymethylqrtcine was confirmed by ["C] incorporation measurementl. 
Blotting of the protein on PVDF membrane prior to sequencing was performed aceordmg to (24) 

Asearch  for similarities beween  the primary ~tmet~re  of D-aspanale oxidase with the one 
of other protetns was performed using the Swiss-Pro1 Protein Database. 

RESULTS 

ThcN-terminalreaiducofD-asppRltcoxidarcisblaeked,asindi~tedbythefactthatnowqucnecinIormations 
were obtained by submitting either the native. carbxymethylalsd or PVDF- membrane blotted protein to 
Edman degradation. Thus, the determination of the amino acid sequence of D-aspartate oxidase was ac- 
complished through t h e  ehprpeterivtion of all the peptides obtained by vyptic digestion of the earbarymcfhy- 
lated protein. A l i e n 1  of the tryptic peptides was subsequentally aehievcd by submitting the carbaxymcthy- 
lated protein to different enzymatic or chemical fragmentations. 

and(b)iluolublcin0.1%TFAThstuloscuwcrereparatedbyrrntrifugationasindicatedundcr"Experimcntal 
~T~rypticdigestionof3mgD-aspaMteoxidassgavctwosetsafpeptider:(a)~olvblemO.l%TFA 

P~aecdure".Psptidc~mntal~cdinset(s)wcr~~cpprateddireNybyRP-HPLC(Fig.1).Thepeplidcrm-clutcd 
in the fractions with retention time of 3235  and 43 min were funhcr purified by RP-HPLC under different 
conditions (Fig.  2,3 and 4). The 0.1% TFA inrolvbic material was fin1  solubiliud in 30% CHCOOH and 
then separated by RP-HPU: (Fis 5). Fractions from ea& chromatography were analyzed for amino add 
cornpasinon. ["C]-inmrporation and amino add sequence. Tables I and I1 and Figure 9 repon the results of 
such analyses far all the trypticpeplides characterized. Since the digestion conditions (i.e. protease 10 substrate 
ratio and time of digestion) were relatively mild a significant number of partially digested peptides were 
obtained. This, however, allowed immediate alignment of many shon peptides, as shown in Figure 9. No amino 
acid wqucncc was obtained by submitting the peptide with retenuon time 2.5 min of Figure 1 to Edman 
degradation. This peptide WPI assigned as TI since iu N-terminus is blocked. as expected from the analysis  of 
the mire  protein. and i u  amino acid mmposition (Table I) conupands 10 the one upcaed  for this panion of 
the molceulc on the basis of the rspulu obtarned through the malysis of the CNBr fragments (see below).  

In mnclurion. the charsctcrirstion of the tryptic peptides allowed to sstabilish portions of the sequence 
accounting for 333 out of the Wtal 338 amino add residues which COnstiNte the enzyme. Complete alignment 
of the uyptie peptides and identification of the sequence of the 5 amino add residues still miruing @asitions 

protein with CNBr, CNBrlHFBA and S. UWYI V8 protease. 
I-5)werca~hicvedbytheeharacterivtionofthcpcptidesobtainedbyfragmcntationoftheearb~ethylated 

. .  

the C-terminal partion of the molecule (l21-T37) was obmned by the characterization of a f e w  peptides 
Experimental evidence for the alignment of the tryptic peptides comprising 

D-as~teoridascrcsultedWbeveryrcsistsnttadigcstianInfan,onlytheC-tcrminalponionofthemoiecule 
originated by duesting the protein with Sovmu V8 protcay (Fig, 8). Both native and carboxymcthylatcd 

(starting aher 01~2.53) appeared to be sensitive to the action of the protease. 

unambigous Dssigmment of a few other portions of the malccvle required s p e d  attention. In p"icular. no 
Apart from the failure in sequencing the N- terminal portion of the entire protein , the 

C-terminal sequence w s  obtained by submitting the carbarymethylated protein 10 digestion with carbaxypep 
UdaK. T h u s ,  the C-terminus of the protein has been identified ar Lys338 from the amino add  ssqucns of T31 
and CB7. However the sequence of tryptic peptide T37s is equal to the one of T37 except far the absence of 
the terminal Lys residue. Determination of the amino add composition of T37 and T37a confim that these 
peptides differ only for one Lys residue (Table I). In addition, SI8 also ends with Pro337. Taken together these 
results suggest that pmial digcruon of the C-terminal residue might m r ,  either in the cell or during the 
purification of the native protein, originating two fa-  of the enzyme ending with LyD38 or with Ro337. 

