BRADSHAW, WALSH, AND NEURATH

Amino Acid Sequence of Bovine Carboxypeptidase A.
Tryptic and Chymotryptic Peptides of the Cyanogen

Bromide Fragment F*

Ralph A, Bradshaw,} Kenneth A. Walsh, and Hans Neurathi

ABSTRACT: In continuation of the structural analysis of bo-
vine carboxypeptidase A, the largest fragment of the protein,
Fi, obtained by cleavage with cyanogen bromide, was ana-
lyzed.,

This fragment, containing 198 amino acid residues, was
subjected to hydrolysis by trypsin and chymotrypsin. The acid-
soluble peptides from each enzymatic digest were fractionated
on ion-exchange columns and characterized by a combination
of Edman degradations, digestion with leucine aminopeptidase

Following the isolation of the four fragments of bovine
carboxypeptidase A produced by cleavage with cyanogen bro-
mide (Bargetzi et al,, 1964; Nomoto e al., 1969), experiments
were initiated to determine the amino acid sequence of each
fragment in order to solve the complete primary structure of
this enzyme. So far, data have been reported for the amino-
(Fx) and carboxyl- (F¢) terminal fragments (Sampath Kumar
et al., 1964 ; Bargetzi et al., 1964) and for one of the internal
fragments, Fy1; (Bradshaw et al., 1969a; Bradshaw, 1969). The
present series of reports (Bradshaw et a/., 1971a,b) documents
the sequence analysis of the largest fragment, F;. In all, five
different enzymatic digests were employed to determine the
final structure of this fragment, which contains 198 amino acid
residues. The isolation and characterization of the soluble
peptides resulting from digestion with trypsin and chymo-
trypsin, respectively, are described in this communication.

Experimental Procedure

The materials and methods used in these experiments are the
same as those described previously (Bradshew er al., 1969a).
The F: fragment, in which the two half-cystinyl residues were
converted into the S-carboxymethyl derivative, was prepared
as described by Nomoto er al. (1969). Carboxypeptidase
A, was prepared from carboxypeptidase A (Anson), ob-
tained from Worthington Biochemicals, by the method of
Pétra and Neurath (1969).
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and carboxypeptidases A and B, and high-voltage electro-
phoresis at pH 6.5, The tryptic peptides accounted for 90 of
198 residues (45 97) and chymotryptic peptides for 143 (72 %).
A 38-residue segment, surrounding the two half-cystinyl resi-
dues and containing phenylalanine 151, was structured from
these data. The identity of this latter residue, which has been
questioned on the basis of X-ray diffraction data, has been
confirmed by sequence analysis of chromatographically puri-
fied carboxypeptidase A.

Results

Tryptic and Chymotryptic Digests. The digestion of frag-
ment F; was carried out by the addition of an aliquot of en-
zyme to a 2 9 suspension of the fragment at 37° so that final
weight concentration of trypsin or chymotrypsin was 2-3 97
that of substrate. Constant pH was maintained with a pH-
Stat (pH 8.8 for trypsin and 8.5 for chymotrypsin) until no
further significant increase in alkali uptake was noted. The
soluble peptides were recovered after centrifugation of the
reaction mixture which had been adjusted to pH 2.0 with 6 N
HCL.

Isolation of the Soluble Tryptic Peprides. Fragment F: of
carboxypeptidase A (Anson) was subjected to tryptic degrada-
tion as previously described (Bradshaw et al., 1969a). The sol-
uble peptides obtained after acidification of the reaction mix-
ture were chromatographed on a 2.0 X 25 cm column of
Dowex 50-X8 (Spinco amino acid analyzer resin, AA-15). The
column was developed with a double linear gradient of pyr-
idine-acetic acid buffers (Bradshaw er al., 1969b) over the pH
range indicated. The elution profile is shown in Figure 1. The
fractions were pooled according to the solid bars and peptides
were recovered after rotary evaporation. Each peptide was
subsequently subjected to further purification or, in the case of
those fractions found to contain only a single peptide, com-
mitted directly to sequence analysis. The amino acid composi-
tion of each of the pure tryptic peptides is summarized in
Table 1. In addition, the number of residues and the per cent
yield are also given in the table. Since the sum of the sequence
of the soluble tryptic peptides did not account for the entire
structure of the F; fragment, the peptides have not been des-
ignated in the order that they were ultimately found to occur
in the sequence. Rather, the position that each occupies (given
in inclusive residue numbers based on the « form of the en-
zyme which contains 307 amino acids) is given in the bottom
line of Table I to facilitate its location in the complete struc-
ture (Bradshaw er al., 1971b). The treatment of each pool is
described in detail below.

