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This paper presents the complete amino acid se-
quence of the low molecular weight acid phosphatase
from bovine liver. This isoenzyme of the acid phospha-
tase family is located in the cytosol, is not inhibited by
L-(+)-tartrate and fluoride ions, but is inhibited by
sulfhydryl reagents. The enzyme consists of 157 amino
acid residues, has an acetylated NH, terminus, and has
arginine as the COOH-terminal residue. All 8 half-
cystine residues are in the free thiol form. The molec-
ular weight calculated from the sequence is 17,953.
The sequence was determined by characterizing the
peptides purified by reverse-phase high performance
liquid chromatography from tryptic, thermolytic, pep-
tic, Staphylococcus aureus protease, and chymotryptic
digests of the carboxymethylated protein. No sequence
homologies were found with the two known acylphos-
phatase isoenzymes or the metalloproteins porcine
uteroferrin and purple acid phosphatase from bovine
spleen (both of which have acid phosphatase activity).
Two half-cystines at or near the active site were iden-
tified through the reaction of the enzyme with ['*C]
iodoacetate in the presence or in the absence of a com-
petitive inhibitor (i.e. inorganic phosphate).
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Acid phosphatases (orthophosphoric-monoester phospho-
hydrolases (acid optimum), EC 3.1.3.2) are ubiquitous in
nature and often occur in multiple forms differing in M,
substrate specificity, and sensitivity to inhibitors (1-4). In
addition, most of these enzymes are glycoproteins and some
are also metalloproteins (such as the iron-containing acid
phosphatases, porcine uteroferrin and purple acid phospha-
tase from spleen (5) and bone (6, 7), and the manganese-
containing acid phosphatases isolated from some plants (8,
9)). The presence in mammalian tissues of low M, isoenzymes
was clearly demonstrated by Heinrikson (2) who purified the
enzyme from bovine liver. Subsequently, De Araujo et al. (4)
localized the low M, acid phosphatase in the cytosol.

Lawrence and Van Etten (10) have recently reinvestigated
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Ricerche, Gruppo Nazionale di Coordinamento “Struttura e Funzione
delle Macromolecole Biologiche.” The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accord-
ance with 18 U.S.C. Section 1734 solely to indicate this fact.

the low M, acid phosphatase from bovine liver. They reported
that they had purified the enzyme to homogeneity and criti-
cized Heinrikson’s (2) data, particularly with respect to the
amino acid composition and specific activity, which they
found to be approximately twice as high.

The substrate specificity of the low M, acid phosphatases
is more restricted than that of the high M, acid phosphatases
in that the former efficiently hydrolyzes only p-nitrophenyl
phosphate and riboflavin phosphate (2, 11). In 1980, we
reported that the enzyme isolated from bovine liver is cata-
lytically very active with acylphosphates such as carbamoyl
phosphate and benzoyl phosphate (12). Taga and Van Etten
{11) also found that the low M, isoenzyme from human liver
has a high activity on acetyl phosphate and suggested a
similarity between the low M, acid phosphatases and another
class of enzymes called acylphosphatases (EC 3.6.1.7). The
latter enzymes were extensively studied in our laboratory (13-
16): although they have in common a subcellular localization
in the cytosol and similar molecular weights, we found that
the specificity of the two known isoenzymes of acylphospha-
tase is limited to acylphosphates and that they do not hydro-
lyze orthophosphoric-monoesters. In addition, the amino acid
sequence was determined for several acylphosphatases from
skeletal muscle of vertebrate species (17-23) and for the
isoenzyme from human erythrocytes (24).

Recently, Chernoff and Lee (25) demonstrated that the
major phosphotyrosyl-protein phosphatase from bovine heart
is associated with a low M, acid phosphatase. They reported
that this enzyme appears to be similar to the low M, acid
phosphatases from other tissues, including the liver enzyme.
In fact, all these enzymes have similar M,, pH optima, and
K., values for p-nitrophenyl phosphate, and all are insensitive
to inhibition by L-(+)-tartrate and fluoride ions. Furthermore,
Boivin and Galand (26) purified two isoenzymes from human
red cell cytosol that efficiently dephosphorylate the mem-
brane protein band 3, previously phosphorylated on a specific
tyrosine residue by a tyrosine phosphokinase present in the
red cell membrane.

EXPERIMENTAL PROCEDURES AND RESULTS'

DISCUSSION

The complete amino acid sequence of the low molecular
weight acid phosphatase (cytosol) from bovine liver is pre-
sented in Fig. 1, together with the peptides used to delineate
the primary structure. The protein, consisting of 157 amino
acid residues, is acetylated at the NH; terminus, and has Arg

! Portions of this paper (including “Experimental Procedures.”
“Results,” Figs. 2-11, and Tables I-VI) 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.
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as the COOH-terminal residue. All 8 half-cystines in the acid
phosphatase are present as free sulfhydryls. The calculated
minimum molecular weight is 17,953.

The protein was first reduced and carboxymethylated to
stabilize the cysteine residues. The sequence was determined
by analyzing the peptides obtained from five different enzy-
matic digestions (trypsin, thermolysin, pepsin, S. aureus pro-
tease, and chymotrypsin). Peptides were purified by HPLC?
on Aquapore RP 300 with a trifluoroacetic acid/acetonitrile-
based solvent system. Peaks containing more than one peptide
were rechromatographed on the same column with a different
solvent system and/or different elution programs.

The sequences were analyzed by the manual Edman deg-
radation. The structure of T1, that is, the NH,-terminal
blocked peptide, was obtained by the combination of FAB
mass spectrometry, enzymatic digestions, and Edman degra-
dation, as described in the Miniprint.

