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tocytes isolated from clofibrate-fed rats [24].

The drugs probucol and pantethine did not affect the
parameters of the metabolism of hepatic CoA shown in
Tables 1 and 2. In contrast to the remaining drugs, probucol
does not lower the level of total triglycerides in serum when
given to humans, but may lower LDL-cholesterol by 10-
15% [21]. This relationship may also suggest that the effect
on the metabolism of CoA is related to the triglyceride
lowering effect of clofibrate, the clofibrate analogs and
tiadenol.

Summary. The hypolipidemic drugs bezafibrate, cipro-
fibrate, clofibrate, fenofibrate, pantethine, probucol and
tiadenol were supplied during 9 days to male rats weighing
100 g. The drug dosage was about 185 umoles in 24 hr.
Increased biosynthesis and content of CoA, and increased
activity of pantothenate kinase and carnitine palmitoyl-
transferase were found in the livers of rats fed bezafibrate,
ciprofibrate, clofibrate, fenofibrate and tiadenol. A role of
CoA-SH in the serum triglyceride lowering mechanism(s)
of these drugs is discussed.

Acknowledgements—I am indebted to Associate Professor
Sverre Skrede for helpful discussions and suggestions. The
excellent technical assistance of Siri Tverdal is gratefully
acknowledged. I am grateful to Astri Vilberg at Norsk
Medisinaldepot, and to all the manufacturers (named in
Materials and Methods) who provided samples of the drugs
studied.

Institute of Clinical Biochemistry OLA HALVORSEN
Rikshospitalet

Oslo 1, Norway

REFERENCES

1. S. Miyazawa, T. Sakurai, M. Imura and T. Hashimoto,
J. Biochem., Tokyo 78, 1171 (1975).

2. M. J. Savolainen, V. P. Jauhonen and I. E. Hassinen,
Biochem. Pharmac. 26, 425 (1977).

3. S. Skrede and O. Halvorsen, Eur. J. Biochem. 98, 223
(1979).

Short communications

4. O. Halvorsen and S. Skrede, Eur. J. Biochem. 124, 211
(1982).

5. M. Farstad, J. Bremer and K. R. Norum, Biochem.
biophys. Acta 132, 492 (1967).

6. S. Skrede, Eur. J. Biochem. 38, 401 (1973).

7. S. Skrede and J. Bremer, Eur. J. Biochem. 14, 465
(1970).

8. J. B. Levine and B. Zak, Clinica Chim. Acta 10, 381
(1964).

9. G. Kessler and H. Lederer, in Automation in Analytical
Chemistry (Ed. L. T. Skeggs, Jr), p. 341. Technicon
Symp. Mediad. Inc., New York (1966).

10. K. R. Norum and J. Bremer, J. Biol. Chem. 242, 407
(1967).

11. D. Colquhoun, in Lectures in Biostatistics, p. 143. Clar-
endon Press, Oxford (1971).

12. M. M. Best and C. H. Duncan, J. Lab. clin. Med. 64,
634 (1964).

13. R. Hess, W. Statibli and W. Reiss, Nature, Lond. 208,
856 (1965).

14. G. E. Paget, J. Atheroscler. Res. 3, 729 (1963).

15. G. Kolde, A. Roessner and H. Themann, Virchows
Arch. B. Cell Path. 22, 73 (1976).

16. L. N. W. Daae and M. Aas, Atherosclerosis 17, 389
(1973).

17. M. T. Kahonen, Biochim. biophys. Acta 428, 690
(1976).

18. H. E. Solberg, M. Aas and L. N. W. Daae, Biochim.
biophys. Acta 280, 434 (1972).

19. H. E. Solberg, Biochim. biophys. Acta 360, 101 (1974).

20. M. A. K. Markwell, L. L. Bieber and N. E. Tolbert,
Biochem. Pharmac. 26, 1697 (1977).

21. R. 1. Levy, in The Pharmacological Basis of Thera-
peutics (Eds. A. Goodman Gilman, L. S. Goodman
and A. Gilman), p. 834. Macmillan, New York (1980).

