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Characterization of Two Synaptosomal Peptides in Calf Brain

P. LAHDESMAKI, K. AIRAKSINEN, M. VARTIAINEN and P. HALONEN

Department of Biochemistry, University of Oulu, Box 191, SF-90101 Oulu 10, Finland

Two low-molecular weight peptides occurring in
calf brain nerve terminals and their subcellular
vesicles were purified by ion-exchange and thin-
layer chromatography, adsorption chromatography
on copper-Sephadex and gel filtration. Their amino
acid composition and sequence were determined
using the dansyl chloride method and carboxy-
peptidase and aminopeptidase. The tentative se-
quences NH,-alanyl-glycyl-glutamyl-phosphoser-
ine-COOH and N-acetylaspartyl-glutamyl-taurine-
SO, were obtained. Release of both peptides from
synaptic vesicles was caused by depolarizing con-
centrations of K* and Ca?* and also by electrical
stimulation, but no release from the synaptosomes
could be observed. Vesicular origin of the peptides
was shown by gel filtration.

The synaptic vesicle fraction of mammalian cerebral
cortex contains eight to ten different amino acids ! 73
and also certain low-molecular weight peptides.
Cuello et al.* and Emson et al.* have demonstrated
that substance P and vasoactive intestinal poly-
peptide (VIP) are both located in rat synaptic
vesicles, and we have earlier demonstrated the
presence of certain acidic, low-molecular weight
peptides in calf brain synaptic vesicles and synapto-
plasm, yielding mainly aspartic acid, glutamic acid,
serine, alanine and glycine after acid hydrolysis.23
The main peptide fraction, eluted just before taurine
in ion-exchange chromatography, had a concentra-
tion of about 23 umol/g protein in alanine equiv-
alents, exceeding that of all the other amino com-
pounds in the vesicles.® The cysteic acid peak also
contained some acid-labile, hydrolysable material.
These acid-labile compounds have now been puri-
fied by ion-exchange and thin-layer chromatog-
raphy, adsorption chromatography on copper-
Sephadex and gel filtration, and their amino acid
composition and sequence have been determined.
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EXPERIMENTAL

Subcellular fractionation. Synaptic vesicles were
prepared on a large scale from calf brain cortex by
the sucrose gradient centrifugation method of
Whittaker et al.% as modified by Morgan et al.” and
treated for amino acid extraction as described
earlier.> The differential centrifugation method of
Kadota and Kadota,® as modified by DeLorenzo
and Freedman,® was also used. This latter method
gave the crude synaptosomal fraction (P,) which
was used in release studies (see below) and also for
obtaining soluble synaptoplasm and synaptic ves-
icles after hypo-osmotic shock. The protein content
of the subcellular fractions was determined by the
method of Lowry et al.'°

Extraction of peptides. The amino acids and
peptides were extracted from the washed synap-
tosomes and vesicles with 5 9; trichloroacetic acid
(TCA),® which was then removed by shaking with
diethyl ether. The soluble synaptoplasm was simi-
larly deproteinized with TCA. The solutions were
lyophilized or evaporated to dryness in evacuated
tubes at 50 °C and the residue taken up in 0.1 M HCl
or distilled water. Some of the samples and purified
peptide fractions were hydrolyzed in 6 M HCI for
6 h at 100 °C, the HCI then being removed in an
evaporator.

Ion-exchange chromatography. An automatic
amino acid analyzer (Hitachi-Perkin-Elmer 034
Liquid Chromatograph) was used for quantitative
determination of the amino compounds in the sub-
cellular extracts and their hydrolysates using known
standards for the identification of amino acids. It
was also used for separation of the unknown pep-
tides from the amino acids, since the peptides
studied here were eluted before the most acidic of
the amino acids. The peptide fractions were col-
lected for further study.

Thin-layer and paper chromatography. Whatman
No. 1 filter papers and silica gel (Kieselgel G) plates
of thickness 0.25 mm were used. Two-dimensional
chromatograms were developed with 70 9 ethanol
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in water and 75 9 phenol in water, dried and sprayed
with ninhydrin (15 9 solution in 3 M potassium
citrate buffer, pH 5.1). The spots were developed for
10 min at 105 °C. In quantitative TLC the spots of
the peptides were immediately scraped down, eluted
in acetone predried over CaO, centrifuged and the
extinction measured in micro-cuvettes at 570 nm.
Alanine treated in a similar manner to the peptides
was used as a standard.