The COOH-terminal Arg was determined by treatment of

2 The abbreviations used are: HPLC, high performance liquid chro-
matography; Cm, carboxymethyl; PITC, phenylisothiocyanate; TFA,
trifluoroacetic acid; PAGE, polyacrylamide gel electrophoresis; SDS,
sodium dodecy! sulfate; FAB, fast atom bombardment; PTH, phenyl-
thiohydantoin; Ac, acetyl.

the Cm-protein with carboxypeptidase B. All cleavage points
in the protein were overlapped by peptides obtained from one
or more of the other digests.

No homology emerged when the sequence of the low M,
acid phosphatase from bovine liver was compared with that
of acylphosphatase from bovine skeletal muscle (22), which
indicates that these enzymes are expressed by different genes.
Nor was there any homology between acid phosphatase and
the isoenzyme of acylphosphatase isolated from human eryth-
rocytes (24). The latter enzyme differs from that of human
skeletal muscle in about 44% of the amino acid positions, but
they clearly have originated from a common ancestral gene
(24). Both of these isoenzymes show a strict specificity for
acylphosphates and do not hydrolyze orthophosphoric-mon-
oesters. Thus, although the low M, acid phosphatase from
bovine liver hydrolyzes similar acylphosphate substrates as
other acylphosphatases, these share no structural similarities.
Hunt et al. (5) have studied the sequences of two metallogly-
coproteins, uteroferrin from porcine uterus and purple acid
phosphatase from beef spleen, both of which exhibit acid
phosphatase activity. Although their sequence data were in-
complete, they demonstrated that the sequence homology
between these two proteins was >90%. Comparison of these
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partial sequences (accounting for about 90% of the entire
molecules) with the sequence of the low M, acid phosphatase
from bovine liver shows virtually no sequence homologies.
Furthermore, the two proteins (uteroferrin consists of a single
polypeptide of 35 kDa, whereas purple acid phosphatase con-
sists of two polypeptide chains of 20 kDa and 15 kDa) have a
low cysteine content: uteroferrin contains 2 cysteine residues
per molecule, whereas the 20-kDa purple acid phosphatase
chain contains only 1, and the 15-kDa purple acid phospha-
tase chain contains 2. In contrast, the low M, acid phosphatase
contains 8 cysteines per molecule (M, = 17,953). The se-
quences around cysteine residues in uteroferrin and purple
acid phosphatase are different from those around the 8 cys-
teines of the low M, acid phosphatase. Uteroferrin and the
two chains of purple acid phosphatase have free o-NH, groups
at the NH, termini, whereas the low M, acid phosphatase has
an a-N-acetylated NH.-terminal residue. Acetylation at the
NH, terminus has been postulated to be characteristic of
proteins synthesized on free polysomes in the cytosol (27).
Thus, our results agree with the data of De Araujo et al. (4)
on the cytosolic localization of the low M, acid phosphatase.
We found that iodoacetate causes the inactivation of the
enzyme and that the competitive inhibitor P; protects the low
M: acid phosphatase against inactivation (Fig. 10). In agree-
ment with the data of Lawrence and Van Etten (10), our
results indicate that at least 1 half-cystine residue is present
at or near the active site because 85% inactivation of the
enzyme occurred with the carboxymethylation of 0.9 residue
of half-cystine per molecule of enzyme (Table I); furthermore,
the competitive inhibitor P; reduced the rate of inactivation
by preventing the iodoacetate reaction with active site sulfhy-
dryl group(s). Because of the difference in inactivation of the
enzyme by iodoacetate in the presence and absence of P; (Fig.
10), differential modification by [*Cliodoacetate (28) was
used to distinguish essential active site half-cystines from
others that might be modified at the same time at other sites
of the molecule. We found that Cys-12 and Cys-17, both
labeled by [*“*Cliodoacetate, are protected to the same extent
by P;, so that these two half-cystine residues are at or near
the active site of the enzyme. Nevertheless, Cys-12 reacts with
iodoacetate 3.5 times faster than Cys-17 (see the specific
radioactivity of Cys-12- and Cys-17-containing peptides in
the Miniprint). Thus, Cys-12 contributes most to enzyme’s
inactivation. In this paper, we present the first complete
amino acid sequence for an acid phosphatase.
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Supplementary Material to:

"The Complete Amino Acid Sequence of the Low Molecular Weight
Cytosolic Acid Phosphatase” by Guido Camici, Giampacic Manac,
Alessandra Modesti, Massimo Stefani and Glampletro Ramponi

EXPERIMENTAL PROCEDURES

Materisls. Low M_ acid phosphatase was prepared essentially
as described by Lawrence and Van Etten (10). With their
technique however, we were not able to obtain ) pure
protein: a small quantity of a contaminating protein (about

14 KDa) always remained. Therefore we purified the enzyme
to homogeneity by means of HPLC on anp Aquapore RP 300
{Arownlee Llabs. Inc.) column with a TFA/acetonitrile