22, P. B. Lazarow and C. de Duve, Proc. natn. Acad. Sci.
U.S.A. 73, 2043 (1976).

23. H. Voltti and I. E. Hassinen, Life Sci. 28, 47 (1981).

24. R. Z. Christiansen, Biochim. biophys. Acta 530, 314
(1978).

Biochemical Pharmacology, Vol. 32, No. 6, pp. 1128-1131, 1983.
Printed in Great Britain.

0006-2952/83/061128-04 $03.00,0
Pergamon Press Lid.

Demonstration of dipeptidyl carboxypeptidase activity in rat brain stem
synaptosomes using first-order kinetic analysis

(Received 25 July 1982; accepted 19 October 1982)

Dipeptidyl carboxypeptidase (DCP; angiotensin-convert-
ing enzyme; kininase II; EC 3.4.15.1) is a ubiquitously
distributed enzyme that cleaves dipeptide residues from
the carboxyl terminal of distinct peptides. It is involved in
the synthesis of angiotensin II and the catabolism of bra-
dykinin [1]. There is also a growing body of evidence that
indicates that DCP might be responsible for the synthesis
[2, 3] or degradation [4-6] of met- and leu-enkephalin.
Although the presence of DCP has been reported in various
brain regions [7-11], the subcellular localization of this
enzyme in distinct brain areas has not been studied in
detail. Yang and Neff [7] reported that 32% of whole brain
DCP was localized to the crude mitochondrial fraction,
which contains a number of organelles, including nerve

terminals [12]. Arregui et al. [9], on the basis of intrastriatal
kainic acid lesions, concluded that DCP in the substantia
nigra was localized primarily to nerve endings. However,
to our knowledge, direct localization of DCP to enriched
synaptosomes, which are believed to be composed primarily
of nerve terminals [12], has not been reported in the lit-
erature. Furthermore, the precise role of DCP in brain is
unknown, and it is also unclear whether DCP is specific
for a few biologically active peptides or whether it is a
general, non-specific peptidase. Recently, Chevillard and
Saavedra [11] reported a heterogenous distribution of DCP
in rat brain stem. This uneven distribution of DCP is
consistent with the hypothesis that the enzyme participates
in the processing of as yet unidentified, but biologically
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active, peptides in specific neurons. A second criterion that
is consistent with a role for DCP in the processing of
biologically active peptides is the presence of enzyme
activity in nerve terminals. We report the presence of DCP
in enriched rat brain stem synaptosomal preparations using
first-order enzyme kinetic analysis. First-order kinetic con-
ditions allow for the most sensitive and physiologically
relevant assay of DCP and were used to calculate percent
substrate utilization, which is proportional t0 V. /K. for
single substrate reactions. We believe that these studies
represent the first published evidence for localization of
DCP to rat brain synaptosomes.

