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Abstract: Murine neuroblastoma clone N1E-115, which
possesses receptors for neurotensin mediating the forma-
tion of intracellular cyclic GMP and the stimulation of
inositol phospholipid hydrolysis, exhibited only partial de-
sensitization to neurotensin. This result led to the observa-
tion that neurotensin was very rapidly degraded by intact
NIE-115 cells. In experiments measuring the time course
of [*H]neurotensin degradation, a minimum of six major
tritiated products were found, with the breakdown peptides
formed and the degree of proteolysis of [*H]neurotensin
being dependent upon the length of incubation and the
concentration of cells. Clone N1E-115 degraded [*H]-
neurotensin in an apparently sequential fashion; the pri-
mary initial cleavage of intact neurotensin was at the pep-
tide bond between residues Arg® and Arg’. Initial degrada-
tion peptides from the active carboxyl-terminal portion of

neurotensin were more rapidly degraded, after formation,
than were the peptides from the inactive amino-terminal
half of neurotensin. The final two degradation products
found were tyrosine, from the carboxyl-terminal portion of
neurotensin, and an as yet unidentified peptide from the
amino-terminal half of neurotensin. [*H]Neurotensin(8-
13) was more rapidly hydrolyzed under identical conditions
than was [*H]neurotensin itself. A combination of the pro-
tease inhibitors 1,10-phenanthroline and Z-Pro-Prolinal
was able to inhibit almost completely the degradation of
neurotensin by clone N1E-115. Key Words: Neurotensin
degradation—Neuroblastoma cells—Clone N1E-115. Gil-
bert J. A. et al. Rapid degradation of neurotensin by intact
murine neuroblastoma cells (clone N1E-115). J. Neuro-
chem. 49, 1845-1852 (1987).

The tridecapeptide neurotensin (pGlu-Leu-Tyr-
Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu; NT),
first isolated and sequenced from bovine hypothala-
mus (Carraway and Leeman, 1973 and 1975), is
known to have widespread distribution in the central
nervous system and gastrointestinal tract (Carraway
and Leeman, 1976). Specific binding sites for NT are
distributed throughout the brain of mammals (see
review of Nemeroff, et al., 1983b). Furthermore, evi-
dence exists that binding sites in N1E-115 murine
neuroblastoma cells and in rat brain are in fact func-
tional receptors which mediate the formation of in-
tracellular cyclic GMP and the stimulation of inositol
phospholipid hydrolysis (Gilbert and Richelson,
1984; Gilbert, et al., 1984; Goedert et al., 1984,
Snider et al., 1986). However, the ability of NT re-
ceptors to effect cyclic AMP formation is still in ques-
tion. Reports exist that NT has no effect on basal
levels of cyclic AMP production in rat brain slices

(Quik et al., 1978; Goedert et al., 1984), hypotha-
lamic nuclei (Redgate et al., 1986), pituitary cells
(Memo et al., 1986), and striatal and nucleus accum-
bens homogenates (Nemeroff et al., 1983a). Further-
more, NT has been reported to have no effect on
other receptor-stimulated cyclic AMP levels in rat
brain slices (Goedert et al., 1984), rat striatal and
nucleus accumbens homogenates (Nemeroff et al.,
1983a), or murine neuroblastoma clone N1E-115
(Gilbert et al., 1986). These are in contrast to a report
that NT inhibits other receptor-stimulated cyclic
AMP levels in clone N1E-115 (Bozou et al., 1986).

The existence of functional receptors in neural tis-
sue 1is supportive of the hypothesis that NT acts as a
neurotransmitter (see review of Bissette et al., 1978).
Another criterion considered important to establish-
ing a neurotransmitter role for a molecule is that a
mechanism exists for its rapid inactivation near the
receptor site.
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In initial experiments designed to characterize the
desensitization of the functional NT receptors on
neuroblastoma clone N1E-115 following lengthy ex-
posures to NT, we found that at best only partial
desensitization could be achieved. This led us to the
observation and study of the degradation of NT by
intact N1E-115 cells. We will present evidence here
that intact N1E-115 cells rapidly degraded radiola-
beled NT in an apparently sequential fashion, with
the initial degradation peptides from the active car-
boxyl-terminal portion of NT being more rapidly de-
graded, in turn, than the peptides formed from the
inactive amino-terminal half of NT. These data have
previously been presented (Gilbert and Richelson,
1986).