Anothcrtypeofmaleeularmioohetcrogeinily~beendctcctcd,derivingfromgenetievarianllofthcenryme. 
In fact. either Val or Ile were found at position 228 @cptidc "24 and ma, respectively). Finally. overlapping 
of the tryptic peptides was in some cases complicated by a few peculiar "tryptic" cleavages, such as beween 
His134 and Ala135, Leu160 and Ile 161 and Asnl81 and Cyr182 (Fig. 9). 

Table I1 and Figure 9 summarize the data used to determine the complete primary stmcture of beef kidney 
D-aspartate oxidase. The e w e  consisu of 338 amino add residues. accounting for a MI of 37305 far the 

between the amino add compmition of the entire protein determined by amino acid analysis with the one 
apoprotein, in accordance with the d u e  reponed in previous studies (3). Table I rhom the gwd  eonelation 

deduced from the sequence. The data relative to the Cys content suggest that the enzyme eonlains 7 Cys and 
no disulfide bridges, since all the Cys can be titrated by DTNB under denaturing non-reducing conditions. 

0 
F- 

Fig 1. RP-HPLC of the 0.1 %TFA-soluble pepttdcr obtained by tryptic dtgestion of ['%I-carbarymethylalhed 
D-aspartalc oxidase. Conditions: column C-8 Aquapore RP-300 ( 2 5 0 ~  7 mm): buffer A 0.1 % TFIFA; buffer B 
CHKN + 0.075 %TFA, flow rate 2 ml/min. Gradient: from 0 10 60% B ~n 85 mn. Fraction numbers refer to 
the tryptic peptides found in each peak and aligned as show m Fig. 9 An asterisk mark peptldcr containing 
[14Cl-carboxymethyl~teine determined by radioactivity counting both on an aliquot of each fraction and of 
the~-dcrivativcremvercdfromthcEdmandegradalion.Thepcptidcscontainedinfractianswithretentian 
time of32.35 and 43 min were identified after repurification as described in Fig. 3,4 and 5, rupcctiuely. 

1 
0 20 4b 60 

RP-HPLC purification of peptides contained in fraction  unlh retention time of 32 min in Fig.1. 

buffer B CWCN. Gradient: from 0 to 60 % Bin 85 nun. 
Conditions: column c.8 ~quaporc  RP- 3W (250~ 4.6 mm). flow rate 0.7 d m i n :  buffer A: 5 mM Nan,  pH6.0 
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t 

I 20 4 0  60 
T I M E  (rnin) 

~RP-HPLCpurificatianofpepfidereontonedinfractionwithretenuant~meof3SmininFig.1.Canditions 
as in Fig 3. 

A22 0 I, 
t 

I 
0 20  40 60 

TIMElmtnr 

A220 

eie-d RP-HPLC of peptides obtained by CNBr fragmentation of S- carboxymcthylatcd D-aspartats oxidase. 
Conditmm: mlumn C-8 Aquapore RP-3W (250 x 4.6 mm); flow rate 0.7 mVmin; buffer A 0.1 %'ITA buffer 
B: C H S N  + 0.075 %'ITA. Gradlent: from 0 to 60% Bin 85 nun. 

I 0.01 , I1 

A220 

0 
"t 

40 60 80 

TIMbrn~n) 

EipL RP-HPLC of peptides obtained by CNBrMFBA fragmentation of peptides CS and C6 contamed m 
fradior6 with retentmn ume ranging from 80 Io 85 min ~n Rg. 6 Conditions as in  Fig. 6. 

Fig.8.RP-HPLCofpeptidcsobtainedbyd~gertionvithS.aureusproteic;cofS-earboxymsthylatedD-aspanate 
oxidase. Conditions as m Fi& 6. 

