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Primary structure of the Streptomyces R61 extracellular pp-peptidase

2. Amino acid sequence data
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in order to confirm the Sirepiomyces codon usage, the Strepromyces R61 DD-peptidase was fragmented by (a)
cyznogen bromide cleavage of the carboxymethylated protein, (b) trypsin digestion of the carboxymethylated
protein and (c) trypsin digestion of the protein treated with f-iodopenicillinate and endoxo-4*-tetrahydrophthalic
acid. The isolated peptides, which altogether represented more than 50% of the polypeptide chain, were sequenced.
The data thus obtained were in excellent agreement with the primary structure of the protein as deduced from the
nucleotide sequence of the cloned gene. Though a weak acylating agent, 8-iodopenicillanate reacted selectively
with the active site of the pp-peptidase and formed an adduct which mas much more stable than that formed
with benzylpenicillin, thus {acilitating the isolation and characterization of the active-site peptide.

The Streptomyces R61 chromosomal gene coding for the
extracetlular bp-peptidase has been cloned and its nucleotide
sequence established [1). In the course of this study, amino
acid sequence data became necessary 1o (a) design a DNA
probe as a means to identify the pD-peptidase gene by hybrid-
ization experiments and (b) confirm the identification of the
open reading frame deduced from the nucleotide sequence.
The present paper describes experiments which were under-
taken to complement the limited information previously
obtained [2—4]. The data obtained confirmed (a) the primary
structure of the protein as deduced from the nucleotide se-
quence and (b) the validity of the Streptomyces codon usages
previously proposed [1, 5—9].

MATERIALS AND METHODS
Enzymes and proteings

The pD-peptidase was purified as described [10]. Trypsin
(treated with tosylphenylalanylchloromethane) was from
Millipore (Frechold, NJ, USA), soybean trypsin inhibitor
from Sigma ($t. Louis, MO, US$A) and carboxypeptidase A
from Boehringer (Mannheim, FRG).

Carboxymethylation of the DD-peptidase

An enzyme sample {67 mg dialysed against water for 48 h)
was freeze-dried; the residue was dissolved in 4 ml of 0.1 M
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4.17.1).

Tris/HCl buffer pH 8.3 containing 6 M guanidinium chloride,
1 mM EDTA ad 4 mM dithiotreitol, and the mixture left for
4 h at 20°C under nitrogen. The solution was treated, for
20 mip at 20°C and in the dark, with 400 p! of a 0.5 mM
solution of iodoacetate made in the same buffer as above, and
then supplemented with 8 mg iodoacetate dissolved in 80 pl
of 0.5 M NaOH. After 20 min at 20°C, the solution was
dialysed for 36 h against water and freeze-dried. Radioactively
derivatized protein was similarly prepared by treatment with
iodof!*Clacetate (54 Ci/mol; New England Nuclear, Dreieich,
FRG).

Cyanagen bromide cleavage
of the carboxymethylated pD-peptidase

The carboxymethylated protein (50 mg) was dissolved in
7 mal of 70% formic acid. Solid CNBr (140 mg) was added,
and the mixture was left for 24 h at 20°C ip the dark and
under nitrogen, before being freeze-dried.

Labelling of the pp-peptidase active-site

by p-iodopenicillanate and derivatization

of the e-amino group of the lysine residues

by endoxo-A*-tetrahydrophthalic acid (ETPA)

The enzyme (100 nmol) and S-iodopenicillanate (4.5
pmol; a gift from Dr. J. Kemp, Pfizer Central Research,
Sandwich, Kent, UK) were incubated together for 1 hat 37°C
in 0.65 ml of 10 mM sodium phosphate pH 7.0. Inactivation
of the enzyme was complete. The reaction mixture was filtered
on Sephadex G-15 in water and the fractions containing the
derivatized protein (as detected by measuring the absorbance
at 325 nm and 280 nm) were pooled and freeze-dried. The
residue in 0.6 ml of 0.25 M borate pH 8.5 was supplemented
three times, successively, with 0.7 mg ETPA over a period of
2 hofat 20°C[11). The pH was maintained at 8.5 by addition
of 1 M NaOH and the total amount of ETPA used was 15-
fold in excess of the expected number of lysine residues present
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in the protein. Complete disappearance of the free amino
groups was verified by reacting 60-pl samples of the reaction
mixture with fluorescamine [12). The excess ETPA was
eliminated by filtration on a Sephadex G-15 column in 50 mM
NH,HCO; and ihe fractions containing the modified protein
were freeze-dried.