Characterization of the Soluble Tryptic Peptides. FRACTION L
Although this pool contained a large breakthrough fraction,
chromatography on Dowex 1-X2 failed to reveal the presence
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FIGURE 1: Elution profile of the soluble tryptic peptides from fragment F; of bovine carboxypeptidase A on a 2.0 X 25 cm column of Dowex
50-X8 at 55°. The column was developed at 80 ml/hr with a double linear gradient of pyridine-acetic acid, as described in the text. Fractions
of 6.0 ml were collected and monitored by ninhydrin analysis at 570 nm after alkaline hydrolysis. Fractions were pooled according to the

solid bars, The pH gradient is indicated by the dashed line,

of any peptide from fragment F; in sufficient yield to warrant
further characterization. However, a low yield (~35 %) of pep-
tide T-6a! from fragment Fi;; (Bradshaw er al., 1969a) was
observed. In view of the recovery of other Fi1; peptides as well
(vide infra), it is clear that the large-scale preparations of F;
used for sequence analysis were not totally devoid of Fi.
Whether this contaminant arises from occlusion in the poly-
meric forms of F; (Nomoto et al., 1969) obtained by chroma-
tography on Sephadex G-75 in 0.1 M propionic acid or from in-
complete cleavage by cyanogen bromide was not conclusively
established. Some evidence for incomplete fragmentation was
obtained from the thermolytic peptides of this fragment in
which a peptide which bridged the F; and Fo fragments was
isolated. In this case, the methionyl residue was present as
homoserine (Bradshaw efal., 1971a).

FractioN 11. Further purification of this fraction by chro-
matography on Dowex 1-X2 indicated the presence of only a
single peptide, T-II-1. Sequence analysis of this peptide is
given in Table II. [Primary data for Edman degradations are
not included. Details of the criteria employed have been re-
ported previously (Bradshaw et al., 1969a).]

FractioN 1. Chromatography of this pool on Dowex 1-X2
did not yield any peptides in sufficient quantity to allow fur-
ther purification.

FracTiON 1v. Chromatography of this fraction on Dowex
1-X2 produced one peptide in high yield, T-IV-1, as well as
low-yield peptides identified as being derived from Fiir. The
characterization of T-IV-1 is described in Table II. By a com-
bination of Edman degradations and carboxypeptidase B hy-
drolysis, the complete sequence of this octapeptide was estab-
lished. The electrophoretic mobility at pH 6.5 indicated that
there were one acid and two amide residues.

FrAcTION v. This pool contained only one major peptide
after purification on Dowex 1-X2. The composition and char-

! Abbreviations used are: T-, tryptic peptide; C-, chymotryptic
peptide.

acterization of this peptide are given in Tables I and II, respec-
tively. The peptide was completely structured by a combina-
tion of Edman degradations and hydrolyses by carboxypep-
tidases A and B. The presence of at least two acidic residues
was indicated by high-voltage electrophoresis at pH 6.5.

FracTioN vi. This pool was subjected to purification on
Dowex 1-X2 and yielded two peptides, as indicated in the
elution profile in Figure 2. The compositions of these peptides,
T-VI-1 and T-VI-2, are given in Table I and the sequence data
are found in Table III. Peptide T-VI-1, which was completely
structured, is identical with one of the allotypic peptides (pep-
tide CPA,""F:Tp-VII-1) isolated from the chromatographi-
cally purified enzyme (Pétra ef al., 1969). Peptide T-VI-2 was
subjected to eight rounds of the Edman degradation and was
shown to terminate in lysine. Chymotryptic digestion of this
peptide, followed by isolation of the resulting peptides on a
column of Dowex 1-X2, allowed the elucidation of the se-
quence of the three carboxyl-terminal residues.

FracTion vii. This pool contained a single peptide, T-VII.
As shown by the data in Table IV, this peptide appears to cor-
respond to the same region as T-VI-1, Indeed, comparison of
these data with those of peptides obtained from chromato-
graphically purified carboxypeptidase A, (Pétra et al., 1969) in-
dicates that this peptide is identical with peptide CPA.,V”IFITp-
VII-1 isolated in that study.

FracTioN v, This fraction was found to contain only one
major peptide, T-VIII-1, after purification on Dowex 1-X2.
Although electrophoretically pure, the fractional ratios of
valine and isoleucine suggested that this fraction was a mixture
of peptides. Partial resolution was accomplished by paper
chromatography and it was ultimately established (Bradshaw
et al., 1971b) that those peptides contained the site of the
second allotypic interchange present in the F; fragment (Pétra
etal., 1969).

FractioN 1x. This pool contained only a single peptide,
T-IX-1, after chromatography on Dowex 1-X2. The complete
structure of this tetrapeptide is documented in Table IV. The
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SEQUENCE OF CARBOXYPEPTIDASE A

TaBLE 11: Characterization of Peptides from Tryptic Frac-
tionsII,IV,and V.«

TABLE 1v : Characterization of Peptides from Tryptic Fractions
VII, VIII, and IX.