Male Sprague-Dawley rats (200250 g) were decapitated
and the brain stem at the level of the tegmentum was
dissected free from higher brain regions. Brain stems were
repeatedly washed with ice-cold 0.32M sucrose/20 mM
Tris-acetate (pH 7.4) to remove all adhering blood, which
contains high DCP activity. Subcellular fractionation of
brain stem tissue was carried out using modifications of
procedures previously described (12, 13]. Tissue was hom-
ogenized in 10vol. of ice-cold 0.32M sucrose/20 mM
Tris-acetate (pH 7.4) using a Thomas Type A Teflon-glass
homogenizer. Sucrose/Tris buffer was used unless noted
otherwise. In some studies, the homogenizing buffer con-
tained 30 mM 1-O-n-octyl-B-D-glucopyranoside, a non-
ionic detergent. The homogenate was centrifuged at 1000 g
for 10 min (4°) and the 1000 g pellet was resuspended. The
1000 g supernatant fraction was centrifuged at 10,000 g for
20 min (4°) and the resulting pellet was resuspended. This
suspension was either assayed directly or layered on top
of a discontinuous sucrose density gradient as described by
Gray and Whittaker [12]. The gradient was centrifuged in
a SW41 rotor at 81,500 g for 120 min (4°); the mitochon-
drial, synaptosomal and myelin bands were collected and
individually re-centrifuged at 100,000 g for 30 min (4°); and
the pellets were resuspended. In those studies employing
a lysed mitochondrial preparation, the 10,000 g pellet was
resuspended in 20 mM Tris-acetate (pH 7.4), vortexed vig-
orously, and allowed to sit on ice for 30 min. The suspension
was then centrifuged at 50,000 g for 30 min (4°) and the
pellet was resuspended. Lastly, the 10,000 g supernatant
fraction was centrifuged at 50,000 g for 30 min, and the
resulting pellet was resuspended. The 50,000 g supernatant
fraction was also kept for assay. Protein content in all
subcellular preparations was determined using the method
of Bradford [14].

The assay system was a modification of the method of
Ryan et al. {15], which employs the substrate
[*H]benzoyl-phenylalanyl-alanyl-proline {[*H]BPAP, Ven-
trex Inc., Portland, ME). DCP has a K,, of 12.5 uM for
[’H]BPAP that compares favorably with its K,, for angio-
tensin I and bradykinin, 30 uM and 0.85 uM, respectively
[1], and that is orders of magnitude lower than its K, for
other artificial substrates, which ranges between 2 and
SmM [1,15]. The assay buffer was ordinarily 20 mM
Tris-acetate/100 mM NaCl (pH 7.4). When intact synap-
tosomes were used, the assay buffer contained 125 mM
NaCl, 5mM KCl, 1 mM MgCl,, 1 mM CaCl,, 10 mM p-
glucose and 50 mM Tris-acetate (pH 7.4; 326 mOsM). Tis-
sue protein per assay tube ranged between 25 and 100 ug.
Product formed and percent substrate utilization were lin-
ear with protein content up to 125 ug. Test drugs were
added in final concentrations as described in the tables.
Assays were initiated by the addition of [*H]BPAP
(9 pmoles; 20 Ci/mmole) and proceeded at 37° for 10 min
in a final incubation volume of 200 ul. The reaction was
terminated by the addition of 1ml of 0.1 N HCI. Blank
values were determined from samples to which HCl was
added prior to incubation. Product was extracted by the
addition of 1 ml toluene to samples, which were vortexed
for 10 sec and centrifuged at 1000 g for 15 min to break the
emulsion. Five hundred microliters of the upper organic
phase was counted with 10 ml of scintillation fluid for 2-
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5 min. Partitioning of product and substrate into the organic
phase was 48-51% and less than 2% respectively. Percent
substrate utilization was calculated as described by Ryan
et al. [15] using the following formula:

Product formed x 4.4 x 100
Total substrate X ug protein’

The correction factor of 4.4 was used to correct for sampling
only half of the product dispersed in the upper organic
layer and for the partitioning part of product in 1.2 ml of
aqueous phase and 1 ml of organic phase. Percent substrate
utilization varied with enzyme concentration in different
subcellular fractions as depicted in tables.

Reaction kinetics were demonstrated to be first-order
with respect to substrate concentration, as percent con-
version of substrate to product was constant and indepen-
dent of the substrate concentration employed in these stud-
ies. First-order kinetic conditions simulate the presumed
endogenous concentrations of substrates for DCP in
plasma, which are around 5-50 pM [16]. More importantly,
these conditions also ailow for the most sensitive assay of
DCP because the substrate maintains the highest possible
specific radioactivity at low substrate concentrations. Fur-
thermore, less chance of substrate cross-reactivity with
non-specific peptidases exists. Cross-reactivity might be a
problem when artificial substrates such as hippuryl-
histidyl-leucine are employed in the millimolar range to
detect tissue DCP activity. Hippuryl-histidyl-leucine has
been used by investigators to study brain DCP activity
[7,10, 11]. Lastly, for a single substrate enzymatic reaction,
the percent substrate utilization using first-order conditions
can be shown to be directly proportional t0 Vipa/K, and
is a good index of specific enzymatic activity {17].