Purification of the peptides

Paper (Whatman 3MM) electrophoresis was performed
at pH 6.5 (pyridine/acetic acid/water, 11/4/900, v/v/v) and 3.5
(pyridine/acetic acidjwater, 1/10/89, v/v/v). Paper (Whatman
3MM) descending chromatography was performed in -
butanol/acetic acid/pyridine/water (15/3/12, vjv/v). Peptides
were visualized with fluorescamine, ninhydrin or Pauly’s re-
agent (for peptides containing His or Tyr) [13].

Molecular sieve chromatography was performed on
Sephadex G-50, fine, and Sephadex G-75, fine. The solvents
were 50 mM formic acid pH 2.6, 50 mM ammonium formate
pH 3.5 and 50 mM NH,HCO, pH 8.0.

lon-exchange chromatography was performed on a
column (1.2 x 9 cm) of DEAE-Sephacel equilibrated against
10 mM NH,HCO,; containing 0.02% dithioglycol; elution
was performed using a linear gradient of NH,HCO, up to
50 mM for a total volume of 100 ml. A Pharmacia FPLC
apparatus, equipped with a Pro-RPC HR 5— 10 columa, was
also used. Buffer A was 10 mM NH,HCO; in water and
buffer B was 10 mM NH HCO; in a mixture of acetonitrile
and water (40:60; v/v). The gradient was 0 —45% B in 50 min
and to 100% B in 10 min {flow rate 0.3 ml/min).

Amino acid analysis

A Dionex D-300 analyser [13] or an adapted version of
the Pico-Tag method [14] with a reverse-phase column (ODS
C18; Altex, 0.5 x 25 cm) were used.

Amino acid sequencing

Large peptides were sequenced on an Applied Biosystem
gas-phase sequenator [15]. The phenylthiohydantoins were
analysed off-line from the sequencer by reversed-phase HPLC
on an IBM 4.6 x 250 mm cyanopropyl column with 5-pm
particles. The protocol was adapted from [16] as suggested by
Touchstone (Applied Biosystems users’ note no. 3) with the
addition of 3.75% tetrahydrofuran to the buffer component
of the eluent (solvent A, 0.015 M sodium acetate} and 100%
acetonitrile as solvent B. Separation was carried out by
gradient elution on Waters equipment comprising two 6000-
A pumps as solvent delivery units. Detection was at 254 nm
and 313 nm with a 440 dual-channel fixed-wavelength detec-
tor. Small peptides were sequenced manually using the double-
coupling DABITC-PITC method {17]). The derivatives were
identified by two-dimensional chromatography on polyamide
plates [16). When the presence of [**Clcarboxymethylated
cysteine-containing peptides was anticipated, the plates were
submitted to autoradiography. In some cases, the classical
dansyl-Edman method was used [18)]. The N-terminal residues
were always identified by dansylation, acid hydrolysis and
thin-layer chromatography [18].

Determination of the C-terminal portion of the protein

The enzyme (16.0 nmol) was dissolved in 0.44 m] of
150 mM sodium phosphate pH 7.5 containing 0.1% sodium

dodecyl sulphate and 100 uM norleucine as internal standard.
The solution was heated at 100°C for 1 min, supplemented
with 20 pg carboxypeptidase A, and the mixture was in-
cubated at 37°C. After 0, 20, 40 and 100 min, 100-pl samples
were removed and the reaction was stopped by addition of
10 p! of 1 M HCI, The precipitate was eliminated by centrifu-
gation, the supernatant dry-evaporated, the residue dissolved
in 50 ul of 0.2 M citrate buffer pH 2.2 and submitted to
automatic amino acid analysis.

