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Amino Acid Sequences of Mouse 2.55 Nerve Growth Factor.

II. Isolation and Characterization of the Thermolytic and

Peptic Peptides and the Complete Covalent Structuref

Ruth Hogue Angeletti,{ Mark A. Hermodson, and Ralph A. Bradshaw* §

ABSTRACT: The isolation and characterization of the thermo-
lytic peptides of S-carboxymethyl nerve growth factor and the
peptic peptides of native nerve growth factor are described.
The peptides derived from the latter digestion were also used
for the determination of the pairing of the half-cystinyl resi-
dues. In addition, the two fragments produced by cyanogen
bromide cleavage were isolated and used, together with the
analyses of the protein Sequencer, to establish the structure
of the amino-terminal portion of the protein. It was deter-
mined that some preparations of nerve growth factor con-
tained polypeptide chains that were eight residues shorter
than the primary subunit. These chains have been designated
A (long) and B (short) and apparently arise from limited

Te preceding communication (Angeletti er afl., 1973)
describes the isolation and characterization of the soluble
peptides from tryptic and chymotryptic digests of S-carboxy-
methyl nerve growth factor (NGF)! and the tryptic digest of
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methyl: Th-, thermolytic peptides; P-, peptic peptides; SE-, sulfoethyl;
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proteolysis. Carboxypeptidase B digestion of S-carboxy-
methyl nerve growth factor defined the carboxyl-terminal
portion of the molecule. These data are combined with those
derived from the tryptic and chymotryptic peptides described
in the preceding communication to construct an internally
consistent primary and secondary structure of nerve growth
factor. In addition, each of the side chains of Glx and Asx
residues was identified as to its acidic or neutral character.
Thus, mouse nerve growth factor consists, in the unaltered
state, of a dimer of two polypeptide chains containing 118
amino acids, each with a molecular weight of 13,259. The
disulfide pairs are formed by Cys-15 and Cys-80, Cys-58 and
Cys-108, and Cys-68 and Cys-110.

S-aminoethyl-NGF. Because these data in their entirety did
not provide sufficient information, especially with respect to
the amino terminus, to construct a tentative sequence for
NGF, additional peptides from digestion of NGF with
thermolysin and pepsin were prepared and characterized.
Furthermore, as it was known that the subunit of NGF is a
single polypeptide chain containing three internal disulfide
bridges and no free sulfhydryl groups (Bocchini, 1970; Ange-
letti ez al., 1971), the peptic digestion was performed on native
NGF so as to allow the determination of the disulfide pairing.
In addition, experiments were also conducted using the Beck-
man protein Sequencer, on the one hand, and carboxypepti-
dase digestion, on the other, to elucidate the nature of the
amino and carboxy termini, respectively. The Sequencer

PTh-, peptides from the thermolytic digest of a peptic fragment: PC-,
peptic acid insoluble peptides; CNBr-, cyanogen bromide fragments;
Pth, phenylthiohydantoin.
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analyses indicated some heterogeneity of the type expected
from proteolytic cleavage at the amino terminus. To establish
the correctness of the alignment of the two chains, cyanogen
bromide cleavage was performed on the S-carboxymethylated
derivative and the two fragments formed were isolated and
characterized. The sum of these results, which are described
below, allowed the elucidation of the complete covalent struc-
ture of mouse 2.5S NGF.

Experimental Procedure

Materials. Nerve growth factor and S-carboxymethyl
nerve growth factor were prepared as described previously
(Angeletti er al., 1973). Pepsin and carboxypeptidases A and
B were obtained from Worthington Biochemicals. Ther-
molysin was obtained from Daiwa Kasei K. K., Osaka,
Japan. Cyanogen bromide was purchased from Eastman.
SE-Sephadex was obtained from Pharmacia Fine Chemicals.

Methods. THERMOLYTIC DIGESTION. SCM-NGF (4.00 umol),
dissolved in 10 ml of H;O, was digested for 22 hr at pH 8.0,
37° with thermolysin at a final concentration to substrate
of 0.5%. The reaction was monitored in a Radiometer pH-
Stat and terminated by acidification to pH 2 with 6 N HCI.

PepTic DIGESTION. Native nerve growth factor (4.40
umol) was dissolved as a 127 solution in 5% formic acid to
which 29 pepsin (w/w) had been added. Digestion was
allowed to proceed for 18 hr, at which time the suspension
was centrifuged to remove the insoluble material. The ther-
molytic digestion of peptide P-XVI was performed as de-
scribed above, but with the pH of the reaction mixture main-
tained at 7, in order to avoid disulfide interchange.

CYANOGEN BROMIDE CLEAVAGE. NGF (0.75 umol), dissolved
in 709 formic acid (3.0 ml), was reacted with a 30-fold
molar excess of cyanogen bromide for 24 hr at 20° in the
dark. The reaction was stopped by diluting with 15 volumes
of distilled water and followed by lyophilization.

CHARACTERIZATION OF THE AMINO TERMINUS OF S-CARBOXY-
METHYL-NGF By THE PROTEIN SEQUENCER. Approximately
300 nmol of SCM-NGF was suspended in 0.5 ml of 50%;
acetic acid and dried in the cup of a Beckman Sequencer.
Twenty-four cycles of the Edman degradation were carried
out following the general technique of Edman and Begg
(1967) as adapted by Hermodson er al.? Dithioerythritol
(0.2 mm) was included in the chlorobutane extractant as
recommended by Hermodson et al. (1970) to improve the
Pth-amino acid recoveries. The Pth-amino acids released
were identified by gas-liquid chromatography by a method
similar to that described by Pisano and Bronzert (1969).

CARBOXYPEPTIDASE DIGESTION OF SCM-NGF. SCM-NGF
(2 mg) was suspended in 0.5 m} of Tris-HCI (0.01 M pH 8.5)
and digested with carboxypeptidase B (1 %) for 15 min. The
sample was diluted with 0.2 M sodium citrate buffer (pH 2.2)
and applied directly to the amino acid analyzer after cen-
trifugation at 5000g.

PEPTIDE PURIFICATION. The procedures for isolating and
characterizing peptides were essentially those described pre-
viously (Angeletti er al., 1973), except for the fractionation
of the peptic peptides, which was performed on SE-Sephadex
at 55° as described by Walsh ez al. (1970).

DETECTION OF DISULFIDE PEPTIDES AND IDENTIFICATION OF
DISULFIDE PEPTIDE PAIRS. The column separation of the peptic
digest on SE-Sephadex was monitored for cystine by testing

2M. A, Hermodson, L. H., Ericsson, K. Titani, H. Neurath, and
K. A, Walsh, manuscript in preparation.
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FIGURE 1: Elution profile of the thermolytic peptides of 4.00 umol of
S-carboxymethyl-NGF on a 0.9 X 20 cm column of Dowex 50-X8
at 55°, The column was developed at 30 ml/hr with a continuous
gradient of pyridine acetate as described in the text, and monitored
automatically by ninhydrin analysis after alkaline hydrolysis. Frac-
tions of 3.0 ml were collected.

aliquots removed from every other fraction with the cyanide-
nitroprusside spray reaction (Toennies and Kolb, 1951).
Semiquantitative values for cystine were obtained from acid
hydrolysates of the corresponding peptides. Purified frac-
tions known to contain unique disulfide peptides were sub-
jected to mild performic acid oxidation as described by Hirs
(1969), and the resultant mixture of oxidized peptides was
separated and identified by amino acid composition.

Results

Isolation of Soluble Thermolytic Peptides. Following
digestion of SCM-NGF with thermolysin for 22 hr and acid-
ification to pH 2, no insoluble material remained. Therefore,
the entire digestion mixture was applied to a Dowex 50-X8
column and eluted with pyridine acetate buffers (Figure 1).
Fractions were made as indicated by the bars and Roman
numerals, and each was tested for heterogeneity by high-
voltage paper electrophoresis at pH 3.75. Subsequent puri-
fication entailed fractionation on Dowex 1-X2 and Dowex
50-X2 columns and preparative high-voltage paper electro-
phoresis. Table I summarizes the amino acid composition
yield, and method of purification of each of the 60 or more
pure peptides obtained from this digest. The position of each
of the purified peptides in the final sequence is listed in the
last line. The characterization of those peptides which sup-
plied further structural information is considered in detail
subsequently.

Fraction 1. Subfractionation on Dowex 1-X2 yielded 2
peptides, in addition to the cysteic acid column marker.
The first, Th-I-1, is a tripeptide which was not further char-
acterized. The second, Th-I-2, a cysteine-containing peptide,
was subjected to two rounds of Edman degradation (Table
D).