gradient system and checked its purity by SDS-PAGE or by
PAGE in urea-containing gels, as described by Manao et al.
(14},
Diphenylcarbamylchloride-treated trypsin, pepsinogen,
carboxypeptidase Y, diisopropylfluorophosphate-treated
carboxypeptidase B and X -chymotrypsin were obtained fram
Sigma. $.aureus V8 protease was obtained from Miles
Thermalysin was purchased from Merck (Darmstadt). Reagents
and sclvents (sequenal grade} for sequence determination by
the Edman _degradation technique were obtained from Fluka
A.G. Iodo |2- C]acet)c acid was from Amersham Int., with a
specific radioactivity of 56 mCi/mmol.Al) other reagents
used were of the highest purity commercially available.
ination fre ps. Total sulfhydryl
group conmtent of acid determined both by
spectrophotometric  titration with 5,5 -dithiobis{2-
nitrobenzoate), Ellman's reagent (29), and by
carboxymethylation of the enzyme with jodoacetate in the
presence of 6 M guanidinium chloride but in the absence of
reducing agents. The spectrophotometric titration was
carried out by dissolving the protein in 1 ml of 0.1 M
Tris-HCL buffer, pH 8.0, containing 0.01 M EDTA and 6 M
guanidinium chloride; the mixture was incubated at room
temperature for 20 min ppior_ to addition of Ellman's
412 = 13,600 M ' cm  was used for calculation.
Protein concentration was determined by
analysis. The carboxymethylation of the enzyme in the
absence of reducing agents was carried out as follows: thne
enzyme (29 nmol) was dissolved in 40 ul of 0.1 M tris-HCl
buffer, pH 8.50, containing 6 M guanidinium chloride and
the reaction vessel was flushed with nitrogen. After 20 min
incubation at room temperature, 40 ul of 654.5 mM iodoacetic
acid solution {adjusted to pH B.70 with tris base) was
added. The reacticn was
atmosphere for 15 min and the carboxymethylated protein was
immediately 1solated from reagents by HPLC on Aquapore RP
300 (4.6 x 250 awm, 7 um) using a TFA / acetonitrile based
solvents system. Ther the protein was hydrolyzed in € N HCl

D

reagent-
aming acid

carried out under nitrogen

and the amino acid composition was determined.

tion. This process was
ar the low M acid phosphatase
3 f‘.PSC,‘le(ri (30 extept that the
purified from urea and

on_and_cacbexsmethy] rried

.35 pumel

previc

technigue ¥
carboxyrethylates pratern  was
ceagents by gel filiration on a
3 equilibrated with 0.7 M ammonsa

column (2 x 4t eni of

Sephadex G 2% superfine

2nalysis. Amino  acid analyses were carvied out

on 3.5-% amol of
Erba 3473 amino acid analyzer equipped with an 5P 4190
camputing integrater {20}, Cysteine was determined as Cm-

peprides or prorein by means of a Carln

cysteine and tryptephan was assayed by the method of Penke
et al. [31}. Alternatively, amine acid analysis of peptides
anslyzing the
J-derivatives of amino acids by HPLC on a
X 150 nm, 4

0-560  prolt “is  performed by
phenylthiocarbane

Waters Pica.Tag srin

ac1d analysis column {3

pmt. usieg an scetoniteile gradient

¥s1s. Before the various nzymat e

azymic___hydra:

digestions, the carboxymethylated acid phosphatase solution
in 8 sirew-cap sealed vial was  iamersed for 5 omin in A
boiling water bath and then chilled in ice.

peptic, 3.
carried ont

Teyptic, aureus protease, and ‘hermolytic

digestions were as previously described (24)
Chaymotryptic digestion of tm-acid phosphatase (40 nmol] was
carried out with a 2.% % {w/w) chyratrypsin in 0.2 m
armoniar bicarbonate buffer, pH 8.50, for 4 h at 37

Wivo regard ro tre figestion with carboxypeptidases,

-srit phesphatase {77 pmoll  was dissolved in .2 M N-
ethyl-morpholine-acetate buffer. pH B.S2, &nd mixed with
carboxypeptiaave B a2t a corboxypeptidase/substrate ratia of
o.on nits per  amol. For  the digestion  witn
carboxypeptidose Y, the peptide {6 rmol) was dissolved in
2.1 M pyridinc-acetate Buffer, pH G.60, and mixed with

carboxypeptidase Y at a carboxypeptidase/substrate molar
ratio af 1/%5. The mixtures were
different time

added to  0.7% ml of ¥ % sulfesalicylic acid, then

incubated st 30 1

Aliquots wese  w)thdrawn at intervals, aod

centrifuged and subritted to amino acid analysis.

des. Trypric, thermolytic, peptic, S.

Grotrase and chymeteyptic peptides wern purified b
reverse phase MPLO on an Agquapore BP 300 column (4.6 x P50
ne, 12 uni o guard calamn: 4.6 x 3 am,
THA/acetonmitrile gradients. All peaks,
Jnitial ane, were rechromatographed on the same calumn but

1o uml o wath
except  fhe large

uSing 7-97 M ammonium bicarbonate/acetnaitrile gradients.
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employed for the £ONil-terminal
hydrolys,si.

digestion was

analysis (sce Enzymi

cquence__dete a. Edman

ﬂg?-tern.nal analysis an

degradation: proteir (% nmoll or  peptides 1210 nmel
were submitted to Fdman degradation carrifd  sur by the
manual technique devised by Tare (37}, modified as follaws:
the conversion from anilinothiazolinones to PTH-derivatives

was pgrformed by incubating the dried thiazolinone oxteact

at 80°C  for 10 min with 0.7 w1l «af 1 N aqueous (101,
containing ethanethiol (1 % v/v]; then mest of the PTH-
derivatives wure  extracted fwice  with 0.% ml of
ethylacetate. The organic and  aqucous  phases  were

separately dried oand analyzed. PTh-derivatives present in

by HPLT on a
Jirasfere ODL column { 4.6 x 250 mm, 19 um} according to
Bhown et al. i33). of ©TH-His and PTH-arg
faqueans phase) were cartied out by HELC on a small column
0f Aguapere RP 30G (A.4 x 250 @m
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Analytical  70-75  Eg
NEST PN

obtained
desccibed by

instrument  as

Peptides are indicated by

type of cleavage by which

Nomenclature _of _ peptides.