RESULTS

The amino acid sequences of the carboxymethylated DD-
peptidase and the peptides cbtained by fragmentation of the
protein are shown in Fig. 1. The peptides are ordered on the
basis of the primary structure of the polypeptide chain as
deduced from the nucleotide sequence of the corresponding
gene [1].

N- and C-terminal residues of the protein

Automatic sequencing of 15 nmol of the carboxymethyl-
ated protein (dissolved in trifluoroacetic acid) gave the NH,-
terminal 29 amino residues (Fig. 1). These data confirmed
those reported previously {4] except for Gln-21 (instead of
Glu), Ala-26 (instead of Val) and Arg-29 {instead of Arg-28).

Threonine was released on treatment of the denatured
protein with carboxypeptidase A. The molar Thr/pD-
peptidase ratios after 0, 20, 40 and 100 min of treatment were
0.2, 1.1, 1.1 and 1.1, respectively.

Isolation and amino acid sequence of peptides
produced by cyanogen bromide cleavage
of the carboxymeihylated protein

The carboxymethylated and CNBr-cleaved protein
(50 mg) was suspended in 5 ml 50 mM ammdnium formate
pH 3.5 containing 4 M guanidipium chloride. After centri-
fugation, the solution was filtered through a column
(2.5x 150 cm) of Sephadex G-50 equilibrated against the
formate buffer (without guanidinium chloride). Six fractions
(Fig. 2), numbered CBO to CBS in order of increasing elution
volumes, were collected (on the basis of their absorbance at
214 nm). Fraction CB0 was excluded from the gel and
possessed an N-terminal Ala; most likely, it was some
uncleaved protein.

Fractions CB1 and CB2 were purified by filtration on a
column (1.25 x 150 cm) of Sephadex G-75 in formate buffer.
Fragment CB2 had an unique N-terminal residue, Glx {as
determined by dansylation), but all further sequencing
attempts failed, suggesting cyclisation of an N-terminal Gin
into pyrrolidene under acidic conditions; this fragment was
not studied. Fraction CB3 was submitted to ion-exchange
chromatography on DEAE-Sephacel and gave rise to peptides
CB3,1 and CB3,3. Fractions CB4 and CB5 showed complex
patterns by paper electrophoresis at pH 6.5. Peptides CB4b,
CB4c, CB5c and CB5d were purified by paper electrophoresis
at pH 3.5 and paper chromatography. CB4b partitioned into
two peptides with Ry values of 0.36 and 0.43, respectively;
they had identical amino acid compositions and possessed
one N-terminal alanine and one internal cysteine.

All the peptides were submitted to amino acid analysis
(Table 1) and manual or automatic sequencing (Fig. 1). On
the basis of its amino acid composition, peptide CB3,3
consisted of the NH;-terminal 27 amino acids of the protein.
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Fig. 1. Amino acid sequences of the carboxymethylated pp-peptidase and of peptides obtained by fragmentation of the protein. The peptides are
ordered within the primary structure of the protein as deduced from the nucleotide sequence of the cloned gene [1]. Residues and sequences
in round brackels, ¢.g. (Glu) were derived only from gene analysis. The Lys and Arg residues are marked by a circle, the Met residues by a
square. The active-site serine® is at position 62. — = residues determined with the gas-phase sequenator; --» = residues less unambiguousty
identified but later proven to be exact from the gene sequence; o- residues determined by the DABITC-PITC double-coupling method;
residues determine by the dansyl-Edman procedure are indicated by a wobbly line. Square brackets, ¢.g. [Glu), indicate errors; the
corresponding residued deduced from gene analysis is shown below in parentheses. The amounts of peptides used were as follows. Manual
sequencing: peptides CB1, CB3,1, CB3,3, CB4b, CB5c, CB5d and T;: 15, 4, 34, 29, 15, 12 and 10 nmol, respectively. Automaltic sequencing:
SCM-protein and peptides CB3,1, CB1, CB2 and T,: 15, 11, 7, 10 and 3 nmol, respectively