Gel filtration. The vesicular origin of the amino
compounds was confirmed by gel filtration of the
vesicle preparations on a Sephadex G-50 column
equilibrated with isotonic Krebs-Ringer phosphate
medium (pH 7.4). Sephadex G-15 columns were
used for the molecular weight determinations, elu-
tion taking place with water.

Purification of peptides on copper-Sephadex. The
TCA-soluble peptides of the synaptoplasm and
synaptic vesicle fraction were separated from the
a-amino acids on copper-Sephadex columns.!! A
copper-Sephadex complex was first prepared in an
alkaline medium and packed in small columns.
Lyophilized subcellular extracts were dissolved in
50 mM sodium borate buffer (pH 11.0) and eluted
with the same solution. The retention volumes of
the a-amino acids and peptides differed markedly,
and GABA could be separated from the peptides
by collecting small fractions (1.0 ml) in the initial
part of the chromatogram. Amino compounds in the
fractions were determined with ninhydrin and
identified with TLC as above.

Structure studies. Peptides separated from a-
amino acids on copper-Sephadex columns and
fractionated on TLC plates, scraped down and

dissolved in water and lyophilized were treated with
pancreatic carboxypeptidase (Fluka AG, 5 x cryst.)
for sequence determination by incubating at pH 8.5
for 4 h at 37°C'? and taking small samples at
certain time intervals and applying these to TLC
plates. Dipeptidyl aminopeptidase (Cathepsin C,
from bovine spleen, Sigma) was similarly used at
pH 6.0.!% Dansyl derivatives of the N-terminal
amino acids were prepared according to Gray !4
and analyzed by paper and thin-layer chromatog-
raphy. In some cases the N-acetyl group of N-
terminal aspartic acid was first hydrolyzed with 2 M
HCI1'% and then dansylated as above. Phosphorus
in the peptides was analyzed using ammonium
molybdate.

Release studies. In order to study the possible
release of the peptides from storage vesicles in the
nerve terminals, the latter were prepared by the
method of Kadota and Kadota,® as modified by
DeLorenzo and Freedman.® A P, fraction (crude
synaptosomal fraction) prepared by the differential
centrifugation method was divided into five por-
tions. One portion was used as a control, and its
vesicles prepared by the method of Kadota and
Kadota,® using a hypo-osmotically ruptured P,
fraction, and a second was used to study the
intravesicular origin of the peptides by passing the
vesicles through a Sephadex G-50 column. The
third P, portion was treated for 15 min in 70 mM
KCl solution at 37 °C and the fourth similarly in
70 mM CaCl, solution. The last P, portion was
submitted to electrical stimulation at 37 °C for 20
min.® The vesicles from the P, fractions were then
prepared as above. The amino acids and peptides

Table 1. Amino acid composition of the peptide fractions of calf brain synaptic vesicles described in Fig. 2.

Fraction
Amino acid Total extract Peptide fraction Peptide B Peptide A
Aspartic acid 38.6(51)® 44.4(89) 2.0(3) 31.7(41)
Glutamic acid 16.9(47) 33.5(41) 19.3(37) 30.2(39)
Serine 28.9(41) 6.8(18) 29.3(90) -
Alanine 4.8(18) 6.1(14) 229(33) -
Glycine 10.8(24) 9.2(21) 26.5(34) -
Taurine + + - 38.1(40)
Phosphoserine - - + +
Cysteic acid - + + +
Unknown + - + +
n 8 3 3 6

“The values for the total extract are calculated from the results of Lihdesmiki and Winter.>. The peptide
fraction contains all the ninhydrin-positive compounds between N-acetylaspartate and taurine (the latter
excluded). > Means (+SD) are given in mol %; + =traces. “ Number of determinations.
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Fig. 1. Concentrations of the peptides A and B
(nmol alanine equivalents per 1 g of brain, wet
weight) in the calf brain vesicle preparations as a
function of protein content. Means (+SD) are
given from 4 — 8 experiments.

were extracted with 5 9 TCA, which was then
removed by shaking in diethyl ether, and analyzed
on TLC plates as described above. The protein yield
of the vesicles prepared by the method of Kadota
and Kadota ® was 0.24 mg/g brain wet weight.