FractioN I, This fraction was separated by chromatog-
raphy on a column of Dowex 1-X2 into two components,
peptides Th-II-1 and Th-1I-2. The former was entirely
structured by three turns of Edman degradation. Electro-
phoretic analysis demonstrated that the aspartyl residue is
present in the amide form. Peptide Th-1I-2 was subjected to
four turns of Edman degradation. The sequence data are
summarized in Table IL

FracTtion III. From the purification of this fraction on
Dowex 1-X2, 4 peptides were isolated (Table II). The first,
Th-III-1, is a tetrapeptide which was fully characterized
by 3 turns of subtractive Edman degradation. It is electro-
phoretically neutral, and therefore, both aspartic acid residues
1, 1973 101
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TABLE I: Amino Acid Composition of the Thermolytic Peptides of S-Carboxymethyl Nerve Growth Factor.®

Amino Acid  Th-I-1 Th-I-2 Th-II-1  Th-II-2 Th-III-1  Th-IlI-2 Th-II1-3 Th-III-4 Th-IV-1 Th-V-1

Lysine
Histidine
Arginine
S-Carboxy- 0.81 (1) 1.00 (1) 1.01 (1)
methyl-
cysteine
Asparticacid 1.17(1) 1.09(1) 1.00(1) 1.27(1) 2.16(2) 1.0001) 1.18(1) 1.00 (1)
Threonine 1.06 (1) 2.18 2) 1.10 (1)
Serine 0.80 (1) 1.02(1) 2.30(2) 1.00(1) 0.98 (1) 0.94 (1)
Glutamic acid 1.21(1)
Proline 1.27 (1) 0.98 (1)
Glycine.
Alanine 1.00¢1) 1.00(1) 1.18(1) 1.28(¢1)
Valine 1.15 (1) 1.00Q1) 1.09) 1.89 (2)
Methionine
Isoleucine 0.91 (1) 1.00 (1)
Leucine 0.95(1)
Tyrosine
Phenylalanine 0.89 (1)
Tryptophan 1)?

Total 3 5 4 6 4 4 4 4 3 3

Per cent yield 5 18 10 14 16 17 28 17 22 9

Purification DX1¢ DX1 DX1 DX1 DX1 DX1, DX1 DX1 DX1 DX1
procedure DX50

Residue no. 76-78 104-108  60-63 12-17 44-47 38-41 27-30 14-17 61-63 36-38

Amino Acid  Th-XII-2 Th-XIII-1 Th-XIV Th-XV-1 Th-XV-2 Th-XV-3 Th-XV-4 Th-XV-5 Th-XVI Th-XVII

Lysine 1.00(1) 0.93 (1)
Histidine 1.12 (1) 1.00(1) 1.28(1) 1.00(1)
Arginine 1.05(1) 1.16()
S-Carboxy- 0.80 (1) 0.95(1) 0.93(1)
methyl-
cysteine
Aspartic acid 1.04 (1) 1.26 (1) 1.04(1)
Threonine 4004 1.77(@) 1.00(Q) 4.004) 1.,00(1) 1.02(1)
Serine 1.79 (2) 0.87 (1)
Glutamic acid 1.00¢1) 1.05(1)
Proline N
Glycine 1.09 (1) 1.12(1) 2.02(2) 0.96 (1)
Alanine 1.23(1)
Valine 1.00 (1) 0.83 (1) 1.00(1) 0.94(Q) 0.75 (1)
Methionine 0.74 (1)
Isoleucine 2.23(2)
Leucine
Tyrosine 1.18 (1) 0.86 (1)
Phenylalanine  1.15 (1) 0.94 (1) 1.00 (1)
Tryptophan

Total 2 7 6 5 5 6 7 7 5 2
Per cent yield 22 3 11 8 24 4 35 8 27 25
Purification DX1 DX1 DX1 DX1 DX1 DX1 DX1
procedure
Residue no. 6-7or  79-85 22-27 1-5 81-85 6-11 64-70  102-108  22-26 52-53
48-49
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Th-VI  Th-VII-la Th-VII-1b Th-VII-2 Th-VIII-1 Th-VIII-2 Th-IX Th-X-1 Th-XI-1 Th-XI-2  TH-XI-3

1.15(1)
1.33 (1)
1.32(1) 0.76 (1) 0.94 (1)
1.01 (1) 1.11 Q1)
0.99 (1)
0.97 (1) 1.92 (2)
1.00 (1) 1.782) 0.96(1)
1.00(1) 1.18 (1) 2.00 (2)
0.85 (1)
2.20 (2)
1.13Q1) Q)
1.00(1) 0.98(1) 1.00(1)? 1.37 (1) 0.96 (1)
1.02 (1)
1.00 (1) 1.00 (1)
1.00(1) 1.06 (1)
3 2 2 2 1 2 2 10 2 7 2
13 40 40 27 22 25 51 5 17 33 8
DX1, PC DX1,PC DXl DXl1 DX1 DX1 DX1 DX1 DX1 DX1
39-41 36-37 42-43 109-110 NA 18-19 97-98  61-70 12-13 90-96 79-80
Th-
XVIII- Th- Th- Th- Th- Th- Th- Th- Th-
1 XVIII-2 XIX-1 Th-XX-1 Th-XX-2 XXII-1 XXII-2 XXII-3 XXII-1  XXII-2 XXIII-3
0.97(1) 1.44(1) 1.51 1) 1.12Q)
1.00(1) 0.81(1) 1.37(1)
1.25Q1) 1.00 (1) 1.001) 1.24(1) 1.11QD)
0.99(1) 0.87(1)
1.00 (1) 0.89 (1)
2.74 (3) 0.89 (1) @ 0.92(1) 0.98(¢1) 1.00(1)
1.14 (1)
1.00(1) 1.10 (1) 1.04(1) 1.10Q1)
1.23 (1)
1.00(1) 1.021) 0.89(1) 1.00()
1.00(1) 0.93(¢1) 0.80(1)
0.57 (1)
1.82(2) 1.36 (1)
0.63 (1) 1.00 (1) 1.10(1) 2.00(2)
ay
4 5 5 2 2 4 3 5 3 7 8
5 10 9 8 24 10 33 31 28 28 7
DX1 DX1 DX1 DX1 DX1 DX1 DX1 DX1 DX1 DX1 DX1
82-85 7-11 102-106 26-27, 20-21 48-51 87-89 71-75 116-118  54-60 53-60
81-82 or
82-83
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TABLE 1 (Continued)

Th-
XXIV-1

Th-

Amino Acid XXIV-2

Th-XXV-1 Th-XXV-2

Th-
XXVIII

Th-

Th-XXVII XXIX-1

Th-XXX  Th-XXXI

Lysine
Histidine
Arginine
S-Carboxy-
methyl-
cysteine
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan

Total 3 4 2 5

Per cent yield 4 4 12 39

Purification DX1 DX1 DX50 DX50
procedure

2.00(2)

1.16 (1) 1.20(1) 1.24 (1)

1.00(1)

1.00 (1) 1.00(1) 1.14 (1)

0.96 (1)

0.94 (1)

1.00 (1)

0.97(1) 1.00(1)

Residue no. 49-51 49-52 117-118 31-35

1.25(1) 1.22.(D)

1.00¢1)  1.22() 1.00¢1) 1.26 (1) (1)*

0.95 (1) 0.92 (1)

1.14 (1)

0.70 (1)
1.00 (1) 1.00 (1)
0.85 (1)
(1)
2 5 3 4 2

32 17 8 25 47
HVE

1’

102-103 111-115  99-101 112-115 99-100

@ Values are given in residues/mol. The assumed integral values are given in parentheses. See Angeletti ef al. (1973) for further
details. ? Assumed to be a residue (Angeletti et al., 1973). ¢ Abbreviations used are: DXI1, Dowex-1-X2; DX50, Dowex 50-X2;
PC, paper chromatography; HVE, preparative high-voltage electrophoresis; NA, no assignment. ¢ 72-hr hydrolysis. ¢ See text

for details.

are present in the amide form. The second fraction was puri-
fied on a column of Dowex 50-X2 to remove minor contam-
inants, yielding a pure peptide, Th-III-2. The positions of the
N-terminal two residues were determined by Edman degrada-
tion. Elecirophoretic analysis established that the glutamyl
residue is present in the acid form. The third fraction con-
tained a pure tetrapeptide, Th-III-3, which was not further
characterized. This peptide was electrically neutral, confirm-
ing the presence of asparagine. The last fraction also contained
a pure tetrapeptide, Th-III-4, which was fully characterized
by a combination of Edman degradation and digestion with
carboxypeptidase A.