Subcellular distributions were calculated both in terms
of specific enzyme activity (as reflected in the percent
substrate utilization) and as total enzyme activity (total
units of enzyme per subcellular fraction). The highest spe-
cific enzyme activity of DCP was present in the enriched
synaptosomal fraction (Table 1). The synaptosomal activity
was 3.6 times greater than the specific enzymatic activity
of the whole homogenate. The myelin and the mitochon-
drial subfractions had the next highest activities, being 203
and 161% respectively. Total enzyme activity was highest
in the nuclei/unbroken cell fraction, followed by the crude
mitochondrial pellet (Table 1). Microsomes and cytosol
had minimal total enzyme activity. These results are in
contrast to the subcellular fractionation study of Yang and
Neff [7], who reported the highest specific activity of DCP
in the microsomal pellet. The conflicting results may be
explained by our use of a different substrate and kinetic
conditions to assay DCP. Furthermore, the present study
employed preparations from a discrete brain region,
whereas Yang and Neff [7] used preparations derived from
whole brain. Whether heterogeneity in specific activity of
DCP in the subcellular fractions is due to different con-
centrations of enzyme molecules per unit protein, or to
changes in the distribution of endogenous DCP inhibitory
factors, cannot be addressed in this study. The presence
of endogenous inhibitory factors for DCP has been reported
in plasma and aorta [18, 19]. Nevertheless, the identifica-
tion of DCP of high specific activity in enriched synapto-
somes is consistent with the hypothesis that the enzyme is
involved in the processing of biologically active peptides.

DCP appeared to be membrane-bound, as lysed mito-
chondrial pellets contained virtually the same enzyme
activity as intact pellets (Table 2). The presence of DCP
on membranes was further confirmed by homogenizing
brain stems in buffer containing 30 mM 1-O-n-octyl--b-
glucopyranoside, which increased the yield of DCP activity
in cytosol to 789% of control (Table 2). The detergent had
no effect on plasma DCP activity, indicating that the
increased activity in the cytosol was due to solubilization
and not activation of the enzyme (data not shown). How-
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Table 1. Subcellular distribution of DCP activity in rat brain stem*

Percent substrate utilization

Percent specific Percent total

Fraction per upg protein in 10 min activity activity
Whole homogenate 0.34 100 100
Nuclei and unbroken
cells (1000 g) 0.43 126 89
Intact crude mitochondrial
pellet (10,000 g) 0.55 161 10
Myelin band 0.69 203
Synaptosomal band 1.21 356
Mitochondrial band 0.55 161
Microsomal pellet
(50,000 g) 0.10 30 2
Cytosol
(50,000 g supernatant) 0.06 18 3

* Subcellular distribution is expressed as percent substrate utilization, which for single substrate
reactions is proportional to Vi /K. Values for the major subcellular fractions represent the mean
of three experiments in which quadruplicate samples were used to generate data points. Values for
the subfractions of the mitochondrial pellet represent the mean of two experiments in which
quadruplicate samples were used to generate data points.

Table 2. Localization of rat brain stem DCP activity to synaptosomal membranes*

Percent substrate utilization

Percent control

per ug protein in 10 min activity

Intact crude mitochondrial pellet 0.55 100
Lysed mitochondrial pellet 0.50 91
50,000 g Supernatant fraction

Standard homogenization 0.09 100
50,000 g Supernatant fraction

Homogenization with 30 mM

1-O-n-octyl-B-D-glucopyranoside 0.71 789

* Each value represents the mean of two experiments in which quadruplicate samples were

used to generate data points.

ever, the localization of the enzyme to the outer or inner
layer of the vesicles in the intact mitochondrial pellet cannot
be ascertained as the permeability of vesicular membranes
for [*H|BPAP is unknown. Information concerning the
localization of DCP on synaptic membranes will be impor-
tant to the development of an understanding of the role
of the enzyme in peptide processing.