RESULTS AND DISCUSSION

In addition to ten major amino acids,? the nerve
terminals and their storage vesicles contained two
unknown peptides in relatively high concentrations
(Table 1; Peptides A and B). They appeared in both
the vesicles and the soluble synaptoplasm, their
relative amounts being dependent on the purity of
the vesicle preparations (Fig. 1). A high purity
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preparation gave 6— 10 nmol peptide B and 2—3
nmol peptide A in 1 g of brain wet weight and low
purity preparations figures which were about twice
as great. The protein yield suggests cytoplasmic and
membranous contaminants among the vesicles and
the figures given above indicate therefore that both
peptides also occurred outside the vesicles. A
theoretical value for vesicle protein in nerve ter-
minals is approximately 0.18 mg per 1 g of original
brain.” The purified vesicles nevertheless contained
the same peptides, as confirmed by gel filtration on
Sephadex G-50 (Table 2). The vesicles were not
retained in the column and were thus completely
separated from any extravesicular amino acids. The
analyses of the amino acids in vesicle preparations
purified in this way agreed with those reported
earlier,>® showing only some quantitative loss,
chiefly in the case of the cysteic acid peak (Fig. 2).

Peptide A was eluted in ion-exchange chromato-
graphy in the same fraction with phosphoserine and
cysteic acid, and peptide B just before taurine (Fig.
2). Both peptides (A and B) appeared as single com-
ponents in two-dimensional thin-layer chromatog-
raphy on silica gel and in paper chromatography,
run in both cases with 70 9 ethanol in water and
75 % phenol in water and stained with ninhydrin
(Fig. 3).

Hydrolysis of the total amino acid extract with
HCI led to a significant increase in the amounts of
aspartic acid, glutamic acid, serine, alanine and
glycine (Table 1, ¢f. Ref. 3). Some of the glutamic
acid had originally been in the form of glutamine
and certainly some aspartic acid in the form on N-
acetylaspartate and some serine in that of phospho-
serine. Hydrolysis of the peptide fraction obtained
from collecting the unknown peaks of the amino

Table 2. Concentrations of peptides A and B in calf brain synaptosomes and synaptic vesicle fraction after

various treatments.

Synaptosomes (P, fraction) Synaptic vesicles

A B A B
Treatment nmol/g nmol/g nmol/g nmol/g
Control 5.409)° 20.2(29) 3.7(5) 9.9(11)
K* shock (70 mM KCl) 5.3(7) 19.7(33) 1.8(3) 5.0(11)
Ca?* shock (70 mM CaCl,) 5.5(8) 20.4(35) 2.4(3)° 8.19)
Electrical stimulation 5.1(8) 18.7(31) 2.5(4) 6.9(6)°
Gel filtration (Sephadex G-50) - - 3.5(4) 9.7(8)

? Values (means + SD) nmol per g brain wet weight in alanine equivalents are from 5 determinations. Significance

of differences from control values: ®* P<0.01, ¢ P<0.05.
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Fig. 2. Initial part of an ion-exchange chromatogram of the amino compounds of calf brain synaptic
vesicles from an automatic amino acid analyzer, showing the elution positions of the unknown peptides.
The known ninhydrin-positive compounds were identified using standard samples, N-acetylaspartate

after acid hydrolysis.

acid chromatogram between N-acetylaspartate and
taurine, liberated the same amino acids as were ob-
tained by hydrolysing the total extract (Table 1).
One equivalent of peptide B produced four equiv-
alents of amino acids (glutamic acid, serine, alanine
and glycine) and traces of aspartate, phosphoserine
and cysteic acid, the latter possibly arising from
impurities. Peptide A was hydrolyzed to aspartic
acid, glutamic acid and taurine plus some unknown
products, the ratios of the main amino acids being
about 1:1:1.2.

The synaptosomal peptides could be separated
from a-amino acids on copper-Sephadex columns
(Fig. 4), and GABA could also be separated from
the main peptide fraction by collecting small frac-
tions in the initial part of the chromatogram (Fig. 4).

For structural determination, the peptides were
first separated from the amino acids on copper-

Fig. 3. Thin-layer chromatograms of the peptides
A and B in the total vesicle extract (left) and when
separated from amino acids on copper-Sephadex

(right).