Fraction II:
Peptide T-1I-1:
Sequence: Ser-Val-Thr-Ser-Ser-Ser-Leu-CMCys-Val-
(Gly,Val,Asx,Ala,Asx)-Arg
Carboxypeptidase B: 3 hr; Arg, 0.63

Fraction IV:
Peptide T-IV-1:
Sequence: Thr-Glx-Leu-Asx-Glx-Val-Ala-Lys
—_— — 77— —7 — 7
Carboxypeptidase B: 3 hr; Lys, 0.76
HVE, pH 6.5: Neutral

Fraction V:
Peptide T-V-1:
Sequence: Tyr-Ala-Asx-Ser-Glx-Val-Glx-Val-Lys
— — —7 —7 —7 —7
Carboxypeptidase B: 3 hr; Lys, 0.93
Carboxypeptidase A: 3 hr; Val, 0.69
HVE, pH 6.5: Acidic

Fraction VII:
Peptide T-VII:
Sequence: Ser Ala Val Ala Ala- Leu-Lys

Carboxypept1dase B 3 hr Lys, 1.00
Carboxypeptidase A: 1 hr; Leu, 0,54

Fraction VIII:
Peptide T-VIII-1:
Sequence: S_e:-(Ile/Val,Val,Asx)(ﬂg,\‘/;al)-Iﬁ
Carboxypeptidase B: 30 min; Lys, 0.69
Carboxypeptidase A: 30 min; Val, 0.95; Phe, 0.73
3 hr; Val, 0.96; Phe, 0.84

Fraction IX:
Peptide T-IX-1:
Sequence: Asp-Thr-Gly-;A_rg
Carboxypeptidase B: 3 hr; Arg, 0.77
HVE, pH 6.5: Neutral

« Edman degradations are indicated by (—), whereas
leucineaminopeptidase and carboxypeptidase A and B hy-
drolyses are indicated by (—) and (=), respectively.

electrophoretic data indicate that the aspartyl residue is pres-
ent in the acid form.

FracTtioN x. Fraction X contained only a single peptide,
T-X-1, after purification on Dowex 1-X2. The partial struc-
ture of this peptide is given in Table V. From the electro-
phoretic data, this peptide contains one acidic and one amide
residue.

FracTion x1. This pool was found to contain three peptides
after purification on Dowex 1-X2. The elution profile is shown

TABLE 111: Characterization of Peptides from Tryptic Fraction
VL

Fraction VI:
Peptide T-VI-1:
Sequence: Ser-Ala-Val-Glu-Ala-Leu-Lys
- —7 —7 —7 -—
Carboxypeptidase B: 3 hr; Lys, 0.96
Carboxypeptidase A: 3 hr; Leu, 0.87
HVE, pH 6.5: Neutral

Peptide T-VI-2:
Sequence: Ala-Gly-A1a-Ser-Ser-Ser-Pro-CMCZs
(Ser,Glu, Thr,Tyr)- HIS Gly- Lys
Carboxypeptidase B: 3 hr; Lys, 0.61
Chymotryptic Subdigest:
Peptide T-VI-2- C-1:
Sequence : His-(Gly,Lys)
Peptide T-VI-2 C-2:
Sequence: (Ala,Gly,Ala,Ser,Ser,Ser,Pro,CMClys,-
Ser,Glx,Thr,Tyr)
HVE, pH 6.5: Neutral

in Figure 3. Peptide T-XI-1 was found to have been derived
from Fir, whereas peptide T-XI-2 was free lysinie. The struc-
ture of peptide T-XI-3 is shown in Table V. All eight residues
can be placed in sequence from the Edman degradation and
carboxypeptidase data.

FracTioN xu. This pool contained a single peptide, T-XII,
whose structure is shown in Table VI. This tripeptide was com-
pletely structured from a single Edman degradation and hy-
drolysis by carboxypeptidase B.

FracTtioN xi1n1. After fractionation on Dowex 1-X2, this
pool was found to contain two peptides, one of which was
derived from Fi;;. The other peptide, T-XIII-2, contained six
residues and was completely sequenced, as shown in Table VL.

FracTion x1v. After fractionation on Dowex 1-X2, no
peptides were recovered from this pool in sufficient yield to
allow further characterization.

TaBLE V: Characterization of Peptides from Tryptic Fractions
X and XI.