Various treatments were studied in vitro to determine
which factors might alter synaptosomal DCP activity.
Activity was inhibited by captopril and EDTA in a dose-
dependent manner (Table 3). The majority of DCP activity
was shown to be chloride-dependent (Table 3). However,
in the absence of added NaCl, DCP activity was still present
(23% of DCP activity in the presence of 100 mM NaCl).
The residual activity might be due to contaminant chloride
from tissue or to the presence of a second carboxypeptidase
that is inhibited by captopril but that is not chloride-depen-
dent. The residual activity in the absence of chloride might
also be due to the observation that DCP possesses different
requirements for the halide depending on the substrate
employed [15]. The fact that DCP activity was inhibited
by captopril and EDTA, and that approximately 80% of
the activity required chloride, indicates that the vast
majority of apparent enzyme activity satisfies the criteria
that identify the enzyme as DCP (EC 3.4.15.1) [16].

A variety of conditions that have been shown to alter
synaptosomal tyrosine hydroxylase activity acutely were
studied to determine whether DCP activity could be sim-
ilarly affected. The rationale for these experiments was
based on the hypothesis that catecholamines and enke-

phalins might exist as cotransmitters in the same nerve
terminal [20]. However, depolarizing conditions using
65 mM KCl, presynaptic adrenergic agonists and antag-
onists, and phosphorylating conditions, all of which have
been reported to alter synaptosomal tyrosine hydroxylase
activity [21,22], modified DCP activity by only + 10%
(data not shown). Hence, although high DCP activity was
detected in enriched synaptosomes, no mechanism of acute
regulation could be distinguished in the present study. This
apparent lack of acute regulation employing procedures
that are thought to affect catecholamine biosynthesis is by
no means inconsistent with a role for DCP in peptide
processing in neuronal tissue. Novel means of regulation
for peptidase enzymes are possible and are presently being
explored.

In summary, DCP of high specific activity was localized
to enriched synaptosomes prepared from rat brain stem.
This report is the first to appear in the literature presenting
direct evidence for the subcellular localization of DCP
activity in synaptosomes. This finding lends credence to the
hypothesis of a neuronal renin-angiotensin system in brain
and is also consistent with a role for DCP in the processing
of other biologically active peptides such as enkephalins.
The ability of 1-O-n-octyl-f-D-glucopyranoside to solubilize
the enzyme coupled to the presence of DCP activity in
both intact and lysed synaptosomes suggests that neuronal
DCP is membrane-bound. DCP was characterized by its
dependency on NaCl and the ability of EDTA and captopril
to inhibit the enzyme. No mechanism of short-term regu-
lation was observed when procedures that affect tyrosine
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Table 3. Effect of various treatments on rat brain stem synaptosomal DCP activity*

Concn Percent substrate utilization Percent control
Treatment ™M) per ug protein in 10 min activity
Control 0.89 100
NaCl 0 0.20 23
25 x 1073 0.40 45
50 x 1073 0.78 88
75 % 1073 0.85 96
100 x 1073 0.92 103
Captopril 1x107% 0.67 75
1x 101 0.74 83
1x10°° 0.36 40
1x 1077 0.12 13
1% 1073 0.10 11
EDTA 1x10°¢ 0.62 70
1% 1073 0.30 34
1x10™* 0.16 18
1x%x107? 0.13 15

* Control sample contained 100 mM NaCl. Each value represents the mean of two
experiments in which quadruplicate samples were used to generate data points.

hydroxylase activity were employed. Long-term mechan-
isms by which DCP in neuronal tissue can be regulated are
presently being studied.
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