MATERIALS AND METHODS

Cell culture

Murine neuroblastoma cells (clone N1E-115) were cul-
tured in Dulbecco-Vogt’s modification of Eagle’s medium
(Grand Island Biological Co., Grand Island, NY, U.S.A.)
without antibiotics and supplemented with 10% fetal bo-
vine serum (Grand Island Biological Co.).

Clone NI1E-115 (passage number <22) was grown in 20
ml of medium in 75-cm? Corning flasks (Corning Glass
Works, Corning, NY, U.S.A.) in a humidified atmosphere
of 10% CO,/90% air at 37°C. Flasks were routinely inocu-
lated with 0.5 to 1.0 X 108 cells which were fed daily begin-
ning day 6 after subculture by removal of 10 ml of growth
medium and replacement with 10 ml of fresh medium.
Cells were harvested during the stationary phase of growth,
10-22 days after subculture.

Degradation of PHINT

NIE-115 cells were harvested for use by aspiration of
culture medium, incubation of the cellular monolayer for
10 min at 37°C in 10 ml of modified Puck’s D, solution
without antibiotics and phenol red (Honegger and Richel-
son, 1976), disruption of the layer by agitation of the flask,
and collection of the cells by centrifugation at 300 X g for 1
min at 4°C in a CRU-5000 centrifuge (Damon/IEC Divi-
sion, Needham Heights, MA, U.S.A.). The cellular pellet
was resuspended in 10 ml of phosphate-buffered saline so-
lution (solution I) consisting of 110 mAM NaCl, 5.3 mM
KC], 1.8 mM CaCl,, 1.0 mM MgCl,, 2.0 mM Na,HPO,,
25 mM glucose, and 70 mM sucrose (pH 7.35; 340 mOs-
mol), and the washed cells were collected by centrifugation.
The cellular pellet was resuspended in several milliliters of
solution I, and 20 ul of the suspension was removed for
enumeration of cells (Coulter Electronics, Hialeah, FL,
U.S.A.). The solution was then adjusted, in most cases, to a
concentration of 1 X 10 cells/ml.

Typically, a final concentration of 0.1 uM of [tyrosyl>!1-
SHINT (New England Nuclear, Boston, MA, U.S.A.); spe-
cific activity = 41-85 Ci/mmol; 4-8 uCi incubated per 1
X 105 N1E-115 cells) was incubated with 1 X 106 N1E-115
cells/ml for varying lengths of time in a 20-ml plastic scin-
tillation vial (Research Products International, Mount
Prospect, IL, U.S.A.) at 37°C and 60 oscillations/min
(GCA/Precision Scientific, Chicago, IL, U.S.A.). To stop
the reaction, a 300-ul aliquot of the cellular suspension was
removed, placed into a 1-ml micro tube (Walter Sarstedt,
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Inc., Princeton, NJ, U.S.A.), and centrifuged at 8,700 X g
in a Microfuge B (Beckman Instruments, Palo Alto, CA,
U.S.A)) for 20 sec. The supernatant was then poured into a
2-ml micro tube containing 15 ul of 1.0 A HCl and placed
on ice. Measurement of the radioactivity remaining in each
pellet following centrifugation of samples from a time
course (two experiments) indicated that at most 7% of the
total radioactivity used in the incubation was taken up by
the cells or trapped during centrifugation. The purity of the
[*HINT employed for degradation was a minimum of 90%
with no radiolabeled impurities eluting during HPLC of
standard [PH]NT in the majority of experiments. In some
degradation studies, [¢tyrosyl/''-*H]NT(8-13) (New England
Nuclear; specific activity = 11 Ci/mmol; purity = 98%; 1
#Ci incubated per 1 X 10 N1E-115 cells) was employed
under identical experimental conditions.

HPLC

For all of the degradation studies reported here, 20 ul of
experimental supernatant or control [PH]NT was analyzed
by HPLC on a Hewlett-Packard 1090 integrated liquid
chromatograph (Palo Alto, CA, U.S.A.) composed of a
variable-volume auto-injector, autosampler, diode-array
detector, DPU multichannel integrator, HP-85 system
controller, HP 2225A Thinkjet printer, and HP 9153A disc
drive. A p-Bondapak C,g column (0.39 X 30 cm; Waters,
Milford, MA, U.S.A.) with a guard column containing
Bondapak C,3/Corasil (Waters) was employed at 35°C with
a buffer flow rate of 1 ml/min and a series of linear gra-
dients of acetonitrile (ACN; Burdick and Jackson, Muske-
gon, MI, U.S.A)) and 10 mM trifluoroacetic acid (TFA; J.
T. Baker Chemical Company, Phillipsburg, NJ, U.S.A.).
Due to the short lifetime of the Waters u-Bondapak Ciq
column under the elution conditions employed, a total of
three columns were used during the course of the experi-
ments described here. The first column was employed with
a 28-min series of linear gradients from 10% ACN/90% 10
mM TFA to 40% ACN/60% 10 mM TFA. To achieve a
comparable separation of standard NT peptides, the second
and third columns were used with a 26-min series of linear
gradients from 10% ACN/90% 10 mM TFA to 50%
ACN/50% 10 mAM TFA. The first and second columns were
used for analysis of all of the experiments except the pro-
tease inhibitor studies reported here, for which the third
column was employed. During each analysis, 30-sec frac-
tions were collected with either a Cygnet fraction collector
(Isco, Inc., Lincoln, NE, U.S.A.) or a FOXY fraction col-
lector (Isco, Inc.).