Eip-I RP-HPLC of the 0 1 % "FA-msoluble  pepndes  obtained by lryplie  digcsuon of ['4C].car. 
boxymethylalhed D-aspartate oxidase. Conditions as in  Fig. 1. 
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23.0122) 
7.0( 7) 

20.9[21) 
20.4121) 
30.5(31) 
22.0122) 
29.0130) 
24.31221 
27.2(30) 
5.41 6) 
18.0120) 
32.6131) 
6.61 7) 

19.4119) 
11.8111) 

8.7( 9) 
20.0120) 
8.81 8) 

0.6(1) 

0.7(1) 0.811) 
1.712) 

l.O(l) 
0.811) 

D.611) 
1.111) 

1.612) 

2.3(2) 
4.615) 
1.611) 
2.312) 
3.915) 
1.111) 
1.912) 
1.111) 
1.011) 
2.112) 
1.1(1) 
I.O(l) 
1.011) 
1.0(11 1.111) 1.0(1) 

0.911) 

n.d(l) 

Cl?A 138 
82 
19 
28 

1.011) 

1.011) 
53 
55 
20 
57 
11 
29 

Ens 1-338 1-5 6-24 25-37 38-63 61-65 66-69 
It1 8 15  20  51 23 22 

&A T6+7 T8+9 TlOtll  T12 T13 T U  T15+16+17+1# 

12 
36 
36 
52 
16 
6 

24 
15 
27 
17 
5 

21 
11 
11 

CY8 
ASX 3 . 8 ( 4 )  
Thr 1.412) l.O(l) 

C1X 6.918) 
Ser 2.413) 

Gly 2.90) 
Pro 2.2(2) 

Val 5.316) 
Ala 4.7(5) 

net 
Ile 3.214) 

Tyr 0.4(1) 

LYS 1.011)  2.012) 

0.611) 

Leu 3.113) 

Phe 4.415) 

His 0.7(1) 

Trp n.dI3) 
A r q  0.911) 

lr2(11 
2.1(2) 

0.911) 0 . 6 1 1 )  
4.214) 
0.511) 
2.713) 
1.7(2) 
1.411) 
4.6151 

2.413) 

3.513) 
5.515) 

1.011) 

0.8(1) 
1.211) 

n.d(l) 
2.613)  

1.1(11 1.111) 
0.9(1) 
1.211) 

0.7(1) 
1.111) 

2.112) 
2.412) 
1.011) 
0.711) 

1.011) 

1.812) 
0.711) 

1.0(1) 0 . 9 1 1 )  

n.d(ll 

1.011) 1.011) 

2.012) 0.9(1) 
2.813)  

1.512) 

Ens 66-117 118-121 122-126 127-140 141-152 154-155 154-188 
It1 15 9 11 9 87 la 6 

Table I (continued) 

M T17+18  TI8  T19  TI0  T21 W T23 

CyS 0.711) 0.6(1) 
lax 2.813) 2.913) 1.011) 
ThT 
Ser 1 . 9 1 1 )  2.0(3) 0.611) 
-... 
G11 2.112) 2.1(2)  1.211) 
Pro 1.011) 1.1(1)  0.811) 

A l a  0.711) 
Val 1.712) 1.712) 

1.0111  1.411) 
1.111) 

1.1[1) 
0.411) 0.8(1) 1.9[2) 

Cly 2.412)  1.012)  0.911)  1.311) 

Pbe 1.111) 0.9(1) 1.011) 1.0(1) 
LY 9 1.1111  1.011)  1.0(1) 
Hi8 1.011) 1.011) 
Arq 2.0121 1.011) 

0.611) 
1.011) 1.011) 

Trp n.dll1  n.d(l) n.d(l1 

165-188 166-188 189-195 196-200 201-205 206-112 213-216 
[ a )  23 31  73  77 86 53 67 

T14 

2.212) 
3 . 3 1 3 1  
2.713) 

T25 

0.8(1) 

T26 

3 . 0 0 )  

1.7(2) 

0.7(1) 
1.2(1) 

0.811) 
1.011) 

0.911) 
1.011) 

1.Dl1) 

TZ8 

1.812) 

3 

1.211) 
81,s 106 8 4  
82.A 375 145 131 

23 

126 
55 

105 
51 

2.112) 
3.213) 
2.513) 

0.7(1) 
4.114) 

0.811) 

2.012) 
1.9(2) 

2.012) 

83.1 157 105 
8 4 . A  338 157 
8 1 . 1  166 120 
86.D 223 104 
87.A 237 116 
88.G 188 116 
89.V 102 42 
90.1 72 55 
91.L 89 73 
92.V 67 28 
93,s 34 28 
91.G 107 73 
95.w 15 5 
96.0 39 45 
97.1 39 20 
98.Q 93 18 
99.Q 51 51 