Fraction X:
Peptide T-X-1:
Sequence: Asx- Trp Asx(Ala Gly,Phe,Gly)- Lys

Carboxypeptldase B: 3 hr; Lys, 1.00
HVE, pH 6.5: Neutral

Fraction XI:

Peptide T-XI-2:
Sequence: Lys

Peptide T-XI-3:
Sequence: Ser-Leu-Tyr-Gly-Thr-Ser-Tyr-Lys
Carboxypeptidase B: 30 min; Lys, 0.70
Carboxypeptidase A: 30 min; Tyr, 0.96; Ser, 0.28; Thr,

0.18
3 hr; Tyr, 1.00;Ser,0.85; Thr,0.50

1971 941
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FIGURE 4: Elution profile of the soluble chymotryptic peptides from fragment F; of bovine carboxypeptidase A on a 2.0 X 25 cm column of

Dowex 50-X8 at 35°. Details asin Figure 1.

TABLE vI: Characterization of Peptides from Tryptic Frac-
tions XII, XIII, and XV.

Fraction XII:
Peptide T-XII:
Sequence: Lys-Thr-ﬁ

Carboxypeﬁase B:3 hr; Arg, 0.93

Fraction XIII:
Peptide T-XIII-2:
Sequence: Asx-His-Gly-:,‘LsP-l:h_e-Iﬁ
Carboxypeptidase B: 30 min; Lys, 0.94
Carboxypeptidase A: 30 min; Phe, 0.67; Asn, 0.36

Fraction XV:
Peptide T-XV:
Sequence: Thr-Arg

942 1971
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FracTION Xv. This pool contained a single pure dipeptide,
T-XV. Its structure is given in Table VI.

The last column of Table I summarizes the total composi-
tion of the soluble tryptic peptides. For this tabulation, the
compositions of peptides T-VI-1 and T-VII were averaged and
treated as a single peptide and peptide T-XV, which was as-
sumed to be derived from T-XII, was omitted. From these data
it was calculated that 90 of the 198 residues present (45 97) were
recovered in these fractions.

Isolation of the Soluble Chymotryptic Peptides. The soluble
chymotryptic peptides of the S-carboxymethylated fragment
F: were fractionated in the same manner as described for the
tryptic peptides. The separation achieved on the Dowex
50-X8 column is shown in Figure 4. In each case, the indicated
fractions (solid bars) were pooled and examined for purity by
high-voltage electrophoresis. Subsequent treatment was dic-
tated by these results. The composition of each of the pure
peptides obtained is given in Table VII along with the total
number of residues, the per cent yield, and the purification
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procedure used, if any. The last line indicates the residue
numbers covered by each peptide as deduced from their posi-
tion in the final sequence (Bradshaw et al., 1971b).

Characterization of the Soluble Chymotryptic Peptides.
FracTiON 1. Fractionation of this pool on Dowex 1-X2 re-
sulted in recovery of two peptides in major yield and several
minor ones. By purification on Dowex 50-X2, one of the
major fractions, C-I-1, was consequently shown to contain
two peptides. The other major yield peptide was identical with
C-II-3 and was not treated further. The characterization of
C-I-1is given in Table VIII. Peptide C-I-1-2 differs from pep-
tide C-I-1-1 by anadditional residue of tryptophan at the car-
boxyl terminus.

FracTION 1. This pool was purified on Dowex 1-X2, as
shown in Figure 5. Three major peaks were observed. Peptide
C-II-2 was found to contain only kynurenine, an oxidation
product of tryptophan. It was assumed that a portion of the
free tryptophan found in pool C-V-6-2 was converted into this
compound. The characterization of peptides C-II-1 and C-
I1-3 is given in Table VIII.

EFFLUENT VOLUME (mls)

FracTiON 111, This pool contained two major peptides after
fractionation on Dowex 1-X2. One was identified as belonging
to Furr; the other, C-II1-2, is described in Table IX.

FracTION 1v. This pool was fractionated into seven peaks,
as shown in Figure 6. Pool C-IV-4 was further purified on
Dowex 50-X2 but did not show any peptides in sufficient yield
to warrant further characterization. Fraction C-IV-5 was
found to be a peptide originating from fragment Fiir, whereas
fraction C-IV-6 was of insufficient yield for further analysis.
Fraction C-IV-7 was further purified on Dowex 50-X2 and
found to contain free phenylalanine and free tyrosine. The
peptides found in fractions C-IV-1, -2, and -3 are described
in Table IX.