Following HPLC of each experimental sample, the frac-
tions were transferred to plastic scintillation vials with 7 ml
of Safety-Solve Counting Cocktail (Research Products In-
ternational), and the radioactivity was measured in an Iso-
cap/300 liquid scintillation counter (Searle, Des Plaines, IL,
U.S.A.). Ninety to one hundred percent of the radioactivity
in the applied sample was routinely recovered following
HPLC.

Solid-phase peptide syntheses

The syntheses of the standard peptides NT(2-9),
NT(2-10), NT(1-7), and NT(9-11) were carried out in an
Applied Biosystems 430A peptide synthesizer employing
the coupling schedules provided by the manufacturer. Pep-
tides were synthesized by solid-phase methods described by
Erickson and Merrifield (1976) as modified by McCormick
and Atassi (1985). A detailed description of the methodol-
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ogy has been published by Stewart and Young (1984).
Briefly, each peptide was synthesized with ¢-butyloxycar-
bonyl (BOC) L-amino acids on phenylacetamidomethyl
(PAM) resins (copolystyrene/1% divinylbenzene). The first
C-terminal BOC-amino acid was coupled to the PAM
resins by the condensation of BOC-aminoacyl-4-(oxy-
methyl)phenylacetic acids to aminomethyl polystyrene
resin using dicyclohexylcarbodiimide in dichloromethane
(Mitchell et al., 1978). The side-chain protecting groups
v-benzyl, tosyl, O-2-bromobenzyloxy carbonyl and ¢-2-
chlorobenzyloxy carbonyl were used for the BOC-amino
acids glutamate, arginine, tyrosine, and lysine, respectively.
The BOC-amino acids asparagine, isoleucine, leucine, and
proline were used without side-chain protection. The cou-
pling of each amino acid to the resin (0.5 mmol) employed
their corresponding BOC-aminoacyl anhydrides (1 mmol).
The amino acids asparagine and arginine were coupled as
their N-hydroxybenzotriazole esters in dimethylforma-
mide. The ninhydrin method of Kaiser et al. (1970) was
used to check the completion of the coupling for each
BOC-amino acid.

Cleavage of the finished peptide and removal of all side-
chain protecting groups was done by treating the peptide
resin with 88% liquid hydrofluoric acid containing 10%
anisole and 2% dimethylsulfide at 0°C for 60 min. The
crude peptide was extracted with anhydrous TFA. The
TFA-extracted peptide was reprecipitated from cold diethyl
ether three times, dissolved in aqueous 5% acetic acid and
lyophilized overnight.

Purification and characterization
of synthetic peptides

Crude peptide was purified by gel filtration on Sephadex
G-15 resin (Pharmacia, Piscataway, NJ, U.S.A,; 1.6 X 88
cm) in 0.1 M pyridine-acetate, pH 4.80. NT(2-9) and
NT(2-10) were each further purified by HPLC on a semi-
preparative p-Bondapak C;z column (Waters) employing
the same instrument and the first elution system described
in the HPLC section above, with a flow rate of 3 ml/min.
NT(9-11) was further purified by chromatography on
DEAE-Sephadex A-25-120 (Sigma Chemical Co., St.
Louis, MO, U.S.A.,, 2.3 X 20 ¢cm) in 0.05 M pyridine-ace-
tate, pH 4.80.