prefixes corresponding to the

they are produced: T, tryptic; Th, thermolytic; P, peptic:
aureus protease, and Ch, chymotryptic peptides

Chemical modification__with

Before using, the

acetate.
enzyme was  precipitated with 76 % ammonium sulfate,
centrifiged at 10.000xg for 10 min, and the precipitate was
dissolved in the buffer used for enzyme modification. The
specific activity was 110 units/mg of protein (one unit of

activity is defined as the amount of enzyme which catalizes
the nydrolysis of 1 prol of p-nitrophenyl phosphate per min
at 37 C). Fnzyme modification experiments with iadoacetic
acid were. performed in 0.13 M cacodylate buffer, pH 6.30,
in a final volume of 2.37 ml ang 25°C. Four
prepared. One was 8.4 oM in iodoacetate, a
second was 8.4 mM either in jodoacetate and Pi, and a third
was 8.4 mM in jodoatetate and 42 mM The contro

contained aniy enzyme and bulfer. About 20 nmol of enzyme
for each mixture. At various time intervals, 5 pl
re taken and  the activity was measured at pH
6.7 and 37°C gith 4 M p-nitophenylphosphate as sudstrate.
lation of ' C-carboxymethylated peptides. The enzyme {40
inactivated as described above but with c~
indoacetats whose specific radicactivify was 0.59 nC)/namol.
After 140 min, the residual activity was about 15 % and the
cnzyme  was reagents by Sephadex G 25
chromatogeaphy (2 x 37 cm column . The pratein fractions
wert pooled,

incubation

mixtures were

in Pi.

was used

aliguots were

nma)) was

purified from
freeze-dried, and tested for amino acid
composition and radicactivity. Subsequently the protein was
dissolved in 80 ul of G.1 M tris-HCl buffer, pH B.50 ,
containing 6 M guanidinium chloride and then treated with 4
ul of ?-mercaptoethansl at 40°C for 16 h. Then 80 ul of
0.645 M jodoacetic acid solution, sdjusted to pH 8.7C wifh
tris base, was added. After 15 min at room temperature the
camplerely carboxymethylated protein was purified by HPLC
RP 300 with TFA/acetorijpile based
system. Tryptic hydralysis of the T-carbaxymethylated
protein was carried out as described. The peptides were
sepsrated by HFLC as  previously described, and al
fractions were tested for radicactivity. Only one tryptic
peptide (T2) was labelled. Because this peptide containg
;, 2nd Cys ., it was digested with thermolysin. The
pepiide it nmelt was dissolved in 40 ul of 0.1 M ammonium
birarbonate buffer, gl 8.0, containing 1 @M CaCl_ and
treated with 4 % thermplysin f(w/w) at 37 C for 21C min. The

ap Aquapore solvent

Cys,

thermolytic subfragrents were separated by HPLL on Agquapore
RF 300. #l1 fractions were tested for !4i-radicactivity.
RESULTS

The low Mr acid phosphatase used for the study of the
Structure was a pure protein as checked by PAGE and
SDS-PAGE. The amino acid composition and the NH_- and COOH~
ferminal analyses of the Cm-enzyme are presenied in Table

primar

t. The amino acid compesition is similar to that reported
by Lawrence and Van Etten for the same enzyme (10} and is
yn good  agreement with  the amina  acid composition

calculated from the sequence
The titration  with
revealed

which shows 8 half cysranes.
5,5'~dithiobis!2-nitrobenzoic acid)
6 equivalents of free sulfnydryl groups per
nolecule of enzyme. The carboxymethylation of the enzyme in
tne presence of £ M guanidinium chloride but in the absence
of reducing

agents agreed closely to the results obtained
with Eliman's reagent (Table T). Both these findings
indicate that ali eight half cystine residues occur in the
form of free thio: side chains. Furthermocs, Table I shows
thar the availabie for the PITC
reagent. Acginine was found as the COCH-terminal residue by

NH,-terminus is not
carboxypeptidase B time-course analysis. The results,
expressed as mol ratios, were as follows: 10 min, 0.24 Arg;
30 min, 0.86 Argi 2 h, 0.89 Arg; 17 h, 1.00 Arg, These
results agree with the amino and carboxvl termini found in
the reconstructed primary structure of the enzyme (Fig. 1).
Purification and_ characterization_of _peptides obtained by

s. Fig. 2 shows the preparative HPLC
peptides. The chromatogram was
developed by a gradient of 0.01 M TFA 1n acetonitrile as
:ndicated in  the figure legend, using an Aquapore RP 300
cotumn. All peaks were rechromatographed on the same column
bat with & solvent system  consisting of: a) M
amAGnium bicarbonate, pH 7.0: b) acetonitrile. The gradient
program for acetonitrile concentration was the same as that
sndirated in Fig 7. The combination of these two HPLC
separations permits the purification of most of the tryptic
peptides. Some hydrophilic tryptic peptides were oluted
together n the large initial peak, The fractions making up
this peak were pooled, dried in a vacuum concentrator
{Faveat), and  then freated with PITC under ine conditions

finger priat

used for  the coupling step of
mixture  of

the Edman degradation. The
phenylthiocarbamoyl-tryptic  peptides  was
separated by HPLU on Aquapere RP 300 using a solveat system
composed of 0.07 M ammonium  bicarbonate, pH 7.0, and
acetonitrile ( Fig. 3 ). The fractinns carresponding to the
pesks  were dried in separate mini-reactors and then
expased tn an acidic  enviconment far the cleavage step af
Fdman degradation, and all subsequent operatiaons needed to
obtain the  PTH-derivatives were carried aut.  These
derivatives were analyced by HPLC and the Edman degradation
wis continued on the residual peptides to oblain sequence
information. Table 11 reports the amine acid compositions
and yiclds of all purificd teyptic peptides. The