FRrRACTION v. After subfractionation on a column of Dowex
1-X2, ten pools were obtained, as shown in Figure 7. Fractions
C-V-1, -2, and -10 were found to be devoid of peptidic mate-
rial, while fractions C-V-3 and C-V-4 contained peptides de-
rived from fragment Fi;. Fraction C-V-5 contained a single
tripeptide, as described in Table X. The presence of homo-
serine and its lactone in this peptide suggest that it is derived

BIOCHEMISTRY, VoL 10, No. 6, 1971 943
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SEQUENCE OF CARBOXYPEPTIDASE A

vy v N N (.\?
P = S x TABLE viII: Characterization of Peptides from Chymotryptic
- o mmm a v Fractions I and IL.
Q
—_ NN — e a Fraction I:
- - - 2 - Peptide C-I-1-1-:
:g Sequence: Leu-(Leu,Pro,Ala,Ser Glx,lle,Ile, Pro,Thr,-
~ L) ~
) ) = s S5 Ala,Glx,Glx,Thr)
8 S g cwoX 4|38 Peptide C-I-1-2-:
= - o A Sequence: Leu-Leu-Pro-Ala-Ser-Glx-Ile-Ile-Pro-Thr-
—- —~ —~ o 2 —_—— > 7 7 T T — —>
s T T g 28 (Ala,Glx,Glx,Thr)-Trp
N N < =1 —
g L = E é g Carboxypeptidase A: 3 hr; Trp, 0.40
- 2 N HVE, pH 6.5: Acidic
) ) o 8%
S 2 mgX T < Fraction II:
= = A R4 Peptide C-II-1:
= Sequence: Ser-Ala-Val-Ala-Ala-Leu
= = oo e ~ S - — = —7r
>~ o~ =~ E~5= Peptide C-II-3:
g s o o ale
S X w0 z >Q< k- Sequence: Asx-Ala-Gly-Phe-Gly-Lys-Ala-Gly-(Ala,Ser,-
- - > —_——r —_— = —
< Sls Ser,Pro,CMCys,Ser,Glx,Thr,Tyr)
o a = EA-\ =
- T : R
g2 g S e XX T
- - - “aaZ £
S
Gy
8 S S & g from the carboxyl terminus of Fr. Fraction C-V-6 was further
=8\ < oo >"2 % :1' £ purified on a column of Dowex 50-X2. In addition to a single
- “Lng E peptide, C-V-6-1, free tryptophan was found in pool C-V-6-2.
- 2 Pool C-V-7 and C-V-8 each contained a single peptide, as de-
g 95 scribed in Table X. Pool C-V-9 was further treated on Dowex
~ o x4 E 50-X2 but only a single peptide was recovered.
e =3 FracTtiON vI. This fraction was purified on Dowex 1-X2
oo o ® § and, as shown in Figure 8, nine fractions were obtained. Frac-
N’ N N’ o~ . . . .
© O = § Q 2| 2 tions C-VI-1, -2, and -8 were devoid of sufficient material for
f 3 f e oo L g further analysis, and fraction C-VI-4 contained peptides de-
~ - é rived from fragment Fiyr. Fraction C-VI-3 contained two di-
g — %' { - peptides that were separated by paper chromatography. Frac-
- n o X S tion C-VI-5 contained a single peptide identical with C-V-7.
o~ —_ B = 2 Fraction C-VI-6, after further purification, was found to con-
T T o § ;‘3 tain one major peptide, C-VI-6-1. The fractional values of
g = G-\ coX XL 5 valine and isoleucine (given in Table VII) reflect the allotypic
- - s o alalp S
- o <+ | =2
= =3 n g X é =
- _ - - SRR ED ) TABLE 1X: Characterization of Peptides from Chymotryptic
=) =) . 8lza Fractions IIIand IV.
> y— (] = N\D
8 % NgXoye |32
- i A& 5 = Fraction III:
=) - nlEgx Peptide C-I1I-2:
8 ~no Xl gl Sequence: Thr-Thr-Glx-Ser-Ile-Pro-(Asx,Lys,Thr,Glx)-
. ~ O R ﬁ e — — —7 7 7 —r
_- - ISR g Leu
==8 = Lol -
E’ g § E % ':rr 2 ZE Carboxypeptidase A: 30 min; Leu, 0.38
T o o] - ©
—-—-e s -5 < g < Fraction IV:
S 28 2 5§ Peptide C-IV-1:
S N’ —_ 17 .
% TR < o X 3 EE Sequence: Asn-Gln-Val-Ala-Lys-Ser-Ala(Val,Ala,Ala,-
= S o SIE :I Leu)
5 % Leucineaminopeptidase: 3 hr; Asn + Gln, 1.50
el 2 & .
o o < BR Peptide C-IV-2:
.g E g 2 o S g ; Sequence:L_cbl-%-\Q’l-Leu
3) ) S oo S 5 Z i .
. £ v 22T g 2 3 n 9 Peptide C-IV-3:
g g2 E g 5 g .2 “: %§ S = 3 § 3 E R Sequence.: Thr-Thr-Gln
5SS E5E89E5EEREEEER S8 P dieg
= = 8 'g 0 S = 3 a .
Uo‘:w<§£3&>~'f::‘ ﬁNo:.’ &aiug HVE, pH 6.5: Neutral
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TABLE X: Characterization of Peptides from Chymotryptic
Fraction V.,