FracTiON IV. This fraction was slightly contaminated as
judged by paper electrophoresis, and was further purified
by Dowex 1-X2 chromatography. A single tripeptide, Th-
IV-1, was recovered. Its N-terminal residue was confirmed
by the dansyl-Edman technique (Table III).

Fracrion V. After passage on Dowex 1-X2, this fraction
yielded a pure tripeptide, Th-V-1, whose sequence was deter-
mined by two rounds of Edman degradation.

FractioN VI. This fraction contained a tripeptide, Th-
VI, which required no further purification. Its sequence was

104 BiocHEMISTRY, voL 12, No. 1, 1973

determined by two rounds of Edman degradation, and elec-
trophoretic analysis confirmed the presence of glutamic
acid in the acid form.

FracTioN VII. This fraction was separated into 2 frac-
tions on Dowex 1-X2 chromatography. The first fraction
appeared to be homogeneous by both electrophoretic and
chromatographic criteria. However, Edman degradation
indicated it to be impure. Further separation on preparative
paper chromatography yielded two dipeptides, Th-VII-
1a and Th-VII-1b, Electrophoretic analysis showed the latter
peptide to be neutral, confirming that the aspartyl residue
is present as an amide.

The second fraction contained a pure dipeptide, Th-
VII-2, whose sequence was confirmed by the determination
of the amino-terminal residue.

FractioN VIIIL. This fraction was a mixture of 2 peptides
which were readily separated by chromatography on Dowex
1-X2. The first, Th-VIII-1, was free phenylalanine. Amino
acid analysis of an unhydrolyzed sample confirmed that the
structure was not Phe-Phe. One turn of Edman degradation
was performed in order to characterize the dipeptide, Th-
VIII-2.
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TABLE 11: Characterization of Selected Thermolytic Peptides
from Fractions I, II, and III.

TaBLE 1I: Characterization of Thermolytic Peptides from
Fractions IV, V, VI, and VII.

Fraction I:
Peptide Th-1-2:
Sequence: I_lg-‘_éx_si-(Thr,Ala,Cys)
Fraction II:
Peptide Th-II-1:
Sequence: ilg-S__e’r-@-Pro
High-voltage electrophoresis, pH 6.5: Neutral
Peptide Th-I1-2:
Sequence: Phe-Ser-Val-Cys-(Asx,Ser)
Fraction III:
Peptide Th-III-1:
Sequence: Ile-Asn-Asn-Ser
High-voltage electrophoresis, pH 6. 5: Neutral
Peptide Th-III-2:
Sequence: Val-L_eE-(Ala,Glu)
High-voltage electrophoresis, pH 6. 5: Acidic
Peptide Th-III-3:
Sequence: (Thr,Ala,Thr,Asn)
High-voltage electrophoresis, pH 6.5: Neutral
Peptide Th-I11-4:
Sequence: Val-Cys-Asp-Ser

Carboxypeptidase A: 4 hr, Ser, 1.00; Asp, 0.43

FractioN IX. No further purification was required of this
fraction which consisted of a single dipeptide, Th-IX. Amino
acid analysis of both hydrolyzed and unhydrolyzed samples
demonstrated that this fraction was Ala-Ala and not free
alanine.

FractioN X. After subfractionation on Dowex 1-X2,
only one useful peptide was isolated from this fraction. Th-
X-1 is a decapeptide containing both cysteine and proline.
The positions of the first 7 residues were determined by Edman
degradation (Table IV).

FractioN XI. Three peptides were recovered from this
fraction upon Dowex 1-X2 fractionation. The first, Th-XI-
1, was a dipeptide which was not further characterized. The
second pure peptide isolated contained 7 residues, 5 of which
were placed by Edman degradation. This pepide was acidic
when analyzed electrophoretically, confirming the amide
assignments as shown in Table IV. The sequence of the third
peptide Th-XI-3, a dipeptide, was determined by the dansyl-
Edman procedure.

FracTioN XII. This pool was separated into two peptides
using Dowex 1-X2 chromatography. Neither the 7-residue
peptide, Th-XII-1, which was identical with Th-XI-2, nor
the dipeptide, Th-XII-2, was characterized further.

FracTtioN XIII. Purification of this fraction on Dowex
1-X2 column produced a single 7-residue peptide Th-XIII-1,
which was not characterized further.

FracTiON XIV. Without further purification, this fraction
yielded a pure 6-residue peptide, Th-XIV. One turn of Edman
degradation demonstrated that the N-terminal residue was
valine, and carboxypeptidase A digestion established the
position of the two carboxyl-terminal residues (Table V).

FracTiOoN XV. Since electrophoretic analysis showed that
this fraction contained a large mixture of peptides, they were

Fraction IV:
Peptide Th-IV-1:
Sequence: S_g-(Asx,Pro)
Fraction V:
Peptide Th-V-1:
Sequence: Val-Thr-Val
Fraction VI:
Peptide Th-VI:
Sequence: Leu-Ala-Glu
High-voltage electrophoresis, pH 6.5: Acidic
Fraction VII:
Peptide Th-VII-1a:
Sequence: Val-Thr
Peptide Th-VII-1b:
Sequence: Val-Asn
High-voltage electrophoresis, pH 6.5: Neutral
Peptide Th-VII-2:
Sequence: Val-Cys

subfractionated on Dowex 1-X2. Five pure peptides were
isolated. The first, Th-XV-1, was subjected to Edman degra-
dation, which yielded the complete structure of the peptide.
The second, a pentapeptide Th-XV-2, contained only threonyl
and histidyl residues, and was not further analyzed. Th-XV-3
was a 6-residue peptide containing methionine whose struc-
ture was unequivocally determined by 5 turns of Edman
degradation. The fourth, Th-XV-4, was a 7-residue peptide
containing both cysteine and arginine, and was fully char-
acterized by Edman degradation. Electrophoresis at pH 6.5
showed it to be acidic, indicating the glutamyl residue to be

TABLE Iv: Characterization of Selected Thermolytic Peptides
from Fractions VIII, IX, X, and XI.

Fraction VIII:
Peptide Th-VIII-1:
Sequence: Phe
Peptide Th-VIII-2:

Sequence: \_{:a'l-Ser

Fraction IX:
Peptide Th-IX:
Sequence: Ala-Ala
Fraction X:
Peptide Th-X-1:
Sequence: Ser-Asx-Pro-Val-Glx-Ser-Gly-(Cys,Arg,Gly)
Fraction XI: T T T
Peptide Th-XI-2:
Sequence: @-I_'hi-'l__'_llr-ﬁ)ﬁ-g)i-(Lys,Glx)
High-voltage electrophoresis, pH 6.5: Acidic
Peptide Th-XI-3:
Sequence: Tyr-Cys
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TABLE Vv: Characterization of Selected Thermolytic Peptides
from Fractions XIV, XV, and XVI.

TaBLE ViI: Characterization of Selected Thermolytic Peptides
from Fractions XXIII, XXIV, XXV, XXVIII, and XXIX.

Fraction XIV:
Peptide Th-XIV:
Sequence: Val-(Gly,Asp,Lys)-'l:h_r-Thr
Carboxypeptidase A: 1 hr, Thr, 1.67
Fraction XV
Peptide Th-XV-1:
Sequence: Ser-Ser-Thr-His-Pro
Peptide Th-XV-3:
Sequence: Val-Phe-His-Met-Gly-Glx
Peptide Th-XV-4:
Sequence: Val-Glu-Ser-Gly-Cys-Arg-Gly
High-voltage electrophoresis, pH 6.5: Acidic
Fraction XVI:
Peptide Th-XVI:
Sequence: Val-(Gly,Asp,Lys,Thr)

in the acid form. Peptide Th-XV-5 contained redundant
information and was therefore not further analyzed.

FracTtioN XVI. This pool consisted of only one pure penta-
peptide, Th-XVI. Since this peptide appeared to be one
residue shorter than Th-XIV, only the amino-terminal residue
was ascertained in order to position it in the final structure
(Table V).

FractioN XVII. This fraction contained a pure dipeptide,
Th-XVII, whose sequence was determined by one round of
subtractive Edman degradation (Table VI).

FracTioN XVIII. Purification of this fraction on Dowex
1-X2 yielded two pure peptides; one, a tetrapeptide, Th-
XVIII-1, and the other, a pentapeptide, Th-XVIII-2. Since
Th-XVIII-1 was only one residue shorter than Th-XV-2,
and Th-XVIII-2 was one residue less than Th-XV-3, these
peptides were not further characterized.

TABLE vI: Characterization of Selected Thermolytic Peptides
from Fractions XVII, XX, and XXII.