information for all tryptic

sequence
peptides is reparted in Fig.
1. Fig. 4 shows the preparative HPLC Tinger print for the
thermolytic  peptides. The
rechromatographed under

thermolytic peaks were also
the same conditions desc bed lor
the tryptic peptides. In addition the big 1nitial peak was
treated ‘as

described for the tryptic peptides ( Fig. b
reparts the HPLC separation of the phenylthiscarbamoyl-
thermolytic peptides] to obtain seguence information on its
hydrophilic peptides. The amino acid compositions and
the purified thermolyt.c peptides are shown in
Table 111, while the seguence information is gfven
1. Fipgs. 6-8 report the preparative HPLC
ebtained from  tnhe peptic, §
chymotryptic hydrolyses,

yields of
in Fig.
finger prints
ureus  proteasc  and
¥, of the Cm-tow Ld
acid phosphatase. The legends of these figures describe thh

respective

experimental conditions . All peaks were rechroratographed
under the conditions described for the tryptic peptides.
With respect to these hydrelysates we did not cansider it

NeCeBsary to charucterize the hydrophilic peptides 1n the
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2564 Low Molecular Weight Acid Phosphatase Sequence

large initial peaks. Tables IV-VI report the amino acid completely carboxymethylated by unlabelled iodoacetate and
compositions of these last three peptide series, whase the Cm-protein was purified by HPLC as describrd  in the
sequence information is presented in Fig 1. Twa peptides "Experimental Procedure” Section. Then the Cm-protein yas
(Sp” and Spl%) partially precipitated during the digestion digested with trypsin. Only T2 incorporated ! -
and were separated prior to fractionation of the mixture on radioactivity. This peptide contains both Cys . and fys .
the Aquapore RP 300 HPLC column. The precipitate was T? was  then digested with thermolysin and the subfragments
dissolved in 6 M guanidinium chloride; thus Sp? and 3pi15 were separated by HPLC. Figures 11A,8 show the chromatogram
were purified by HPLC on Aquapore RP 300 using the TFA- gq¢ the radioactivity, respectively. Only three peaks were
acetonitrile solvent system and the same gradient elutian C-labelled; these were hydrolyzed and their amino arid
used for aother Sp peptides. Two anomalous cleavages were composition and sequence revealed that T2Thl  (sprecific
observed for P20 (Asp . -Pro .. bondl and P19 (Asp . - radioactivity D230 nfi/nmol)  corresponds to Val-fys .
Ala .. bond). The cleavage at the Asp-Pro bond was probably T?Th? (specific radicactivity . 0.34 nfi/amol) corresponds
due to the low pH value and the relatively long incubation to Phe-Va)-Cys, = ond T?PThd (specific radioactivity = .10
time at 37 C during peptic digestion. 1In fact Hermodson nti/nnol)  corresponds  to  Len-Gly-Asn-lle-Cys -Arg. The
(34) reported that aspartyl-prolyl bonds are ( in same rean specific  radicactivity caleulated for Cys | was .36
cases) susceptibie to cleavage in acidic solutions. As for neifumal, whereas  Cys o had s specific rodivattivity  of
the partial cleavage at the Asp-Ala bond, it is most likely 0.10 nCi/amol, 3.5 es  lower than that of Cys. . Thoess
derived from non-specific digestion, as indicated by its data deronstrate the modification of Cyi | was
low yield. Kasper (35} has reported that the pepsin responsible for the loss of most of the eazymatic scLivity,
susceptible bonds in proteins are thase formed by the although  Cys . also rescted bub <o a Jower extrnt. fys
carboxyl group of all L-amino acids except proline. and fys . are close crough to each other so that it appears
On the basis of the sequence information from the various passible that both were present at or near the active site
peptide series and fthe amino acid campasition of all af the enzyme. To clapify this point we labelled the active
purified peptides we werec able to reconstruct the complete site cystinefs) with  C-jodoacetate bul in the presence of
amino acid sequence (Fig. 1}, 47 mM Pi. This Fi cencentration peotects the enzyme almost
st __TI). This peptide represents the NH_-blocked completely against inactivation by iodoacetate (Fig. '
(Edman-negative) fragment obtained by tryptic hydrolysis was processed In the way described above for the
the Cm-enzyme. Its structure was obtained by  rhe iR 0t 1ne snzyme  in the absencs  of  Fi, Th
combination of the following techniques: i) FAB rass thersslytic peptides from T were checked for radinactivity
spectrometry of the entire peptide; the FAB mass spectrur ard the results, reported in Fig. 117, riearly demnnstrato
in Fig. 9 shows a protonated molecular ion at m/z 717, a an efficient  protective action by Fi1 which competss
value which corresponds to a M_ of 716; ii) digestion of T: fodeacetate  at the sctave sife ol she  enzyme

with S__aureus protease which generated the NH_-acylatrd protection  was comparable  far ali inee
T1Spl  and the  T1Sp2 fragments.These peptides wrre radinactivity bound to peptides T Thi, T 'TES, and T.Th3
separated by a small column [ 3 x 30 mm ) of AGSOW-X4 (s - 14 %, 14 %, and 1% respectively,  as reforred  to data
form) resin ( Bio-Rad ). The fragment TISpl was nct nbtained in the abserce of I

retained by this column, whereas the fragment TISps was
eluted by 3 M ammonia solution. The amino acid compositions

of these peptides were: TISpl: Ala(0.91, Glufi.0i; TiSp.:

Thr(0.9), Glu(1.0), Val{0.9), Lys{1.0). The digestion of Table 1. Amino Acid Composition and Terminal Residues of Bovine Liver Low Molecular
the NH -acylated TISp! with carboxypeptidase Y releascd Weight Cm-Acid Phosphatase .

only Glu, which is assigned to position 2 (this result was

expected in view of the specificity of staphylococcal .
pratease). The absence of Ala in the carboxypeptidase ¥ a Reduced and Carboxynetnylated — Sequence Modified Modjfied,
hydrolysate, which should have appeared in an amount Amino acid carboxymethylated without reduction  values Pi

equimolecular to that of Glu, indicates that Ala is the
NH -terminal acylated residue.