TABLE X11: Characterization of Peptides from Chymotryptic
Fractions VII and VIII,

Fraction V:
Peptide C-V-5:
Sequence: (Thr,lie,HSer)
Peptide C-V-6-1:
Sequence: Q_lx-l‘_l;r-&’r-Tyr
Peptide C-V-6-2:
Sequence: (Trp)
Peptide C-V-7:
Sequence: (Ser,Phe,Thr,Phe)
Peptide C-V-8:
Sequence: garr-l_ls-&g-ﬂ(Lys,Thr,Glu,Lﬂu)
HVE, pH 6.5: Acidic
Peptide C-V-9-1:
Sequence: Leu-Leu-Tyr(Pro,Tyr)
e —— —7

site present in this peptide as well as the slow release of the
Val-Val and Ile-Val bonds. Fractions C-VI-7 and C-VI-9 each
contained a single peptide. The pure peptides isolated from this
pool are described in Table XI. Partial sequence data were ob-
tained for C-VI-6-1, whereas the complete structures of C-
VI-7 and C-VI-9 were elucidated.

FracTiON vII. As shown in Figure 9, this pool was purified
on Dowex 1-X2. Three fractions were obtained and char-
acterized. Fraction C-VII-1 was found to contain two dipep-
tides that were purified on paper chromatography. The place-
ment of these peptides, as those found in fraction C-VI-3, is
only tentative since the rigorous assignment of dipeptides is
usually not possible. Fraction C-VII-2 contained a single pep-
tide, as described in Table XII, while fraction C-VII-3 was
found to possess only a single peptide from fragment Fiir.

TABLE X1: Characterization of Peptides from Chymotryptic
Fraction VL.

Fraction VI:
Peptide C-VI-3 PC-1:
Sequence: (Ala,Phe)
Peptide C-VI-3 PC-2:
Sequence: (Gly,Phe)
Peptide C-VI-6-1:
Sequence: _A_lg-@(;&g-(Glx,Val,Glx,Val,Lys,Ser,Val/
Ile,Val,Asx,Phe,Val,Lys,Asx,His,Gly,Asx,Phe)
Peptide C-VI-7:
Sequence: I:gl_l-l_'x'r-_Pig-Tyr
Peptide C-VI-S:
Sequence: CMCXs-\Q’l-_@;-\_’_a’l-é_sg-Azh-é_igf__r%-ﬁ-
JTr_p
Carboxypeptidase A: 1 hr; Trp, 1.19; Asn, 0.72
Carboxypeptidases A and B: 90 min; Trp, 1.17; Asn,
1.09; Arg, 0.72; Ala, 0.17

3 hr; Trp, 1.16; Asn, 1.67;

Arg,1.00; Ala, 0.60
HVE, pH 6.5: Acidic

Fraction VII:
Peptide C-VII-1 PC-1:
Sequence: (Ser,Tyr)
Peptide C-VII-1 PC-2:
Sequence: (Gly,Tyr)
Peptide C-VII-2:
Sequence: _f_\_si-%-\’_al-Ala-lIﬁ

Carboxypeptidase B: 30 min; Lys, 0.37

Fraction VIII:
Peptide C-VIII-3-1:
Sequence: (Asx,GIx,Gly,Ile,Lys,Tyr)
Peptide C-VIII-4:
Sequence:; Thr-His-Ser-Glx-Asx
— — = —7
HVE, pH 6.5: Neutral
Peptide C-VIII-5-2:
Sequence: I:gg-s_rer-lle’(His,Ser,Tyr)

FracTtioN vir, This pool was purified on Dowex 1-X2, as
shown in Figure 10. Fraction C-VIII-1 contained only free
arginine, the position of which could not be assigned with cer-
tainty. Subfractionation of fraction C-VIII-2 on Dowex
50-X2 was unsuccessful in that no peptides of sufficient yield
were obtained. Fraction C-VIII-3 was also purified on Dowex
50-X2 and yielded two peptides, one of which was identified
by composition. The other fraction was not purified further.
Fraction C-VIII-4 contained a single peptide with the struc-
ture shown in Table XII. Fraction C-VIII-5 was further puri-
fied on Dowex 50-X2 and yielded two peptides, one of which
was derived from fragment Fii1. The structure of the other,
C-VIII-5-2, is given in Table XII.

FrAcTION 1X. In view of its more basic character, the purifi-
cation of this pool was carried out with a column of Dowex
50-X2. The elution profile, shown in Figure 11, indicated five
main fractions. The last, fraction C-IX-5, was found to con-
tain only peptides derived from fragment Fp1. Fraction C-

TABLE X1I: Characterization of Peptides from Chymotryptic
Fraction IX.