Fraction XVII:
Peptide Th-XVII:
Sequence: Tyr-Phe
Fraction XX:
Peptide Th-XX-1:
Sequence: Thr-Thr
Peptide Th-XX-2:
Sequence: Val-Trp
Fraction XXII:
Peptide Th-XXII-1:
Sequence: Val-Phe-Arg-g}E
Carboxypeptidase A: 1 hr; Gln, 0.65
Peptide Th-XXII-2:
Sequence: Val-Lys-Ala
Peptide Th-XXII-3:
Sequence: Ile-Asp-Ser-Lys-His

——
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Fraction XXIII:
Peptide Th-XXIII-2:
Sequence: Phe-Glix-Thr-Lys-Cys-Arg-Ala
Peptide Th-XXIII-3:
Sequence: Phe-Phe-Glx-Thr-Lys-Cys-(Arg,Ala)
Fraction XXIV:
Peptide Th-XXIV-1:
Sequence: Phe-Arg-Gln
Carboxypeptidase A: 1 hr, Gln, 0.72
Peptide Th-XXIV-2:
Sequence: (Phe,Arg)-Ei_ln-]"y_r
Carboxypeptidase A: 1 hr, Tyr, 0.94; Gin, 0.68
Fraction XXV:
Peptide Th-XXV-2:
Sequence: Ile-Lys-Gly-Lys-Glx

— ——— ——

Fraction XXVIII:
Peptide Th-XXVIII:
Sequence: Val-Leu-Ser-Arg-Lys
Fraction XXIX:
Peptide Th-XXIX-1:
Sequence: (Trp,Arg)-Phe
Carboxypeptidase A: 1 hr, Phe, 0.96

FracTioN XIX. One useful peptide Th-XIX-1, was iso
lated from this fraction after purification on Dowex 1-X2.
This 5-residue peptide was not subjected to sequence analysis.

FracTIiON XX. Subfractionation of this fraction on Dowex
1-X2 provided two usable peptides; Th-XX-1, as determined
from amino acid analysis of both hydrolyzed and unhy-
drolyzed samples; the second, Th-XX-2, a tryptophan-con-
taining dipeptide whose amino-terminal residue was positioned
by the dansyl-Edman procedure (Table VI).

FracTtioN XXI. This fraction appeared to be a mixture of
several peptides in such low yield that no useful peptides
were ever isolated from it.

FracTioN XXII. This fraction was primarily composed of
3 peptides which were separated from one another by chro-
matography on Dowex 1-X2. The first was a tetrapeptide,
Th-XVII-1, whose complete sequence was unequivocally
characterized by two turns of Edman degradation and car-
boxypeptidase A digestion. Th-XXII-2, a tripeptide, was fully
sequenced by two turns of Edman degradation. The third
peptide, Th-XXII-3, which contained one lysyl and one
histidyl residue, was completely structured by 4 successful
rounds of Edman degradation (Table VI).

FracTioN XXIII. Separation on a Dowex 1-X2 column
effectively purified the 3 peptides present in this fraction.
The first was a tripeptide, Th-XXIII-1, which was not sub-
jected to sequence analysis. The other 2 peptides had identical
compositions, except that peptide Th-XXIII-2 was shorter
than Th-XXIII-3 by 1 phenylalanyl residue. Six rounds of
Edman degradation indicated that the additional phenyl-
alanyl residue of peptide Th-XXIII-3 was at the amino ter-
minus (Table VII).

FracTioN XXIV. This fraction was composed of 2 related
peptides, which were separated after chromatography on
Dowex 1-X2. One turn of Edman degradation and carboxy-
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peptidase A digestion confirmed the structure of the tri-
peptide, Th-XXIV-1. Th-XXIV-2, a tetrapeptide, contained
1 additional tyrosyl residue at the carboxy terminus (Table
VID).

FrRACTION XXV. Subfractionation of this fraction on
Dowex 50-X2 yielded 2 peptides. The first, Th-XXV-1,
was a dipeptide which was not further characterized. The
second peptide, Th-XXV-2, contained 2 lysyl residues. The
combined use of subtractive and dansyl-Edman procedures
provided the complete structure of this peptide (Table VII).

FracTtion XXVI. Electrophoretic and amino acid analysis
revealed that this fraction contained a mixture of many minor
yield peptides. Further subfractionation was unsuccessful
in isolating any useful peptides.

FracTtioN XXVII. This fraction was comprised of a single
dipeptide, Th-XXVII, which was not further analyzed.

FracTioN XXVIII. No purification was required of this
fraction, which contained a pure pentapeptide, Th-XXVIII.
Four successful turns of Edman degradation provided its
complete sequence (Table VII).

FracTiON XXIX. Preparative high-voltage electrophoresis
at pH 3.75 permitted the purification of the tripeptide, Th-
XXIX-1, from contaminating material present in low yield.
Carboxypeptidase A digestion revealed phenylalanine to be
the carboxyl-terminal residue (Table VII).

Fraction XXX, This fraction was found to contain a pure
tetrapeptide, Th-XXX. No sequence analysis was performed.

FracTtioN XXXI. The last fraction eluted from the column
consisted of a pure dipeptide in high yield, Th-XXXI, which
was not further characterized.

Isolation of the Soluble Peptic Peptides. The profile for the
separation of the soluble peptic peptides of native NGF
from a 2.0 X 35 cm SE-Sephadex column at 55° is shown in
Figure 2. The 15 fractions are indicated by the bars and
Roman numerals, and the amino acid compositions of the
peptides purified from them are summarized in Table VIII
which also lists the per cent yield, additional purification
procedures and the residue numbers in the final sequence.

Characterization of the Soluble Peptic Peptides. FRACTION 1.
This fraction contained the cysteic acid marker, with no trace
of peptidic material.

FracTtioN II. Only free phenylalanine, P-II, was recovered
from this pool. Unhydrolyzed samples confirmed that phenyl-
alanine was present as the free amino acid.

FracTioN III. No peptide material was found in this frac-
tion.

FrAcCTION IV. A pure pentapeptide, P-IV, was in this frac-
tion, which required no further purification. Since this peptide
contained redundant information, no additional characteriza-
tion was carried out.

FRrAcTION V. This fraction was subfractionated on dowex
1-X2 to yield two peptides. The first peptide, P-V-1, was
not further characterized. P-V-2, a tetrapeptide, was fully
characterized by three rounds of Edman degradation (Table
1X).

FracTtiON VI, This fraction contained two peptides which
were separated on a column of Dowex 1-X2. Because these
peptides originate from a region of the molecule already
well characterized, no further analyses were performed.
It should be noted that P-VI-1 is related to P-VI-2, being
only two residues longer.

Fraction VII. No further purification was required of
this fraction which contained a single 9-residue peptide.
Four turns of Edman degradation were performed success-
fully (Table IX).
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FIGURE 2: Elution profile of the soluble peptic peptides from native
NGF on a 2.0 &= 35 cm column of SE-Sephadex C-25 at 55°, The
column was developed at 30 ml/hr with a double linear gradient of
pyridine acetate buffer. Fractions of 3.0 ml were collected. Bars and
Roman numerals indicate the pools made.

FracTion VIII. Subfractionation on Dowex 1-X2 yielded
only one useful peptide, P-VIII-1. Four turns of Edman deg-
radation permitted the alignment of this peptide (Table IX).

FracTioN IX. This pool was comprised of three peptides,
which were separated on a column of Dowex 1-X2. The
first, P-IX-1, was a tetrapeptide which was completely char-
acterized by three turns of Edman degradation. P-1X-2
was not subjected to sequence analysis, but electrophoretic
analysis showed it to be acidic thus confirming the glutamyl
residue to be present in the acid form. P-IX-3 is one phenyl-
alanine residue longer than P-IX-2, and four turns of Edman
degradation unequivocally positioned all five residues (Table
IX).

FracTioN X. The two peptides present in this fraction were
separated on a column of Dowex 1-X2. The first, peptide
P-X-1, was a dipeptide which was not further characterized.
Peptide P-X-2 was found to contain six residues. The struc-
ture was derived from the Edman degradation procedure as
shown in Table X.

FractioN XI. This fraction contained two related peptides
which were readily separated on Dowex 1-X2. P-XI-1 was
a l4-residue peptide which was sequenced through the lysyl
residue by 5 successful turns of Edman degradation. Peptide
P-XI-2 corresponds to a portion of the carboxyl terminus
of the previous peptide, and two turns of Edman degrada-
tion were performed. (Table X).