10D.S 19 9 
101.1 30  11 
102.P 15  17 
103.1 11 9 
104.E 32  15 

1.1(1) 
1.3(1) 

0.911) 

2.111) 
1.211) 

1.211) 

0.8(1) 
4 . 4 ( 4 )  0 . 9 ( 1 1  

0.9(1) 
117 
188 

126 
145 

307 
113 
36 

236 
41 
66 
131 
69 

E 4 1 1  
123 
365 
371 

95 
294 
118 
31 
55 

1.912) 

0.811) 
2.012) 
1.512) 

0.611) 
1 . D 1 1 )  2.a12) 1.211) 

0.511) 

I . D l l 1  

238-239 
23 

1.011) I.D(l) 1.DI1) 

253-257 
126 

1.011) 1.011) 

267-272 
105 

Ens 
I t 1  

217-237 
24 

217-237 
29 

258-266 
89 

Table I (continued) 

T3O T31  T32 TI3 T34+35  T36 W Tlzn 

CY8 
A9X 
Thr 0 . 8 1 1 )  1.6121 

1.011) 1.011) 
1.412) 
2.112) 

1.612) 

EpB 273-274 275-285 286-288 198-296 297-323 321-333 114-118 334-137 
1%) 45 58 42 100 3 0  86 16 11 

-0teS to  Table I 
detemined both by amino acig analysis as S-carborymethylcystaIne 

. 'Cya cantent of the entlre  protein wae 

and by  DTNB  titration.  Determined  by  second  derivatiw 
spectroscopy (From Rep. 3 ) .  Ens indicates  the  position OP the 
peptide in the primary ~equence. It) Indicates  the  recovery yield 
of each peptide. 
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105.E 
106.V 
107.P 
108.Y 
109.Y 
llO.A 

32 20 
18 3 
8 I4 
8 1 

2 
18 7 
11 10 
1 4  
17 
10 
9 
8 

105 
82 

59 
d 

215.1 617 
216.R 33 
217.0 m 1 3 1 2  W 779 
218,s  461  375 
219.5 410 388 
220.G 2032 911 
221.L 1423 612 
222.T 486 309 
223.Y 1393 588 
224.1 961 324 
225.Y 1508 490 
226.P 1060 395 
227.G 1817  425 

229.5 214 92 
228.V 945(I) 186 

230.N 590 190 
231.V 676 105 
232.T 221 40 
233.L 739 163 
234.G 1052 164 
235.G 1073 139 
236.T 206 40 
237.R 46 25 
238.Q l!ZZ 1001 408 
239.K 281 685 