Sephadex columns and then fractionated on TLC
plates, as described above. The NH,-terminal
amino acids of the peptides were first determined as
dansyl and DNP derivatives. Both reagents gave
alanine as the amino-terminal amino acid of the
peptide B, but determination of peptide A was
difficult as only small amounts of dansyl-aspartate
and dansyl-glutamate were obtained. Dansylation
became much easier when the peptide samples were
first treated with 2 M HCl in a boiling water bath
for 30 min. Peptide B then gave dansyl-alanine
again, but also dansyl-aspartate and peptide A
dansyl-aspartate and small amount of dansyl-
glutamate. These results indicate a certain hetero-
geneity in both peptides, although they appeared as
single components in TLC. The major N-terminal

s
peptides

[

«-amino acids

Concentration in nmol /g brain wet weight

50 100 mL
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Fig. 4. Chromatography for the separation of a-
amino acids and peptides of calf brain synaptic
vesicle extract on copper-Sephadex G-25. 0.3 mmol
Cu/g Sephadex, pH 11.0, fraction size 1 or 3 ml,
elution rate 30 ml/h.
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Table 3. Tentative sequences for synaptosomal
peptides A and B.*

A (N-acetyl-)NH,-aspartyl-glutamyl-taurine-SO,
(NH,-aspartyl-taurine-SO;)
(NH,-glutamyl-taurine-SO,)

B NH,-alanyl-glycyl-glutamyl<(phospho-)serine-
COOH
(N-acetylaspartyl)-(alanyl)-glycyl-glutamyl-
(phospho-)serine-COOH

“Sequences in parentheses indicate alternative pos-
sibilities.

amino acids were alanine for peptide B and N-
acetylaspartate for peptide A, but peptide A also
contained a little aspartate and glutamate as the free
NH, group of the N-terminal amino acids (judging
by its reactivity with ninhydrin). Moreover, peptide
B also contained some N-acetylaspartate as its N-
terminal amino acid, but for its reactivity with nin-
hydrin it must mainly contain a free NH, group.
The relative amounts of the hydrolysis products of
peptide A (aspartate:glutamate:taurine=1:1:1.2)
also indicate a certain heterogeneity, and it may
contain all three sequences: N-acetylaspartyl-
glutamyl-taurine, aspartyl-taurine and glutamyl-
taurine (Table 3). These tripeptides or dipeptides
received a free sulfonic acid group from taurine in
all cases, which made them highly acidic.

Peptide B contained almost one equivalent of
phosphorus per peptide equivalent. This phosphorus
appeared in phosphoserine, which was obtained in
addition to serine in the hydrolysates of both HCI
and carboxypeptidase.

The peptides A and B were not very good
substrates for either carboxypeptidase or dipeptidyl
aminopeptidase, as they liberated amino acids from
the peptides very slowly. Hydrolysis did take place,
however, with an incubation of several hours, and
peptide B liberated first, and relatively rapidly,
serine and phosphoserine, and then more slowly
glutamate and glycine with carboxypeptidase in-
dicating a sequence of this kind at the C-terminal
end. Dipeptidyl aminopeptidase gave some aspart-
ate and glutamate for peptide A and alanine, glycine
and glutamate, in this order, for peptide B. Peptide
B was particularly sensitive to elevated temperatures
and acids, being partially destroyed in 0.1 M HC] at
room temperature, liberating first serine and phos-
phoserine and then other amino acids (glutamic
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Fig. 5. Gel filtration of peptides A and B together
with certain reference substances on a Sephadex
G-15 column. Blue dextran was measured at 600
nm and the others at 570 nm after the ninhydrin
reaction. Relative absorbances are given as func-
tions of relative elution volumes (V,/V,).

acid, glycine and alanine). This liberation order also
agreed with that obtained with carboxypeptidase.
The data described above are summarized in Table 3
as tentative sequences for the peptides A and B.

Gel filtration of peptides A and B on Sephadex
G-15 showed approximate molecular weights of
about 400 for peptide A and about 450 for peptide B
(Fig. 5), corresponding to tripeptides and tetra-
peptides, respectively, and agreeing with those ob-
tained from the sequence determinations. Since any
free N-acetylaspartate which might have been
present originally in the amino acid extract would
have been eliminated by ion-exchange and thin-
layer chromatography, the peptides identified here
possess a mean amino acid composition and
sequence quite similar to those reported by Reichelt
and Kvamme'” in mouse brain.