T15p2 was sequenced by Edman degradation and gave the Cm-Cysteine 7.9 7.6 (8 0.9 0.2
following results: Gln-Val-Thr-lys Aspartic acid 21.0 23.2 (24} 23.3 22,7
The amino acid composition af Ti {Table 1) and the above Threonine 5.6 6.2 16) 5.9 5.7
data indicate the presence of an acetyl group blocking the Serine 9.0 9.8 (10) 9.7 10.3
NH -terminus. Glutamic acid 15.8 16.7 (186) 16.8 16.9
In"conclusion the structure af Tl was: Ac-Ala-Glu-Gln-Val- Proline a.9 a.8 (5) n.d. n.d
Thr-tys. Glycine 5.5 6.2 (6) 6.4 6.5
Glutamine found at position 3 agrees with the data on the Alanine 9.2 9.5 {10) 9.1 9.4
Mr of T1, calculated from the FAB mass spectrum. Valine 13.1 14.2 (15) 15.2 14.5
e sit ificati Fig. 10 shows the inactivation Methionine 0.8 1.0 (1) 1.1 1.1
experiments of acid phosphatase by iodoacetate, Isoleucine 7.8 8.5 (9) 8.5 8.2
The kinetic is pseudo-first order both in the presence and Leucine 10.7 11.3 (11} 1.0 1.0
in the absence of Pi, a competitive inhibitor of the Tyrosine 5.1 4.9 (s) 5.1 5.0
enzyme, Inorgani¢ phosphate protects the enzyme against Phenylalanine 6.4 6.1 (6) 6.2 5.8
inactivation and these results agree with those reported by Lysine 9.2 9.1 (9} 9.0 8.8
Lawrence and Van Etten (10] on the same enzyme, from which Histidine 2.0 2.0 (2} 2.1 2.2
we conclude that at least one half cystine residue occurs Arginine 12.7 12.2 ey 1.7 136
at the active site of the enzyme. When 85 % inactivation Tryptophan 1.8 n.d. (2) n.d. n.d.
had occurred {after about 140 min.) further modification
was prevented by quickly separating the enzyme from .
reagents and salts with gel filtration on Sephadex G 25. NH -Terminus: Edman  : none
Then amino acid analysis was carried out on the modified COOH-Terminus: Carboxypeptidase B™ : Arg
protein. The results reported in Table 1 indicate that 85 %
of enzyme activity loss was related to the a
rarboxymethylation af 0.9 residues of half cystine per The results are expressed as residues per molecole of enzyme. Values for Ser and
molecule of enzyme, while no loss of other amino acid Thr were dotermined by hydrojyses at 110°C for 22 and 70 h in duplicate and
residne was observed. This seems to indicate that ome half extrapolation to zero time. Determined according to (29). ‘The NH-terminal
cystine is involved in the active site of the enzyme. We snalysis was carried out on 5 nmol of Cm-acid phosphatase.  [The carboxypeptidase B
therefore proceeded to localigg the half cystine residue(s) digestion was performed gn 30 nmol of Cn-acid phosphatase. 85 % inactivated by
that could be labeled with = C-iodoacetate at about 85 % iodoacetate in 140 min. In the presence of 42 mM Pi, 12 % inactivated by iodo-
inartivation of the enzyme. The labelled enzyme was then acetate in 140 min. n.d., not determined.

vine Liver Low Nolecular Waight Ca-Acid Phosphatase’.

le I1. Amine Acid Com

from

sition of Tryptic Pepti

Sequence
Ca-Cya  Asp Thr Ser Giu Pro Gly Als Vel Wet Ile leuw Tyr Fhe Lys His Arg Trs  Yisla ¥ position.

n 1 1.6 0.8 0.9 1o 2 1-6
T2 1.8 1.2 0.8 0.3 1.0 2.2 10 1.8 0.2 1.0 1.0 s 718
L2} 1.0 1.0 1.8 1.0 1 1.0 1.0 20 19-27
1. 68 10 3 1. 2.4 10 a0 1.8 1.2 1 1.2 1.8 26 20-33
(S 11 0.7 1.8 1.0 57 a-se
e 1.2 0.8 °.8 1.0 a9 1.0 a 5564
L4 1.7 1 1.0 0. 11 1.0 1.s se 65-73
10 1 3.2 13 1.0 2.0 1.1 0.9 0.3 2.0 1.0 2.0 1.0 s 80-37
m 1 1.0 1 55 98103
s 0.0 0.8 2.0 1.0 1,0 1.0 0.2 z.0 0.9 2.0 12 1114223
) o.s 0.8 2.8 1.0 1. 0.8 2.0 1.0 1 as 113223
ns L 1.3 5.3 1.1 1.3 1.0 2.0 1.6 1.1 3.1 1.0 1.0 1 124-107
ny 11 0.8 1.0 11 L2 631 193-188

"The digestion wes cerried out on 50 nmol of Cm-scld phasphatess. The valuet are expressed as moler ratios. Valuss for Ser
#né TAr were correctad for 15 % and 5 % destructien, respectively. Values of contmminating amino acids st a level of lees
than 13 % ere not reported. The hydrophillc peptides 19, T12, T1ZA, TiZB, T13, TLAA, T16 and T18 imee Fig. 2} were deriv-
#tized with PITC and then sapareted as phenylthiocerbasoyl-derivatives (sae Fig. 3), #nd successively sequenced without
determining their emino #cid compowition. Yield was celcalated am moler obtained from males of protein digested.