Fraction IX:
Peptide C-IX-1:
Sequence: Thr-His
Peptide C-IX-3-1:
Sequence: Lys-Ser-Leu-Tyr
Peptide C-1X-4-1:
Sequence: Val Lys Asx HIS Gly Asx-Phe

Carboxypeptldase A 3 hr Phe, 1.00
Peptide C-IX-4-2:

Sequence: Glu-Leu-Arg-Asp-Thr-Gly-Arg-Tyr

— T 7 T v LT 4 2
Carboxypeptidase A: 30 min; Tyr, 0.42
Carboxypeptidases A and B: 3 hr; Tyr, 1.00; Arg, 1.00;

Gly, 0.23; Thr, 0.19

HVE, pH 6.5: Neutral
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IX-1 contained a single dipeptide, Thr-His. Fraction C-IX-2
was purified on Dowex 1-X2 and found to contain a single
major peptide that was identical with C-IX-4-2. Fraction
C-IX-3 was also purified on Dowex 1-X2 to yield peptide
C-IX-3-1. The description of this tetrapeptide is found in

Table XIIL. Fraction C-IX-4 was separated into two fractions
on Dowex 1-X2 as shown in Figure 12. Each of these purified
peptides was completely structured by Edman degradations
and carboxypeptidase hydrolysis, as detailed in Table XIII.
FracTION X. This fraction was purified on Dowex 50-X2, as

947
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FIGURE 11: Elution profile of the separation of Fraction C-IX on a 0.9 X 50 cm column of Dowex 50-X2 at 55°. The column was developed
at 30 ml/hr and 2.0-ml fractions were collected. The gradient was established by 250 ml of 0.2 N pyridine-acetic acid, pH 3.1, and 250 ml of

2.0 N pyridine-acetic acid, pH 5.0.

shown in Figure 13, Fractions C-X-1 and C-X-4 did not con-
tain any peptidic material. The structure of peptides C-X-2
and C-X-3 is shown in Table XIV. By the nature of their
structure, it was deduced that these peptides are both derived
from the same portion of the molecule.

FracTioN x1. This fraction yielded only a single peptide on

TABLE Xiv: Characterization of Peptides from Chymotryptic
Fractions X and XI.

Fraction X:
Peptide C-X-2:
Sequence: L_yg-A_ljar-Phe
Peptide C-X-3:
Sequence: Lys-Ala-Phe-Leu
—_— — 7

Fraction XI:
Peptide C-XI-1:
Sequence: gevr-(Glx,Asx,Arg)Ii_eg-;l"_rg_

Carboxypeptidase A: 30 min; Trp, 0.81; Leu, 0.53

948 BIOCHEMISTRY, VOL. 10, No. 6, 1971

purification with Dowex 50-X2. The structure of this peptide
is shown in Table XIV.

FracTioNs x11 AND xii1. Purification of fraction C-XII on
Dowex 50-X2 yielded a large ninhydrin-positive peak that was
devoid of peptidic material. It may be assumed that ammonia
or other ninhydrin-positive material gave rise to the material
observed in the original fractionation. Similarly, no peptidic
material could be recovered from fraction C-XIII.

In the last two columns of Table VII the total number of
residues of each amino acid found in the soluble chymotryptic
peptides and the complete composition of fragment F; are
listed (Nomoto et al., 1969). This compilation was made on
the basis of the final assignment of the peptides (Bradshaw
et al., 1971b), and peptides covering the same region of the
fragment were only totalled once.

Examination of Position 151 in Carboxypeptidase AA,V'”. On
the basis of the complete amino acid sequence of this enzyme
(Bradshaw et al., 1969c; Bradshaw er al., 1971a,b), Lipscomb
et al. (1969) have reported that a refinement of the X-ray
diffraction analysis of the three-dimensional structure indi-
cates a tryptophanyl residue rather than a phenylalanyl
residue at position 151. In view of the fact that these workers
reported that their studies were performed with the valine
allotype (Pétra er al., 1969), a reexamination of chromato-
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FIGURE 12: Elution profile of the separation of Fraction C-IX-4 on
a2 0.9 X 150 cm column of Dowex 1-X2. Details as in Figure 2.