When crude synaptosomal fractions were treated
with depolarizing concentrations of KCl and CaCl,
(70 mM) or submitted to electrical stimulation, the
concentrations of both peptides A and B in the
synaptic vesicle fraction isolated from the treated
synaptosomes decreased significantly (Table 2), but
this effect could not be demonstrated in the syn-
aptosomes. This kind of release from synaptic
structures is one of the criteria set for transmitters,
although the effects of K* and Ca®* ions or
electrical stimulation are not very specific. These
results together with the observation that these
peptides are of an intravesicular origin may support
the notion of some important synaptic role.

Results obtained in this laboratory to date thus
show: (1) The synaptosomes and synaptic vesicle
fraction of calf brain contain high quantities of
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certain acidic peptides which are eluted in ion-
exchange chromatography in the range of most
acidic amino acids. (2) These peptides are soluble in
59 TCA and are thus relatively small molecules.
(3) They are hydrolyzed by acid and enzyme,
liberating mainly aspartic acid, glutamic acid, serine,
alanine, glycine and taurine. (4) They are labile,
being partially destroyed at room temperatures and
in relatively mild acidic solutions. The isolation and
purification procedures for the peptides thus require
low temperatures and at most only slightly acidic
conditions. (5) They include at least two peptides
with molecular weights of approximately 400 and
450, thus being probably tripeptides and tetra-
peptides, respectively. (6) The following tentative
sequences may be proposed: N-Acetylaspartyl-
glutamyl-taurine and alanyl-glycyl-glutamyl-phos-
phoserine, both peptide fractions showing a certain
heterogeneity or alternative structures. (7) They are
released from synaptic vesicles by depolarizing
agents.

Acknowledgements. This work was supported by
the Research Foundation of the Orion Corporation
and the National Research Council for the Natural
Sciences, Finland. The technical assistance of Mrs.
Alli Puirava is gratefully acknowledged.

REFERENCES

1. De Belleroche, J. S. and Bradford, H. F. J.
Neurochem. 21 (1973) 441,

2. Lahdesmiki, P., Karppinen, A., Saarni, H. and
Winter, R. Brain Res. 138 (1977) 295.

3. Lahdesmdki, P. and Winter, R. Acta Chem.
Scand. B 31 (1977) 802.

4. Cuello, A. C,, Jessell, T. M., Kanazawa, I. and
Iversen, L. L. J. Neurochem. 29 (1977) 747.

5. Emson, P. C,, Fahrenkrug, J.,, Schaffalitzky de
Muckadell, O. B., Jessell, T. M. and Iversen,
L. L. Brain Res. 143 (1978) 174.

6. Whittaker, V. P., Michaelson, I. A. and Kirk-
land, R. J. A. Biochem. J. 90 (1964) 293.

7. Morgan, 1. G., Vincendon, G. and Gombos, G.
Biochim. Biophys. Acta 320 (1973) 671.

8. Kadota, K. and Kadota, T. J. Cell Biol. 58
(1973) 135.

9. Delorenzo, R. J. and Freedman, S. D. Biochem.
Biophys. Res. Commun. 80 (1978) 183.

10. Lowry, O. H,, Rosebrough, N. J., Farr, A. L. and
Randall, R.J. J. Biol. Chem. 193 (1951) 265.

11. Rothenbiihler, E., Waibel, R. and Solms, J.
Anal. Biochem. 97 (1979) 367.

12.

13.
14.
15.
16.
17.

Ambler, R. P. In Colowick, S. P. and Kaplan,
N. O,, Eds., Methods in Enzymology, Academic,
New York 1972, Vol. 25, p. 262.

Callahan, P. X., McDonald, J. K. and Ellis, S.
See Ref. 12, p. 282.

Gray, W. R. See Ref. 12, p. 333.

Tallan, H. H. In Colowick, S. P. and Kaplan,
N. O,, Eds., Methods in Enzymology, Academic,
New York 1963, Vol. 6, p. 562.

Léhdesmiki, P. and Oja, S. S. Exp. Brain Res.
15 (1972) 430.

Reichelt, K. L. and Kvamme, E. J. Neurochem.
21 (1973) 849.

Received November 29, 1979.

Acta Chem. Scand. B 34 (1980) No. 5