Kinetics of inactivation of the DD-peptidase
by B-iodopenicillanate

As observed with f-lactamases {19, 20], inactivation of the
pD-peptidase by f-iodopenicillanate generated a stable adduct
that absorbed at 325 nm (indicating the presence of a
dihydrothiazine chromophore}. The first-order rate constants
for the formation of the adduct at 37°C, in 10 mM sedium
phosphate pH 7.0 and at f-iodopenicillanate concentration
ranging over 1.25—14 mM, were determined by measuring
s 125 250 5 vot both the increase of the A4i,5 values and the decrease of

Fig. 2. Sephadex G-50 separation of the peptides obtained afier CNBr  “PZYIeE activity as a function of time. The data were analysed
digestion of the carboxymethylated protein. The column (2.5% 50 cm)  ©D the basis of the three-step reaction scheme

was equilibrated in 50 mM ammonium formate pH 3.5 containing

4M guanidinivm chloride. The flow rate was 40 ml/h and 5-ml ey

fractions were collected E+Dz= 2E-DXLE-D E-DF
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Table 1. Amino acid composition of the peptides obtained by fragmentation of the Db-peptidase
The underlined figures give the sumber of residues as deduced from gene sequencing (see text). n.d. = nol determined, P = present

Amino acid CB1 CB2 CB3,1 CB3,3 CB4b CB4c CB5c CBsd T, Tz
Lys 1.0 1 12 1 26 2 0.7 1 21 2
His 22 3 10 2 1 10 1 06 1 06 1
Arg 25 1 42 3 10 1 1.0 1 1.0 1 10 1 09 1
Asx 96 9 83 8§ 20 2 33 3 3o 3 67 6 41 4
Thr 104 13 79 9 20 2 22 2 30 3 1 1 27 2 o8 %
Ser 61 6 52 5 26 3 10 1 1.2 1 06 .5 2 08 1 33 4 1.0 1
Glx 69 8 36 3 29 3 21 2 10 1 20 2 24 2 23 2
Pro 32 4 08 0o 0% 1 3t 3 1.2 1 09 25 2
Gly 61 6 74 8§ 23 2 31 3 12 1 10 1 09 1 31 3 20 2
Ala 77 8 48 § 12 1 59 6 19 2 30 3} 24 2 12 1
CysorCmCys 0 0 P 1 0 ] 07 1
Val 62 6 52 § 29 3 12 1 62 6 24 2
Met or Hse | i P 1 0 o p 1 P 1 P 1 P 1
Ile 30 4 14 1 08 1% 08 1
Leu 87 8 57 5 28 3 36 4 12 1 1.1 1 10 1 1.1 1 44 § 09 |
Tyr 25 3 38 5 08 1§ 18 2 1.2 1
Phe 30 3 1.2 1 27 3 1.0 1 09 1
Trp nd. 1 nd )1 nd ¢ nd 0 nd 0 nd 0 nd 0 nd 0 and 0 nd B

Total 86 67 2% 27 14 5 i3 8 40 s
N-terminus Leu Gln Phe Ala Ala Ser Ser Ser Val Val
where E = DD-peptidase; D = f-iodopenicillanate; E-D =
Michaelis complex; E-D* =acyl enzyme; E-D' = rear- N
ranged, chromophoric adduct; K = dissociation constant;
k., and k., =first-order rate constants. Turnover of §- 0.9
iodopenicillanate (that would be represented by the reaction

ko
branch E-D* -5 E + product) and enzyme regeneration
did not occur on incubation for 1 h at 37°C of an inactivated
enzyme sample deprived of imactivator by filtration on 04
Sephadex G-15. Moreover, chromophore formation pro-
ceeded without any lag (k.4 > k. ). The values of K (4 mM}),
ka2 (3x107 %57y and k. 2/K (0.75 M~ 's™ 1) were estimated
from a plot of [D)/k, vs [D] (not shown). L
0 20 49
timin}