Low Molecular Weight Acid Phosphatase Sequence

Tabie ILI. Amino acid cospomition of thermolytic peptides from bovine liver lov molecular waight Ca-mcia phosphatsme’.

Seanrnes
aep TR Sec Giu Pre ity Ala Vel Ket ile Lex Tyr Phe lys Mis arg Tre  Yiel1 % position
™ 1 B 1o 35 810
e 2 o 1o 22 10-12
™ <3 v 1o n [P
™ .z 1o 19 0.9 1o 73 18-20
™e 0.3 0.9 es 1a 1o o 24-28
e I o 1 o 9 25-34
™io 2.0 11 3 a9 so 33-33
™ 1e re 1.0 e o 1.0 e a0-30
iz ts o5 2.0 1.6 0.9 1.y 2.3 60 st
™ie 0.9 oo 0.9 10 1.0 a 6367
e a0 1.0 09 1.1 72 7782
ta20 1 0.5 12 0 s5-07
a3 0.5 1a 53 s6-98
Thes 2.0 1.0 1.0 1.0 1 3.0 14 s9-108
™as 1. 2.9 1z 1 34 108-110
Thae i 10 2 1.2 w0 20 0.9 10 5 118120
Thae 1 1o 20 1.2 1o 18 1.0 1.9 1.0 32 125-140
oo L 1o 0.8 6a 14l-vas
nwn 2. i1 2 32 aea1st
haz 1o e 1o 1o o t52-18%

*the gigestian vax prrforasa on 50 nan) of Ca-ucid phosphatsss. The aydrophilic peptides Th2, This. TAI7. ThiS, Th28 sna
Th3J (wes Fig. 4) vere decivatized with PITC and then veparated mw phenythiacarbamoyl-darivetives (aes Fig. 5}, and

ively wequenced without Getermining their amins acid compasltion. Other details sre the s

a4 in Tavle 1.

Tasle Amino Acid Camposition of Peptic Peytides (rom Hovine Liver Low Xolccular Welght Ca-Acid Phosphatawe’.
Seauence

Ca-Cys Asp Thr Ser 3iu Pre 3 ta sl eu le ie. Tyr Pre L s Acg Trp Cield % positien
72 2.9 1o ) S 62 a-s
Pa 0.3 g . [EER 16 1iate
rs 1.0 5.3 1o 1.3 eos s e c.a [ s 37-23
re e ous 1 13 2a-26
p7 3.3 0.3 1a Lo 29 4 > o I 2738
3 ey 1.0 Lot 9 1o 3.0 a 39-a5
rio 2.1 ) 11 [FCRRSE} 19 a3-39
Pz 12 17 EN 1.8 s oz 1.8 2.0 ta 6a-82
e 19 1011 1.0 22 86-n3
2t LN 1ot c.? 1 a7 90-96
29 1.3 0.8 2.1 1 10 1.0 1.0 ar 1162124
3 3.0 1.0 1 1 o3 1.s 12 126-13%
»20 2.9 0.5 1.3 0.3 1 26 130-137
Paz 1.0 1.0 1 o.n 50 139-14a
r23 1.3 1.2 1 o 1as-148
25 FIEY 1o 1.0 1.0 3 149-153
P23 11 0.9 1.9 i 70 114187
“tne tien was CArried out on 40 Mol of Im-acig phospRataze. Otner details are the same as in Table IT.

Table 7. Maina acid compasitian of 3. surtup VA protesse peptides from bovine liver lov moleculor weifRt Ce-ocid phospmet
Seauence
Ca-Cys Aep Thr Ser Glu Pes Giy Vsl Wer lle les Tye Phe Lys Wis Arg frp visia % position
s Lo 1 o5
592. 1.2 .3 T2 k.3 t.z 2.6 2.0 1. a9 13 I-te
se3 e e 0.8 1.0 0.7 1.2 2.2 .2 2 1323
spe 3.2 0.3 1.0 3.0 2.8 2.0 2.2 1o 1o 10 1o »
508 £ ie 0.9 10 33 8.2
3pe 1.7 2.0 2.0 10 21 0.8 2 43-52
e 1o 18 0.2 1.0 09 0.2 26 prr)
spen 1o Lo 0.3 re as-32
37 0.8 1 2.0 2.1 0.5 1.1 oy 3 11 s3-aa
sen 23 1.2 20 0.3 10 12 20 B 65273
e 10 2.0 1.0 1.2 1o 12 2 7a-80
10 2.0 1.0 1.0 19 & ol.ee
st aa a0 o 1.0 1.0 10 o3 2 ar-53
sp12 i) 1o 1o 10 s sa-v0
13 12 0.7 2.2 Lo FECIRY 3.0 ) @ 93-114
sp1e 5.0 1.0 a0 13 20 L2 2.3 3.2 2.7 0.3 0. 20 113-139
sp1an 20 0.3 2.8 2.0 1.8 17 30 2 1o 1 1134133
sp1an 2 2 1o 1 1342139
l.l!b 3. 1.2 2.0 1.0 ©.3 0.8 0.7 2.3 22 140-154
spis 1o o v s 135187

The digestion vas perforaed
Other details are che

on €0 nacl of Cu-.
In Table I1.

»
- “fheas pestides partially precipitated during digeatisn.
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chymoteypts.