FracTioN XII. This fraction was comprised of a single
tetrapeptide, P-XII, which required no further purification.
Three turns of Edman degradation determined the sequence
of this peptide. Electrophoretic analysis indicated that the
glutamyl residue was present in the amide form (Table X).

FractioN XIII. Upon subfractionation of this fraction
on a column of Dowex 50-X2, a single pentapeptide, P-XIII-1,
was isolated. Carboxypeptidase A digestion at pH 5, showed
the carboxyl-terminal residue to be glutamic acid (Table X).

FracTioN XIV. This pool contained no peptide material.

FracTiON XV. Gel filtration on Sephadex G-25 in 0.1 M
acetic acid permitted the removal of minor contaminants
from this tryptophan containing peptide, P-XV-1. Six
successful turns of Edman degradation were performed,
completely characterizing the peptide (Table X).
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TABLE viIl: Amino Acid Composition of the Soluble Peptic Peptides of Nerve Growth Factor.*

Amino Acid P-1I P-1V P-V-1 P-v-2 P-VI-2 P-VI-3 P-VII P-VIII-1
Lysine 0.96 (1) 1.00(1) 0.92 (1)
Histidine 1.11 (1)
Arginine
Aspartic acid 1.14 (1) 1.18(1) 1.00(1) 1.0t (1)
Threonine 1.72 (2) 1.18(1) 0.93(1) 1.62(2) 0.69(1) 2.88 (3) 1.28 (1)
Serine 1.65(2)
Glutamic acid 0.97 (1) 2.38(2) 2.03(2)
Proline 1.00 (1)
Glycine 0.84 (1)
Alanine 237Q) 1.64(2) 0.94(1)
Valine 0.78 (1) 1.91(2) 1.34 (1) 1.00 (1)
Methionine
Isoleucine
Leucine 1.02 (1) 1.00 (1) 1.04 (1) 1.08(1)
Tyrosine
Phenylalanine 1.00 (1) 0.91 (1)
Tryptophan (1°
Total 1 5 3 4 9 7 9 7
Per cent yield 16 34 13 27 5 6 46 25
Purification procedure® DXi1¢ DX1 DX1 DX1 DX1
Residue no. 90-94 37-39 36-39 90-98 92-98 21-29 1-7

* Values are given in residues/mol. The assumed integral values are given in parentheses. See Angeletti e al. (1973) for further

FracTioN XVII. No peptide material was present in this
pool.

Thermolytic Digestion of Peptic Fraction XVI. Peptic
pool XVI was the only one recovered among the soluble
peptic peptides which contained disulfide bonds, as judged by
the cyanide—nitroprusside spray reaction. The amino acid
composition of this pool indicated that it was largely com-

TABLE 1X: Characterization of Selected Peptic Peptides from
Fractions V, VII, VIII, and IX.

Fraction V:
Peptide P-V-2:
Sequence: Val-’l'_h'r-\_fl'l-Leu
Fraction VII:
Peptide P-VII:
Sequence: Trp—_\/;a._l-Gly-&i-(Lys,Thr,Thr,Ala,Thr)

Fraction VIII:
Peptide P-VIII-1:
Sequence:; Ser-Ser-Thr-His-(Pro,Val,Phe)
Fraction IX:
Peptide P-1X-1:
Sequence: Phe-Val-Lys-Ala
Peptide P-1X-2:
Sequence: (His,Met,Gly,Glu)
High-voltage electrophoresis, pH 6.5: Acidic
Peptide P-1X-3:
Sequence: His-Met-Gly-Glix-Phe

e — - ——

prised of a single fragment covering about 50 residues con-
taining all three disulfide bonds. Consequently, the fragment
was subdigested with thermolysin at 40° for 20 hr at pH 7.0
in order to avoid interchange of the disulfide bonds. Acid-

TABLE X: Characterization of Selected Soluble Peptic Peptides
from Fractions X, XI, XII, XIII, and XV.

Fraction X:
Peptide P-X-2:
Sequence: Asx-lie-Lys-Gly-(Lys,Glx)

Fraction XI:
Peptide P-XI-1:
Sequence: Gly-/_X_Sé-Iiz_s-:l'_h_g-H_r-(Ala,Thr,Asx,Ile,Lys,-
Gly,Lys,Glx,Val)
Peptide P-XI-2:
Sequence: Thr-éfé-(lle,Lys,Gly,Lys,Glx)

Fraction XII:
Peptide P-XII:
Sequence: éz‘g’-g}_h'l-}‘_y_r-l’he
High-voltage electrophoresis, pH 6.5: basic
Fraction XIII:
Peptide P-XIII-1:
Sequence: (lle,Lys,Gly,Lys)-Glu
Carboxypeptidase A: 1 hr, Glu, 0.96
Fraction XV
Peptide P-XV-1:
Sequence: Lys-Glx-A]a-Ala-Trp-é_Eg,-Phe
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P-IX-1 PIX-2  PIX-3  P-X-1 P-X-2 P-XI-1 P-XI-2 P-XII P-XIII-1  P-XV-1
0.98 (1) 1.00(1) 2.35(2) 3.2003) 2.18(2) 2.00(2) 1.08 (1)
0.87(1) 0.81(1)
0.99 (1) 1.00 (1)
1.10) 1.79Q) 0.94(1)
2.60(3) 0.80 (1)
1.01(1) 1.23(1) 1.12¢)  0.95(1) 0.96(1)  1.15(1) 1.101)  0.97(1)
1.06 (1) 1.00(1) 1.021)  1.98Q2) 1.04(1) 0.98 (1)
1.06 (1) 1.86 (2)
1.12 (1) 0.84 (1) 1.00 (1)
0.90(1) 1.00(1) 0.37(1)
0.92(1) 0.76(1) 0.88 (1) 0.64 (1)
0.98 (1)
0.83 (1) 0.70 (1) 1.02 (1) 0.88 (1)
1>
4 4 5 2 6 14 7 4 5 7
16 16 6 41 20 1 7 55 2 13
DXI1 DX1 DX1 DX1 DX1 DX1 DX1 DX1 G-25
86-89 8-11 8-12 87-88 30-35 23-36 29-35 31-35 95-101

details. ® Assumed to be one residue (Angeletti et al. (1973)). ¢ Abbreviations used are: DX1, Dowex 1-X2; G-25, Sephadex G-25.

ification of the solution to pH 2.2 did not result in any pre-
cipitation so that the entire digest was applied to a 0.9 X
50 cm column of SE-Sephadex C-25, and eluted with a double
linear gradient of pyridine acetate (Walsh er al., 1970).
The elution profile, shown in Figure 3, reveals the extent of
cleavage of this fragment by thermolysin. Aside from the
cystinyl peptides, the other peptides isolated had already
been found in the soluble thermolytic peptides described
above. Therefore, only the unique peptides containing di-
sulfide bridges are described in detail below. Table XI sum-
marizes the amino acid compositions and purification pro-
cedures of all peptides isolated.

Isolation and Characterization of Cystine-Containing Peptic—
Thermolytic Peptides. FracTtioN VII. No other peptides
appeared to contaminate this fraction, whose composition
is shown in Table XI. The entire fraction was subjected to
gentle performic acid oxidation (Hirs, 1969) in order to cleave
the disulfide bond and produce two cysteic acid containing
peptides (P-XVI Th-VII-OX-1 and P-XVI Th-VII-OX-2).
Preliminary attempts to purify these by column chromatog-
raphy failed, so that preparative high-voltage electrophoresis
at pH 3.75 was carried out. The amino acid compositions as
well as amino-terminal analysis using the dansyl-Edman
technique allowed unequivocal identification. Table XII
summarizes the proposed structure of the cystinyl peptides,
and their position in the linear sequence of the NGF poly-
peptide chain.

FracTioN XI. This fraction was found to contain the second
cystinyl peptide, whose amino acid composition is shown in
Table XI. It was oxidized as above and passed over a 0.9 X
50 cm column of Dowex 50-X2. The two cysteic acid contain-
ing peptides, P-XVI Th-XI-OX-1 and P-XVI Th-X1-OX-2
were obtained in pure form. The composition and the amino-

terminal residues of these peptides were determined (Table
XII). These data indicated that the residues of half-cystine
present in these peptides correspond in the linear sequence
to Cys-III and Cys-VI.

FractioN XIII. This fraction contained the third disulfide
peptide. After performic acid oxidation, the fraction was
applied toa 0.9 X 50 cm column of Dowex 50-X2, from which
the remaining two cysteic acid peptides, P-XVI Th-XIII-OX-1
and P-XVI Th-XIII-OX-2 were obtained. Their amino
acid compositions are shown in Table XI. Table XII illustrates
the proposed structures and positions, on the basis of amino
acid composition and amino end-group data.