Isolation and amino acid sequence

of the active-site serine-containing peptide
produced by trypsin digestion of the Dp-peptidase
treated with B-iodopenicillanate and ETPA

In the course of previous studies [2], derivatization of the
active site of the DD-peptidase by f-iodopenicillanate and
trypsin digestion had yielded a small peptide Val-Gly-Ser-Val-
Thr-Lys that contained the active-site sertne residue. To obtain
a peptide of larger size, the s-amino group of the lysine re-
sidues of the f-iodopenicillanate-treated enzyme were
derivatized by reaction with ETPA. The modified protein
obtained after removal of the excess ETPA by gel filtration
{100 nmol) was dissolved in 0.8 mi of 100 mM NH,HCO;
containing 2M urea and incubated with 0.5 mg trypsin
(treated with tosylphenylalanylchloromethane) for 1 h at
37°C. The reaction was stopped by addition of a stoichio-
metric amount of soybean trypsin inhibitor and the reaction
mixture was filtered on a column (2 x 140 cm) of Sephadex
G-50io 50 mM NH,HCO3. The non-excluded fraction, which
absorbed at 325 nm, was freeze-dried; the residue was dis-
solved in 0.5 ml of 10 mM NH HCO, and purified by reverse-
phase chromatography (Fig. 3). The fractioas absorbing at

Fig. 3. Purification of the active-site serine-containing peptide T, by
reverse-phase chromatography. The chromatography was performed
on a Pharmacia FPLC apparatus equipped with a Pro-RPC HR
5—10 column. The absorbing at 325 nm fraction is indicated by an
asterisk. For conditions, see Materials and Methods

325 nm were pooled, freeze-dried and submitted to a second
chromatography under the same conditions as above. The
elution profiles as determined at 215 nm and 325 nm were
superimposable. The fractions exhibiting the highest
absorbance were pooled and freeze-dried and the residue dis-
solved in 250 ul water. Table 1 and Fig. 1 give the amino acid
composition and the NH-terminal 31 residues of peptide T, .
The active-site serine residue is at position 3 (position 62 in
the protein).

Isolation and amino acid sequence of pepside T
produced by trypsin digestion
of the carboxymethylated bD-peptidase

The carboxymethylated protein (250 nmol) was digested
with trypsin as described in [4]. The reaction mixture was



filtered through a column (1 x 120 cm) of Sephadex G-50 in
50 mM formic acid, pH 3.0. The acidic peptides (detected by
submitting 60-pl samples of the 0.65-ml collected fractions to
paper electrophoresis at pH 6.5) were further purified by
paper electrophoresis at pH 6.5 and 3.5 and paper chromatog-
raphy. Peptide T,, the amino acid composition of which is
shown in Table 1, was sequenced up to position i4 (Fig. 1).

Search for free sulphydryl groups

The native enzyme (14 pM, final concentration) was dis-
solved in 300 pl 50 mM sodium phosphate buffer pH 7.4
containing 8 M urea, incubated at 37°C for 60 min and
supplemented with 25ul of a 6.6 M solution of 55-
dithiobis(2-nitrobenzoate) made in the same buffer. After
20 min, the absorbance at 412 nm indicated the presence of
less than 0.07 free SH group per protein molecules.

DISCUSSION

The experimenis described in this and the preceding [1)
papers were complementary. They were carried out in parallel
for the purpose of establishing the complete primary structure
of the Streptomyces R61 DD-peptidase. The 349-residue pD-
peptidase has two half-cysteine residues. Attempts to detect
free SH groups failed, suggesting that a disulfide bridge exists
between Cys-291 and Cys-344.