53 
28 
37 
20 
23 
44 
27 
20 

175 
19 
59 
31 

322 
36 

351 
42 
d 
89 
d 
64 
51 
48 
16 
26 

780 
578 
787 
812 
902 
536 
537 

4 1  

hsl 
549 

12 
19 
9 
22 
37 
6 

€e 153 
464 
327 

704 
287 

502 
613 
463 
461 
335 

168 
54 

328 
182 

240 
53 

103 
52 

249 
54 

234 
28 
122 
226 
180 
207 

203 
89 

163 
40 
186 
90 
97 
23 

200 
137 
211 
87 
134 

48 
22 
62 
75 
84 
1 4  

6 

240.G m 1 7 6 0  
241.0 1657 

539 
453 
47 

287 U 80 
339 150 

166 120 
79 29 

119 83 
119 74 
52 4 1  
49  90 
33 36 

~~~ 

242.W 1078 
243.N 1261 
244.L 1280 
245.5 510 
246.P 973 
247.0 1124 
248.11 1200 
249.E 998 
250.1 474 
251.5 120 
252.K 160 
253.E =I290 
254.1 1428 
255.L 1600 
256,s  456 
257.R  237 
258.C 820 
259.C 839 
260.11 1818 
261.L 969 
262.E 887 
263.P 1135 
264.5 229 
265.L 724 

12 36 

85  512143114 74 
26 

95 
32 

60 

16 
26 
11 
21 
7 "  

150.L 69 
151.Q 59 
152.K 11 
153.R 

.. 
3 3  
43 
7 

23 
47 

37 

10 
26 

19 
19 
18 

62 
12 11 

17 
6 

24 24 
16 15 

.. 

154.V T15+16+17+18 189 
155.K 
156.G 

78 
165 

157.N 
158.G 

108 

159.G 
150 

160.L 
1 4 4  

161.1 2lQ 96 93 
92 

162.L  67 83 
163.T 30 42 
164.R 13 22 
165.R 
166.1 

28 T17118 80 
64 191 TuI 

167. E 4 1  
168.0 

95 
32 

169.L 
78 

36 
170.W 

107 
5 

171.E 
67 

172.1 
22 
26 

60 

173.H 
123 

4 
174.P 

11 

175.5 
26 
9 

176. P I 3  
177.0 15 

179.V 
178. I 

18O.V 

266.R 85 
267.G ZU 487 
268.A 852 
269.Y 969 
270.0 631 
271.L 632 
272.R 114 
273.E W 412 
274.R 42 
275.V =I535 
276.G 1663 
277.L 1576 
278.R 1202 
279.P 1300 
280.T 2617 

169 
147 
158 
120 
31 

d 10 
8 7 

14 12 
2 
6 
2 
5 

15 
9 

398 
162 
113 
331 
220 

227 
119 

15 
207 
79 

208 
65 

175 
91 
87 
64 
36 
34 
62 
59 
51 
21 
5 

131 
49 
65 

8 
3 

-180 
550 

250 
73 

161 
46 

129 
240 
139 
187 
71 
52 

133 
29 

124 
124 
26 
9 

66 
198 
66 
88 
38 

26 
11 

36 
33 
26 
19 
5 

56 
23 
18 
41 
16 

20 
16 

15 
17 

-246 
213 

157 
73 

281.R 977 
282.P 1164 
283.G 1110 
284.V 957 

~ ~~~ 

6 
10 
7 90 

27 
48 
38 
43 
23 
21 
30 
17 

285.R 500 
286.L m 1 6 0 5  
287.E 1376 
288.K 1615 

~~ 

4 
1 

sEL?L6 20 
21 
38 
36 
50 
55 
50 
1 3  
7 5  

289.E =I515 
290.L 1541 
291.L 1055 
292.A 1929 
293.Q 1126 
294.0 485 
295.5 479 
296.R 531 
297.R T34t35 
298. L 
299.P 

301.V 
300.V 

302.H 
303.H 
304.Y 
305.G 
306.H 
307.G 
308.5 
309.G 
310.G 
311.1 
312.A 
313.M 
314.H 
315.w 
316.G 
317.T 
318.A 
319.L 
320.E 
321.A 
322.T 
323.R 
324.L =I371 
l i . 5 . V  1503 
326.N 979 
327.E 768 
328.C 763 
329.V 1052 

44 
123 
567 
827 
979 
113 
155 
486 

161 
89 

230 
85 

35 
72 
172 
184 

202 
55 

193 
76 

221 
62 
32 
48 
20 

86 
29 

38 
38 
31 
20 
46 
37 
12 

" 

12 
22 
25 
9 
18 
3 
4 
7 
12 

7 

363 
54 

130 
191 

€Z 58 
207 
350 
178 
321 
368 

210 
79 

119 
24 

224 
326 
85 
43 

196 
36 

122 
217 
179 
18 
42 
69 
121 
75 
12 

T22+23+24 101 
128 
126 
83 
26 
35 
31 

47 
13 

173 
49 

91 
45 
30 
67 
55 
51 
15 
100 
215 
201 
152 
162 
20 
17 
65 
33 
15 

330.Q 805 
331.V 850 
332.L 724 
333.R 103 
334.T 'XU 310 
335.P 634 
336.A 720 
337.P 356 
338.K 1 0 4  

T n a  94 
200 
212 

40 

. Valuer are given in pmoles. T c H and 5 ?%%% t&??& o k i n a d  by fraqmentation  with t;yp.'in. CNBr, 
CNBrIHFBA sins S.dUreYS V8 protease, respectively; hsl. indicates 
hononerine and hoaoserine lactone; d indicates a PTH-derivative of 
tyrosine eluting after PTH-leucine under the experimental condition 
used for PTH-amino acid separation; indicates that peptides C5 and 
c6 Y B ~  sequenced as a mixture. 