Isolation and Characterization of the Acid-Insoluble Peptic
Peptides. As noted above, a small portion of the peptic
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FIGURE 3: Elution profile of thermolytic peptides of fraction P-XVI
on 2.0 X 35 cm column of SE-Sephadex C-25 at 55°, The column
was developed at 30 ml/hr using the same conditions as in Figure 1.
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TABLE XI: Amino Acid Composition of the Thermolytic Peptides of Peptic Peptide P-XVI1.*

Amino Acid Th-IV-1 Th-V-1 Th-V-2 Th-VI1

Th-VIII Th-IX-1

Th-X-1 Th-XI Th-XII-1 Th-XII1

Lysine
Histidine
Arginine
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine
Cystine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan

1.00 (1) 1.00(1)
0.93(1)

1.00 (1) 0.70 (1) 1.70(2)

°
0.90 (1)

0.84 (1)
0.98 (1) {1

Ok
Total 2 1 3 7

13 9 9 17
DX1 DXl HVE

Per cent yield
Purification procedure DX1°¢

1.04 (1)
0.91 (1)

1.09 () 0.97(1)
1.00 (1)

1.12 (1) 1.00(1) 1.02(1) 1.05(1)

1.01(Q1)

1.90(2) 0.90(1) 0.98 (1)

1.26 (1) 0.66(1) 0.89(1)

2.00 (2)
0.88 (1) 1.00 (1)
1y? O

0.97 (1)

0.96 (1)
0.82 (1)

3 3 5 6 4 5

9 18 16 23 19 25
G-50 G-50 G-25

@ Values are given in residues/mol. Assumed integral values are given in parentheses. See Angeletti er al. (1973) for further
details. ? Assumed to be 1 residue (Angeletti er al., 1973). ¢ Abbreviations used are: DX1, Dowex 1-X2; HVE, preparative high-
voltage electrophoresis;; G-25 and G-50, Sephadex gels G-25 and G-50. ¢ Assumed to be 1 residue. See text for details.

digest was not soluble in 5% formic acid. This insoluble
material became visibly evident after only 15-min digestion
and was present throughout the remainder of the reaction.
This precipitate, removed by centrifugation, was completely
soluble in 3 & pyridine, and was applied to a column of Dowex
1-X2. The elution pattern is shown in Figure 4. Significant
amounts of peptide were found only in pools 3, 4, and 6.
Their amino acid compositions are shown in Table XIII
from which it is evident that the three peptides, PC-3, PC-4,
and PC-6, are all related to the same region of the NGF
molecule. Edman degradations were performed on each of
these, with the results shown in Table XIV.

Isolation and Characterization of the Products of Cyanogen
Bromide Cleavage. Since the NGF molecule is known to
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FIGURE 4: Elution profile of the acid-insoluble peptic peptides from
native NGF on a 0.9 X 150 cm column of Dowex 1-X2 at 30°, The
column was developed at 30 ml/hr with a four-chamber continuous
gradient of pyridine acetate buffers. Fractions of 3 ml were collected
Bars indicate the pools made.
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contain only one residue of methionine per polypeptide
chain, two fragments should be obtained after cyanogen
bromide cleavage (Gross and Witkop, 1961). Native NGF
(0.74 umol) was reacted as described above. The reaction
was stopped by dilution with distilled water followed by
lyophilization. The recovered material was applied to a
column of Sephadex G-25 fine (0.9 X 125 cm) in 0.1 M acetic
acid and eluted as shown in Figure 5. The fractions were
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FIGURE 5: Elution profile of the cyanogen bromide fragments of
native NGF from a gel filtration column 0.9 X 125 cm of Sephadex
G-25 (fine) equilibrated with 0.1 m acetic acid. Flow rate was 9 ml/
hr and 1.0-mil fractions were collected. The solid line indicates the
absorbance at 280 nm and the dotted line, the absorbance at 220
nm.
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TABLE X1I: Characterization of Cysteine-Containing Peptic—
Thermolytic Peptides.

TABLE X1v: Characterization of Acid-Insoluble Peptic Peptides
and Cyanogen Bromide Fragment CB-II.

Residue No.
of Half-
Cystinyl
Position  Residue
Fraction VII:
Peptide P-XVI Th-VII-OX-1;
Sequence: Ser-(Val,Cys,Asp,Ser) I 15
Peptide P-XVI Th-VIII-OX-2:
Sequence: Tyr-(Cys,Thr) v 80
Fraction XI: o
Peptide P-XVI Th-XI-OX-1:
Sequence: \ia_l-Cys VI 110
Peptide P-XVI Th-XI-OX-2:
Sequence: S__er-(Gly,Cys,Arg,Gly) III 68
Fraction XIII:
Peptide P-XVI Th-XIII-OX-1:
Sequence: élg-Cys \% 108
Peptide P-XVI Th-XIII-OX-2:
Sequence: Thr-(Lys,Cys,Arg) II 58

pooled as indicated. The major peak, pool 1, was reduced
and S-carboxymethylated while pool 2 was hydrolyzed and
analyzed directly. The amino acid composition of each of
the two fragments is shown in Table XV, and the sequence
of the smaller fragment, CB-II, in Table XIV. The sum of the
two fragments is in excellent agreement with the amino acid
composition of NGF (Angeletti er al., 1971). The amino
terminus of CB-II is a seryl residue, and the apparent
carboxyl terminus is homoserine, indicating that CB-II is
the amino-terminal fragment of the NGF.

Analysis of Nerve Growth Factor in the Protein Sequencer.
When SCM-NGF was analyzed in the protein Sequencer,

Peptide PC-3:
Sequence: ﬂ-S_e_r-\@_l-Phe
Peptide PC-4:
Sequence: ilg-Glx-Val-Asx-Ile-Asx
Peptide PC-6:
Sequence: &-%—Val-@-l_lg—(Asx,Asx,Ser,Val,Phe)
Fragment CB-II:
Sequence: g:'r-s_ez-l;llr-l-lis-?_rg-Val-(Phe,His,H se)

equal amounts of two nonidentical residues were released
at every cycle. Since the original preparation had been thor-
oughly examined for homogeneity, and the subunit structure
had been clearly ascertained as a dimer of two very similar
or identical subunits (Angeletti er al., 1971), it was initially
difficult to rationalize these data. However, it was noted that
there was a repetition in Pth-amino acids after 8 residues
and after completion of 17 cycles it was apparent that the
sample contained identical chains differing in length by 8
residues. Thus, twenty-four residues of the longer chain
were identified in 24 degradation cycles, although residues
9-24 from the shorter chain also appeared in cycles 1-16.
Cycles 17-24 yielded residues 17-24 from the longer chain
and residues 25-32 from the shorter chain. The sequence
information so obtained was entirely consistent with that
obtained by conventional methods. These data are shown in
Figure 6.

Carboxyl-Terminal Analysis with Carboxypeptidase B.
As was noted previously (Angeletti er al., 1973), no tryptic
peptide lacking carboxyl-terminal lysine or arginine was

TABLE XV: Amino Acid Composition of the Cyanogen Bromide
Fragments of Native NGF.

TABLE X111: Amino Acid Composition of Acid-Insoluble Peptic
Peptides.?

Amino Acid PC-3 PC-4 PC-6
Aspartic acid 1.10(1) 2.02(12 2.67(3)
Serine 0.73 (1) 0.80 (D)
Glutamic acid 1.00 (1) 1.07 (1)
Alanine 1.00(1) 0.82(1)
Valine 1.11 () 1.21 () 1.77(Q)
Isoleucine 0.87(1) 0.83(1)
Phenylalanine 0.94 (1) 0.88 (1)
Total 4 6 10
Per cent yield 10 13 8
Purification procedure  DX1? DX1 DX1
Residue no. 46-49 40-45 40-49

* Values given in residues/mol. Assumed integral values are
given in parentheses. ® Abbreviation used is: DX1, Dowex
1-X2,

Residue CB-1 CB-II

Lysine 8.20 (8)

Histidine 2.34(2) 2.15(2)
Arginine 6.65(7)
CM-Cysteine 5.80 (6)

Aspartic acid 11.4 (11)

Threonine 12.6 (13) 1.00 (1)
Serine 9.68 (10) 1.62(2)
Glutamic acid 8.40 (8)

Proline 1.27 (1) 1.00 (1)
Glycine 6.09 (7

Alanine 7.96 (8)

Valine 11.60 (12) 0.84 (1)
Isoleucine 5.00 (5)

Leucine 3.47 (%)

Tyrosine 2.37(2)
Phenylalanine 6.00 (6) 1.00 (1)
Homoserine or HS-lactone Trace 0.63(1)
Tryptophan 3

Total 111 9
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FIGURE 6: The amino acid sequence of 2.5S mouse submandibular gland nerve growth factor. The various peptides are indicated by double-

headed arrows. Residues identified by Edman degradation (—), and carboxypeptidase A and/or B hydrolysis (<) are so indicated. Abbrevia-
tions used are: T-, tryptic; C-, chymotryptic; Th-, thermolytic; P-, peptic; PTh-, peptic-thermolytic; and CB-, cyanogen bromide.
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recovered in the soluble fraction. This observation suggested
that the carboxyl-terminal peptide was in the acid-insoluble
fraction or that the polypeptide chain terminated in lysine
or arginine. Digestion of SCM-NGF with carboxypeptidase
A did not release any detectable amino acids. However, in-
cubation with carboxypeptidase B at 40° for 15 min released
0.80 mol of arginine/mol of NGF (14,500 molecular weight).
as can be seen in Figure 6, this observation is consistent with
the deduced structure of the protein.