Contrary to expectation, peptide CB3,1 (isolated after
cyanogen bromide cleavage of the protein) had no methionine
residue at the C-terminal position, indicating that a non-
specific cleavage must have occurred after Gly-148. Moreover,
fragment Val-149 — Met-169 (resulting from this cleavage) and
the large fragment Val-28 — Met-106 escaped isolation. The
former fragment has an average hydrophybicity index per
residue of 0.3 (versus 0.09 for the complete protein) as
computed according to Eisenberg’s consensus scale [21]. It
may have adsorbed on the various column supports during
the purification steps. The reason why CNBr fragment Val-
28 —Val-106, which has a low average hydrophobicity index
of 0.01, is missing is unknown. It does contain two very
hydrophobic stretches (Ala-69— Val-76 and Tyr-90— Pro-96)
but these also occur in peptide T, which behaved ‘normally’
during the purification steps. It must be noted that N-terminal
analysis of the cyanogen-bromide fragments purified by
column chromatography always vielded traces of valine,
suggesting the slow and continuous elution of (an) absorbed
peptide(s).

In the work carried out previously by Duez et al. {4}, several
peptides produced by trypsin digestion of the carboxyme-
thylated protein had been isolated and analysed for their
amino acid content. Most of them are easily positioned in the
sequence shown in Fig. 1: peptides A (residues 1-29), A,
(residues 30—46, or peptide T;), B, (residues 47—50), N
(residues 51 —57), B, (residues 58 — 59), B; residues 60—65),
B, (residues 100 —103), As (residues 110—131) and By (re-
sidues 174 —186). Peptide Bg (Gly, Leu, Arg) might have
originated from residues 283 — 285 by non-specific cleavage.
Peptide B, (Asx, Gly, Lys, Arg), B, (Asx, Ser, Glx, Gly, Val,
Met, Lysa, His, Arg) and By (Arg,, Lys) cannot be positioned
in the sequence and were most likely isolated as mixtures of
short peptides. B; may have been an equimolecular mixture
of Asx-132— Lys-133 and Gly-49 — Arg-50. As such, B, may
have originated from the comigration of peptides Gln-104 —
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Arg-109 and Asn-132 —Lys-133 present as a threefold excess
with Gly as impurity,

Examination of Fig. 1 shows that trypsin should generate
a peptide Ile-187 — Arg-285 of M, larger than 10000 and three
fragments from the C-terminal region of the protein (Asp-
288 —Lys-313; Asp-314— Arg-337; And Thr-338 — Thr-349).
These peptides escaped detection in the work described in [4).
The large peptide neither migrated nor stained after paper
electrophoresis and chromatography. Assuming that the C-
terminal portion escaped trypsin digestion, the C-terminal
stretch Asp-288 —Thr-349 has an M, which is equivalent to
that of one of the ‘core peptides’ described [4).

Finally, Duez et al. {4] could not find any radioactive
soluble peptide after digestion of the {**Clbenzylpenicilloyi-
DD-peptidase by trypsin though peptide Bs contains the active-
site serine 62. The bound penicilloyl moiety must have been
lost during trypsin digestion and the ensuing purification
steps. f-lodopeniciilanate has the advantage of forming a
specific and highly stable adduct with the enzyme, even if it
is a weak acylating agent for the R61 pp-peptidase (k , ;/K =
0.75 M~ s~ versus 14000 M~ 's™! for benzylpenicillin).

Altogether, the peptides that have been sequenced during
the present work represent 55% of the Streptomyces pD-
peptidase. Except for five residues, the data are in agreement
with the primary structure of the protein as deduced {rom the
nucleotide sequence of the gene {1). Other Strepromyces genes
had been sequenced previously but the amino acid sequences
of the expressed proteins had not been investigated in detail.
The most extensively studied protein was the 313-amino-acid
endo-B-N-acetylglucosaminidase of Strepromyces plicatus {6]
for which several fragments representing altogether 43 re-
sidues were sequenced.
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