Following complete purification of each peptide, 2 ug of
the peptide was examined by analytical HPLC as described.
Each peptide analysis was monitored at 210, 254, and 280
nm to check for the presence of impurities. To obtain se-
quence information and molecular weight for purified
NT(9-11), fast atom bombardment mass spectrometry was
performed on a Kratos MS50 high resolution mass spec-
trometer (Manchester, England) in the laboratory of Dr.
Ian Jardine, Dept. of Pharmacology, Mayo Foundation,
Rochester, MN, U.S.A. Amino acid analyses of purified
NT(1-7), NT(2-9), and NT(2-10) were performed on trip-
licate hydrolysates (6 A HCI, 110°C, 22 h) on a Beckman
7300 amino acid analyzer by Dr. Stephen Powers, Gastro-
enterology Research Unit, Mayo Foundation.

Materials

NT was purchased from Boehringer Mannheim (India-
napolis, IN, U.S.A.). NT(8-13) and NT(9-13) were sup-
plied by Bachem Biochemicals (Torrance, CA, U.S.A.).
Bacitracin, bestatin, pepstatin, phenylmethylsulfonyl fluo-
ride, 1,10-phenanthroline, L-tyrosine, NT(1-11), and
NT(1-8) were from Sigma Chemical Co. NT(1-6) was pur-

chased from Cambridge Research Biochemicals (Atlantic
Beach, NY, U.S.A.); NT(11-13) was custom synthesized by
Peninsula Laboratories, Inc. (Belmont, CA, U.S.A.); and
NT(10-11) was supplied by Research Plus Inc. (Bayonne,
NJ, U.S.A.). Pyridine was purchased from J. T. Baker
(Phillipsburg, NJ, U.S.A.). Z-Pro-Prolinal was generously
donated by Dr. Sherwin Wilk, The Mount Sinai Medical
Center, New York, NY, U.S.A. Captopril was a gift from
Dr. Richard Weinshilboum, Department of Pharmacology,
Mayo Foundation. Thiorphan was kindly provided by Dr.
J.-C. Schwartz, INSERM, Paris, France.

RESULTS

HPLC analysis of NT and its fragments

Figure 1 demonstrates a typical HPLC separation
of synthetic NT and 12 of its fragments, with the
second elution system described in Materials and
Methods. Two peptides from the carboxyl-terminal
region of NT coelute in this system—NT(9-11) and
NT(10-11). The radiolabeled degradation products
in the studies reported here were identified by com-
paring their elution times with the retention times of
these standard peptides.

Degradation of radiolabeled NT

[*HINT, at a concentration of 0.1 uM, was exposed
to intact N1E-115 cells in solution I for 20 min at
37°C, and the reaction was terminated by removal of
the cells by centrifugation. The supernatant was then
analyzed by HPLC. The amount of radiolabeled NT
degraded was dependent upon the number of cells
present during the incubation, with essentially no
degradation seen using 1,000 cells/ml and almost
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FIG. 1. Elution profile from HPLC of NT and 12 of its fragments.
A standard mixture of 1.5 pg each of synthetic NT and 12 of its
fragments was analyzed by the second HPLC system described
in Materials and Methods. This standard mixture was one of the
samples fractionated during HPLC of each degradation experi-
ment in order to identify the radiolabeled breakdown products.
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complete breakdown observed at a level of 1 X 10°
cells/ml (Table 1). No degradation products of
[*H]NT were formed when the peptide was incubated
under experimental conditions at 37°C over a period
of 20 min in the absence of cells (n = 5; data not
shown).

Figure 2 illustrates the products formed during a
typical time course of the degradation of 0.1 uM
[PHINT incubated in solution I with 1 X 10° cells/ml
at 37°C. HPLC analyses demonstrated that a mini-
mum of six major tritiated products were formed
over a period of 20 min, with the degradation pep-
tides produced and the degree of proteolysis of
PHINT being dependent upon the length of incuba-
tion. At these concentrations, an average of 97%
*+ 1% (mean + SEM) of the [PH]NT was degraded
after 5 min of exposure to intact cells (n = 4). Two of
the initial products formed eluted with the same re-
tention times as the standards NT(9-13) and NT(11-
13). These peptides, in turn, were each rapidly de-
graded such that they had completely disappeared by
the end of the 20-min time course. Another early
degradation product eluted with the same retention
time with which NT(9-11) and NT(10-11) coelute,
and so could not be positively identified. However,
this peptide was not rapidly degraded after formation.
One major tritiated product with the elution time of
standard tyrosine was formed initially and continued
to accumulate over the 20-min time course. Two
peptides with the retention times of standard
NT(1-8) and NT(1-7) accumulated during the first 5
min of the incubation, while they decreased signifi-
cantly in amount by 20 min. Finally, an as yet un-
identified peptide appeared at 5 min and had in-
creased dramatically in quantity by 20 min.