Discussion

Assembly of the Complete Sequence. Using the sum of the
data described in this and the preceding paper (Angeletti
et al., 1973), it is possible to derive a complete and consistent
amino acid sequence of mouse submandibular gland nerve
growth factor. Figure 6 summarizes the requisite data. The
peptides corresponding to each segment are listed below
the designated residues in the order of hydrolysis by trypsin
(SCM- and SAE-NGF), chymotrypsin, thermolysin, and
pepsin. The details of the rationale for assembling this struc-
ture are discussed below.

Although gquantitative amino-terminal analysis of NGF
(Angeletti er al., 1971) indicated that the amino-terminal
residue was serine, no peptide containing amino-terminal
serine was found among the soluble tryptic fractions. How-
ever, cyanogen bromide cleavage produced one large frag-
ment plus a small nonapeptide, CB-II, which contained both
amino-terminal serine and carboxyl-terminal homoserine.
This peptide, along with the data of the automatic Sequencer,
provide a firm basis for positioning the amino end of the
polypeptide chain. The sequence of the residues in this region
is confirmed in part by peptides P-VIII-1, C-VII-2, and Th-
XV-1. By composition, C-VIII-2 extends this region by 3
residues to position 12. The sequence data for peptides Th-
XV-3 and P-IX-3 confirm these assignments which are further
substantiated by the composition data of Th-XVIII-2 and
P-IX-2. In addition to the Sequencer data, further extension
is achieved only by 1 residue overlap at positions 12-13 with
the peptide Th-II-2. The sequence in the immediate vicinity
of this half-cystine is reinforced by the composition of Th-
II1-4, and extended 4 residues by composition by C-II-1.
Although the structure of this peptide was not fully delineated,
sufficient information was obtained to indicate that ST-I-3
extended from this point to the first lysyl residue encountered,
Lys-25. The internal sequence data for peptide ST-1-3 are
confirmed in part by the dipeptides Th-VIII-2 and Th-XX-2.

The overlap with tryptic peptide T-IV-2 was first indicated
by the two thermolysin peptides, Th-XVI and Th-XIV.
By composition, both of these fit into the carboxyl-terminal
portion of ST-I-3, and extend beyond the lysyl residue by 1
and 2 residues of threonine, respectively. The only soluble
tryptic peptide containing threonine in the amino-terminal
position is T-IV-2. By both sequence and composition, P-
VII confirms the positioning of this tryptic peptide. P-XI-1
also supports this alignment, and extends, by composition,
the sequence to residue 36, overlapping with the tryptic di-
peptide, T-IX-3. The smaller peptic peptides P-XI-2 and
P-XIII-1 provide additional proof from composition, and
Th-XXV-2 and P-X-2 unequivocally establish the sequence
in this region.

Further extension was rendered difficult because a soluble
tryptic peptide with an amino-terminal sequence of Glu-Val
was not isolated. An 18-residue chymotryptic peptide, C-
VII-1, was isolated which by composition was comprised of

T-IV-2, T-IX-3 the carboxyl-terminal portion of ST-I-3,
and 5 additional residues. Although this peptide was obtained
in insufficient quantities to subdigest, one turn of dansyl-
Edman served to anchor its amino terminus at position 22.
Digestion with carboxypeptidase A provided the carboxyi-
terminal sequence, thus extending the chain to residue 39.
A series of small peptides, Th-V-1, Th-VII-1a, P-V-1, and
P-V-2 confirmed the sequence in this region. The thermolysin
peptide Th-III-2 extends by a 2-residue overlap, the structure
by 2 residues and with the related peptide Th-VI, provides
the basis for the 2-residue overlap to PC-6 and PC-4, Along
with PC-3, Th-VII-1b, and Th-III-1, the linear structure can
be extended to residue 49.

Peptide Th-XXII-1 extends the chain to residue 51. A
series of small peptides, Th-XXIV-1, Th-XXIV-2, ThXVII,
C-XIII, and P-XII produce the overlapping structure through
residue 53. This structure provides sufficient overlap to align
tryptic peptide T-I-2. Unfortunately, the amino-terminal
glutamine of this peptide was cyclized (pyrrolidonecarboxylic
acid), and was not amenable to Edman degradation, but
carboxypeptidase A and B digestion had yielded partial
sequence data, and peptides from other digests confirmed
these results.

The structural data needed were acquired from the 2
complementary peptides, Th-XXIII-2 and Th-XXIII-3,
and from peptide P-XVI Th-XII-OX-2 that peptide T-VIII,
the Cys-Arg dipeptide, followed T-I-2 and was, in turn,
contiguous to a tryptic peptide beginning with alanine. This
peptide was identified as T-III-3 from the isolation of the
related peptides C-XI-1, C-X-2, and C-X-3 which are 20,
23, and 24 residues long, respectively. Both of the chymo-
tryptic peptides, C-X-2 and C-X-3, contain histidine, trypto-
phan, and an additional radioactively labeled cysteinyl residue,
indicating that at least a portion of another cysteinyl-contain-
ing tryptic peptide is included in the adjacent region. The
internal structure of T-III-3 is provided by the thermolytic
peptides Th-X-1, Th-IV-1, Th-XV-4, and Th-II-1. In addi-
tion, Th-XV-4 indicates that the amino-terminal residue
of the next tryptic peptide begins with glycine. Only Tp-VI,
which contains an amino-terminal glycyl residue, is consistent
with the composition of C-X-3, C-X-2, and C-XI-1. This
alignment provides an overlap consisting of a tryptophyl
and histidyl residue. Only one tryptic peptide, T-XI, can be
placed in this position as it contains the only two remaining
histidyl residues in the structure. The sequence of T-XI is pro-
vided by ST-XVII and ST-IX and confirmed by a considerable
number of chymotryptic and thermolytic peptides.

The series of short peptides P-IX-1, Th-XXII-2, and C-X-1
clearly provide the overlap to peptide T-IV-3 which begins at
position 89. Although not structured completely, the differ-
ence in composition of C-VI-1 unequivocally identifies the ad-
jacent tryptic peptide as T-III-2 which contains the only re-
maining tryptophyl residue. This overlap is also indicated by
Th-XI-2 and compositionally by P-VI-2 and P-VI-3. The in-
ternal sequence of T-111-2 is provided by P-XV-1.

Peptides C-XV, Th-XXIX-1, and P-XV-2 place phenyl-
alanine in position 101, but the specificities of chymotrypsin,
thermolysin, and pepsin all permit cleavage around phenyl-
alanine, and as a result, no peptide containing a more rigorous
overlap was isolated. However, the only soluble tryptic pep-
tide with amino-terminal phenylalanine not incorporated into
the structure already is T-XII, which C-III-2 indicates to be
contiguous with T-II. Again, only a 2-residue overlap is avail-
able, but no other soluble tryptic peptide possesses an Ile-Arg
carboxyl-terminal sequence. From composition data, Th-I-2,
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TABLE xvi: Assignment of Side-Chain Amides in Nerve
Growth Factor.