graphically purified carboxypeptidase A”¥* with regard to
peptide T-X-1 [ which contains residues 146~153 in the final
sequence (Bradshaw er al., 1971b)] was carried out. In this
study, reduced and S-carboxymethylated F; was prepared
from carboxypeptidase A.,V“l in the same manner as the
material prepared from the commercial protein and subjected
to tryptic digestion and purification on Dowex 50-X8. Pro-
tein concentration was established on a suitable aliquot by
use of the automatic amino acid analyzer. Further purification
on Dowex 1-X2 was performed as with T-X-1 and the peptide
obtained is described in Table XV. As can be seen, only minor
contamination was removed on the Dowex 1-X2 column. The
tryptophan content was estimated spectrophotometrically at
289 nm in 0.02 M sodium phosphate buffer (pH 6.5) on a
sample of peptide that had been exhaustively dried to remove
excess pyridine. A slightly high value may still result from
pyridine bound to the peptide as counterion, but this con-
tribution was taken to be negligible. Clearly, the composition
of this peptide, recovered in 75%; yield, is identical with that
obtained from the commercial mixture of carboxypeptidase A
(Anson) and includes a single residue of tryptophan and
phenylalanine. In view of the rigorous assignment of these
two residues to positions 147 and 151 (Bradshaw et al., 1971b),
it may be safely concluded that residue 151 is phenylalanine in
both the valine and leucine forms of the enzyme and that
position 151 does not represent an additional site of allotypic
replacement.

Discussion

Although the peptides isolated from the soluble fractions of
either the tryptic or chymotryptic digests do not nearly account
for the whole fragment, it is still possible to deduce the struc-
ture of some larger segments from these overlaps alone. In
particular, the region surrounding the half-cystinyl residues
can be constructed, as shown in Figure 14. Peptide T-II-1,
which contains one of the half-cystinyl residues, clearly can
be seen to overlap peptide C-VI-9, also containing a half-
cystinyl residue. The overlap of C-VI-9 to T-X-1 is based only
on two residues but involves a residue (tryptophan) which
occurs in only four sites in the fragment, making the overlap
more secure, The alignment of C-II-3 to overlap T-X-1 and
hence to position T-VI-2 is evident. Thus, on the basis of the

T T T T T T T 7 T
05~ _
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FIGURE 13: Elution profile of the separation of Fraction C-X on a
0.9 X 150 cm column of Dowex 50-X2. Details as in Figure 11.

data presented, this 38-residue segment can be constructed.
Although other shorter segments can also be assembled from
these data, their alignment is not sufficiently definite to warrant
discussion in this report.

It is significant that this segment also contains residue 151
as deduced from the complete structure (Bradshaw et al.,
1971b). On the basis of integrated density levels throughout
their electron-density map, Lipscomb et al. (1969) have re-
ported a strong preference for tryptophan in place of phenyl-
alanine at this site. Although the relatively high yield of this
peptide (48 %) from commercial carboxypeptidase A (Anson)
seemed to preclude another allotypic replacement site, this
point was rigorously checked by isolation of the peptide from
the pure allotypic form presumably used by Lipscomb and
coworkers in their studies. As expected, this form of the en-
zyme also yielded the peptide containing phenylalanine 151
and hence conclusively established the correctness of the
identification as proposed. These results underscore the ap-
parent pitfalls in interpreting electron-density maps and their
subsequent translation into unequivocal protein structures.

The specificity of cleavage displayed by both trypsin and
chymotrypsin toward fragment F; seems to follow very closely
the classical specificities of these enzymes. In fact, no abnormal
cleavages by trypsin were noted, while hydrolysis adjacent to

TABLE Xv: Amino Acid Composition of Peptide T-X-1 from
Carboxypeptidase A, ¥* .

After Dowex After Dowex

50-X8 1-X2
Chromatog- Chromatog-

Amino Acid raphy raphy Theory
Aspartic acid 2.00 1.97 2
Glycine 2.32 2.12 2
Alanine 0.94 1.03 1
Phenylalanine 1.00 1.00 1
Lysine 1.10 1.10 1
Tryptophan 1.03e 1
Total % yield 75 19

e Determined spectrophotometrically by the method of
Edelhoch (1967).
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SER - VAL - THR - SER - SER - SER - LEU - CYS - VAL -~ GLY - VAL - ASP - ALA - ASN - ARG -
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FIGURE 14: Proposed sequence surrounding the half-cystinyl residues of bovine carboxypeptidase A.

Asx (peptide C-VIII-4), G1x (peptide C-1V-3), Lys (peptide
C-VII-2), and Thr (peptide C-I-1-1) were the only abnormal
sites observed for chymotrypsin.

From a consideration of the number of residues accounted
for by the soluble tryptic peptides (90 or 45%) and by the
soluble chymotryptic peptides (143.5 or 72 %), it is clear that
neither enzyme was effective in solubilizing this fragment
completely. The problems caused by the large amount of in-
soluble core remaining in these digests were largely circum-
vented by the use of thermolysin as the third cleaving enzyme.
In this case, almost the entire fragment was recovered in
soluble peptides. These data are summarized in the following
report (Bradshaw er /., 1971a). The synthesis of the complete
sequence from these and additional data obtained from di-
gestion with pepsin and Nagarse is given in the third report
(Bradshaw er al., 1971Db).
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