< paptise

Low Molecular Weight Acid Phosphatase Sequence

from bovine liver low malecular weight Ca-scid

Siavenee
heCys Asp Thr Ser Glu Pro Gly Als Vel Mev Tie Leu Tyr Pne Lys Mis Acg Trp Yield 5 posicre
o o 1o 20 1o 20 1o 1o e = io10
enin 1o 2 10 10 s 2 16
ennn 0.2 v 1o 1o 1o > 10
2 18 Lo 101 s a1 200 20 1 n 1o an ez
cns 27 0 1o 1 1o 10 10 e 10 1 3a 2729
ena 1 2.0 12 s o.n P 10-08
s 1.0 20 2.0 20 1.0 0.3 1.8 10 2.0 19 s0-83
cnsa 2.0 3.0 1o Lo 20 2 s0-38
oar 1 i 10 10 s 10 9-63
one 2.0 1.0 110 1o 21 1o 2 6a-72
o 11 1 10 b 20 2.2 1 o 2-0s
e 11w 2.0 o 1s o1 a2 5-85
e 10 a7 1o 1o 10 0.5 2 o 1o 1 a8-100
ony 2.0 1o 1o . 2.0 o s 101108
e o7 1.z 12 30 0 so 1o Lo o 22 Lo . 105125
tnios 3.0 1o I 10 2o 10 10 n 100-318
cnias 1o 1hozo 1o 10 10 10 10 20 1oz
cans €8 03 1z 33 o1y 2z a0 b2 18 10 37 43 s - Nz
enia e s e 1 20 10 1o 12 neazs
enan 3.0 0.8 0.3 1.9 05 11 10 L0 1 27 a 128010
ez a3 2.0 1o o 10 1.0 20 10 PERTH
ez 3.2 2.0 i 2.0 s 143-150
eman o9 ) 10 1 151215
ety s 12 10 0.9 s 18e18n
“the digestion ves carried out on 40 amol <id phosphatase. Other details are the v a3 in Table I1.
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Fig. 7. The HPLC separstion of tryptic peptides from 50

nmol of the Cm-acid phosphatase.

Cotunn: Aquapore

RP 300, 10 um, 4.6 x 250 mm; guard column:

Aquapore RP 300
10 mM TFA in water:
acetonitrile.

(see Fig. 3).

13 um, 4.6 x 30 mm. Solvent A:
Solvent B: 10 mM TFA in

Flow rate, 1.5 ml/min; {—),
absorbance; (- =), elution gradient. The
overlapped peptides were rechromatographed

at different conditions. The peptides contained
in the big peak near the origin was first
derivatized with FITC and then the phenyl-
thiocarbamoyl-derivatives separated by HPLC
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Fig. 3. The HPLC separation of the phenylthiocarbamoyl-
derivatives of the hydrophylic tryptic peptides .
Details are the same as in Fig. 2,except: solvent

A: 0,07 M ammonium bicarbonate, pH 7.0;solvent
acetonitrile.

214 am

ative absorbsnce a

r

50

214 am

relative absorbance at

= @
=
- - £
= [=4
o Py
o~
£ o
3| Rnd x
|+ ‘:
&= -
=l @ 8 -
. £ S o
© s ".“.' = W
~ = .-
= ,,,,SJ»- - 8
- e £ £
+ £x Fl- ]
all |- o .
|15 ] 4
. & + » £
- ™ - §
<|LIEE
e -
£ (Bl
'.- L]
° £
- -
=
-
.
o~
£
-
i 1
20 40

time (min)

Fig. 4. The HPLC separation of thermolytic peptides from
60 nmol of the Cm-acid phosphatase. Details are
the sare as in Fig. 7.
The overlapped peptides were rechromatographed at
different conditions. The peptides in the hig
peak near the origin were first derivatized with
PITC and then separated by HPLC (Fig.5).
g
4 4
£ ©® g 50
£ Lot x - i
e - °\
- <
w
~N [ ]
] -
. - H
L -
o - 2
c °
H -
] |-
T |- 40
o
-
£
L
o
>
=
.
.
bt
— L,__.J
20 40
time (min)
Fig. 5. The HPLC separation of the phenylthiocarbamoyl-

derivatives of the hydrophylic thermolytic

peptides.

Details are the same as in Fig. 3.

P10+ P12

6. The HPLC
nmol of the Cm-acid phosphatase. Details are the
overlapped peptides were

Fig.
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iodoacetate in the presence and in the absence of
Pi. Incubations were performed in 3,13 M cacadylate
buffer, pH 6.3, containing 1 mM EDTA at ?5“?.

. control; O--3 , 8.4 nM jocdoacetate;

» 8.4 mM iodvacetate and 8.4 mM Pi;

s, B.4 mM iodoacetate and 47 mM Pi.
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Fig. 7. The HPLC separation of S. aureus protease peptides
from 60 nmol of the Cm-acid phosphatase. Details
are the same as in Fig 2. The overlapped peptides
were rechromatographed at different conditions
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Fig. B. The HPLC separation of chymotryptic peptides from time (min)
40 rmol of the Cm-acid phosphatase. Details are
the same as in Fig. 2, The overlapped peptides fig. 11.HPLC separation of the thersolytic subfragments
were rechromatographed at different conditions. of the geptide T2. A, details are the same as in Fig
P; B, C-radicactivity measured on the
chromatografic fractions obtaingd from the enzyme
madified at the active site by C-iodoacetate
without Pj; ¢,  C-radioactivity measured on the
chromatographic, fractions obtained from the enzyme
incubated with = C-jodoacetate but in the presence
of 47 oM Pi.
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Fig. 9. Positive FAB mass spectrum of T1.