Method of Determination and

Residue No. Assignment Peptide®

11 Glu HVE, P-IX-2; S
16 Asp HVE, ST-1-3; S
24 Asp HVE, ST-I-3; S
30 Asn HVE, T-1V-2; S
35 Glu CPA, P-XIII-1
41 Glu HVE, Th-III-2
43 Asn HVE, Th-VIII-1°
45 Asn HVE, Th-III-1
46 Asn HVE, Th-III-1
51 Gln HVE, T-1-2, P-XII
55 Glu HVE, T-I-2
62 Asn HVE, Th-II-1
65 Glu HVE, T-111-3, Th-XV-4
72 Asp HVE, T-VI
77 Asn HVE, C-III-1, ST-XVII
93 Asp HVE, T-1V-3
94 Glu HVE, T-1V-3
96 Gln HVE, T-1II-2

105 Asp HVE, ST-III-2

5 Asp 6 Asn 6 Glu 2 GIn

7 Abbreviations used are: HVE, high-voltage electrophore-
sis, pH 6.5; S, Sequencer ; CPA, carboxypeptidase A.

Th-XIX-1, and Th-XV-5 support this hypothesis. The se-
quence of T-II was complete and confirmed by several pep-
tides.

Peptide C-XIV extends the chain four residues beyond posi-
tion 114. The structural information available concerning Th-
XXVIII, Th-XXX, and C-XVI confirm the placement of
T-XIV, and thus T-VII and T-IX-2, as the final tryptic pep-
tides in the structure.

The positioning of T-XIV at the carboxyl terminus is con-
sistent with the identification of arginine as the carboxyl-
terminal residue by carboxypeptidase B digestion. This se-
quence (Figure 6) accounts for all peptides isolated, including
the thermolysin digest in which all the peptides were soluble.
In addition, the composition generated by this sequence is in
reasonable agreement with that determined by amino acid
analysis.

Assignment of the Amide Residues. High-voltage electro-
phoresis at pH 6.5, direct amino acid analysis of digestion mix-
tures of carboxypeptidase A and data from the protein Se-
quencer were used separately or in concert to distinguish be-
tween the acidic and amide forms of aspartyl and glutamyl
residues. These resuits are summarized in Table XVI. Glu-11
is acidic as determined directly by the Sequencer and by the
acidic mobility of P-IX-2. ST-I-3 was acidic at pH 6.5, indi-
cating that both Asp-16 and Asp-24 are present in the acid
form. Sequencer data corroborated these results. Residue 30
was identified as asparagine by electrophoresis of T-IV-2 in
agreement with the Sequencer. However, one sample of T-
IV-2 was neutral indicating the presence of an aspartic acid
residue. The origin of this group is most likely deamidation
and the native protein undoubtedly has asparagine in this
position. Glu-35 was identified as acidic by direct amino acid
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analysis after carboxypeptidase A digestion of P-XIII-1. The
acidic mobility of Th-III-2 demonstrated Glx-41 to be a glu-
tamic acid residue. Th-VII-1bis neutral, confirming that Asx-43
is asparagine. Th-III-1 is also neutral, thus demonstrating that
both Asx-45 and -46 are asparagine. The resistance of T-I-2 to
Edman degradation implies that residue 51 is cyclized glu-
tamine. This conclusion was confirmed by carboxypeptidase A
digestion and by high-voltage electrophoresis of P-XII. The
acidic mobility of T-I-2 is consistent with the identification of
residue 35 as glutamic acid. Th-II-1 is neutral, demonstrating
that Asx-62 is indeed asparagine. Given the assignment of
Asn-62, the acidity of T-III-3 indicated that residue 65 is
glutamic acid. The acidic nature of Th-XV-4 confirms these
results. Electrophoretic analysis of T-VI reveals the peptide to
be neutral, thus assigning aspartic acid to position 72. Pep-
tide C-ITI-1 is electrophoretically neutral and ST-XVII basic,
so that residue 77 can be identified as asparagine. Peptide
T-IV-3is acidic, so that both residues 93 and 94 must be in the
acid form, aspartic acid and glutamic acid respectively. T-
III-2 was not amenable to Edman degradation, indicating that
residue 96 is cyclized glutamine. Its electrophoretic neutrality
is consistent with this hypothesis. Residue 105 was initially re-
ported to be asparagine (Angeletti and Bradshaw, 1971) but a
confirmation of the electrophoretic mobility of ST-III-2
demonstrated it to be electrophoretically neutral, consistent
with the presence of an aspartic acid residue instead. A similar
conclusion was obtained with Th-XIX-1. A comparison of the
electrophoretic mobilities of these samples to that when they
were initially isolated does not indicate any change consistent
with deamidation. It has been concluded therefore that the
initial experiments were in error and the correct assignment of
this residue is aspartic acid.

Of the 11 aspartic acid residues, 6 are present in the amide
form, whereas 2 of the 8 glutamic acid residues are found as
glutamine, or a total of 8 of the 19 carboxylate residues are
present as the amide form in NGF.

Identification of the Disulfide Pairs. The NGF monomer con-
tains three intrachain disulfide bridges, and no sulfhydryl
residues (Bocchini, 1970; Angeletti er al., 1971). All three of
the disulfide bridges appeared to be located in one large pep-
tide P-XVI. Thermolytic digestion of this fragment yielded a
variety of peptides, among which were three separate disulfide-
containing peptides.

Upon performic acid oxidation, P-XVI Th-VII yielded a
tyrosyl-containing cysteinyl tripeptide, P-XVI Th-VII-OX-2
and a pentapeptide, P-XVI Th-VII-OX-1. Their compositions
correspond to the regions surrounding Cys-15 and Cys-80,
respectively, defining the first disulfide pair as I-IV. Cys-108
and Cys-110 are separated by a single valyl residue which was
cleaved by thermolysin. Peptide P-XVI-Th-XIII-OX-1,
Ala-Cys, can be derived only from Cys-108, and its pair,
P-XVI Th-XIII-OX-2, Lys-Cys-Arg, can be unambiguously
placed at Cys-58. In a like manner P-XVI Th-XI-OX-2 is
clearly associated with Cys-68, whereas P-XVI Th-XI-OX-1
contains Cys-110. Thus, half-cystinyl residues comprising the
disulfide pairs are paired as I-IV, II-V, and ITI-VL.

Comments on the Primary and Secondary Structure of Mouse
2.58 NGF. The assembly of the amino acid sequence of mouse
NGF described above forms an internally consistent and co-
herent structure. However, the primary structure so described
is 9 residues shorter than that expected from the amino acid
composition. (Angeletti er al., 1971). However, recalculation of
the original composition data on the basis of a corrected molec-
ular weight, minimizes the differences. In addition, the amino
acid composition of the large cyanogen bromide fragment
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CB-I (Table XV) is almost identical with the composition pre-
dicted from the sequence. This is to be expected, since the
amino-terminal region of the molecule is quantitatively ex-
cised, yielding homogeneous polypeptide chains, whereas the
native molecules appear to exist largely as a population of
chains both with and without the amino-terminal fragment in
the preparations used. These data plus the inherent consis-
tency of the primary structure establish that native NGF
monomer is a polypeptide chain of 118 amino acids, with a
monomeric molecular weight of 13,259,

The data from the protein Sequencer revealed the presence
of a significant proportion of polypeptide chains lacking the
first 8 amino acid residues. This heterogeneity, which would
probably have gone undetected in the conventional analysis,
has been found in varying proportions in different prepara-
tions. In this regard, it is interesting to note that amino-
terminal analyses of NGF by the cyanate method revealed
serine as the amino-terminal residue (Angeletti er al., 1971).
The inaccuracy inherent in the determination of this residue
was noted at that time. It has also been ascertained that the un-
identified peak reported with those data was methionine
sulfoxide. When properly calculated, there was 0.46 mol of
methionine (uncorrected) in the end-group samples which is
entirely consistent with the Sequencer results.

Experiments in progress in our laboratory have indicated
that these two chains, which have been designated A for the
long chain and B for the shorter one, are probably not the prod-
ucts of two distinct genes, but the result of proteolysis, either
within the submandibular gland, or during the process of puri-
fication. The possible physiological significance of this phe-
nomenon is now under study.

The primary structure data together with the results ob-
tained from the determination of disulfide pairs impose some
restrictions on the mobility and conformation of the polypep-
tide chain. The closing of disulfide bonds between half-cys-
tines II-V and III-VI defines a 14-residue loop near the car-
boxyl end of the chain, which is more basic in character than
the amino end.

The sequence of NGF has been compared to that of several
other proteins (Angeletti and Bradshaw, 1971). Particular
attention has centered around insulin because of its similarity
of metabolic stimulatory effects on sympathetic nerve cells,
(Angeletti et al., 1965; Liuzzi et al., 1968; Partlow and Lar-

rabee, 1971) and structural similarity of the type associated
with proteins related by evolutionary events has been proposed
for these two proteins (Frazier et al., 1972). Thus, the com-
pletion of the primary structure of mouse submaxillary gland
NGF has stimulated the postulation of several experimentally
accessible models for mechanism of action and structure—
function relationships which are currently under investiga-
tion in our laboratory.
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