Figure 2 also demonstrates that as [P’H]NT was de-
graded, tritiated NT(9-13) and NT(11-13) were
quickly formed and then rapidly degraded, whereas
NT(1-7) and NT(1-8) were quickly formed but more
slowly degraded. The two major, final products of
radiolabeled NT degradation were tyrosine and the as
yet unidentified, late-forming peptide.

TABLE 1. NT degradation as a function of NIE-115
cell number

Cell number/ml Percent [*H]NT degradation

10° 1
104 12
10° 86
108 98

Intact cells were incubated in solution I with 0.1 uM [PH]NT for
20 min at 37°C. The incubation was stopped, and the analyses of
[*HINT by HPLC were performed as described in Materials and
Methods. Recovery of [PH]NT in each sample was calculated as
percent of the total counts eluted from the HPLC column. Number
of independent experiments = 2.
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FIG. 2. Time course of the degradation of [*HJNT and the forma-
tion of breakdown products during incubation with intact N1E-115
cells. [*H]NT (0.1 uM) was incubated in solution | with 1 X 108
intact N1E-115 cells/ml (passage number 11, 21 days after sub-
culture) for 20 min at 37°C as described in Materials and Methods.
At various times, a sample was taken and the reaction was termi-
nated upon removal of the cells by centrifugation, with the super-
natant then being acidified and chilled. Twenty microliters of the
supernatant from each time point was analyzed directly by the
second HPLC system described in Materials and Methods. The
HPLC buffer flow rate was 1 ml/min, and 0.5-min fractions were
collected and subsequently transferred to scintillation vials for
measurement of radioactivity. The radiolabeled degradation prod-
ucts were identified by comparing their elution times with the
retention times of the synthetic peptides in the standard mixture
seen in Fig. 1. These data were obtained from HPLC profiles and
were from one of four independent experiments.

Degradation of radiolabeled NT(8-13)

NT(8-13) is the active carboxyl-terminal fragment
of NT and has 20 times more binding ability than NT
and as much as 50 times more biological activity than
NT in intact clone N1E-115 (Gilbert et al., 1986).
When tritiated NT(8-13) was incubated with intact
NIE-115 cells under the same conditions as was ra-
diolabeled NT, two of the tritiated products formed
were peptides which eluted with the retention times
of NT(11-13) and NT(9-13) (see Fig. 3). The single,
final product found after 5 min of degradation was
radiolabeled tyrosine. As illustrated in Fig. 3, as
[PHINT(8-13) was degraded, radiolabeled NT(9-13)
and NT(11-13) were quickly formed and then rap-
idly degraded, with the simultaneous increase in the
quantity of labeled tyrosine present. Interestingly, ra-
diolabeled NT(8-13) was more rapidly hydrolyzed
under identical conditions than was intact [*H]NT
itself. [PH]NT(8-13) was degraded to an average of
11% of its original level upon only 60 sec of exposure
to intact N1E-115 cells at 37°C (n = 2).

Effect of protease inhibitors on NT degradation

To assess what enzymes might be involved in the
breakdown of NT and, more importantly, to find
experimental conditions for preventing this degrada-
tion and thus obtaining maximal desensitization of
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FIG. 3. Time course of the degradation of [PHJNT (8-13) and the
formation of breakdown products during incubation with intact
N1E-115 celis. [PHINT (8-13) (0.1 uM) was incubated in solution |
with 1 X 10 intact N1E-115 cells/ml (passage number 15, 13 days
after subculture) for 20 min at 37°C as described in Materials and
Methods. At various times, a sample was taken and the reaction
was terminated upon removal of the celis by centrifugation, with
the supernatant then being acidified and chilled. Twenty micro-
liters of the supernatant from each time point was analyzed di-
rectly by the first HPLC system described in Materials and
Methods. The HPLC buffer flow rate was 1 mi/min, and 0.5-min
fractions were collected and subsequently transferred to scintilla-
tion vials for measurement of radioactivity. The radiolabeled deg-
radation products were identified by comparing their elution times
with the retention times of the synthetic peptides in the standard
mixture seen in Fig. 1. These data were obtained from HPLC
profiles and were from one of three independent experiments.

the NT receptor, preliminary experiments were done
to examine various protease inhibitors for their abil-
ity to inhibit breakdown of [*H]NT by clone
N1E-115. Thus, intact cells (0.2 X 10%/ml) were in-
cubated for 20 min at 37°C with 0.1 gM [PHINT in
the presence of specific inhibitors. Inhibitors specific
for pepsin and other acidic proteases (pepstatin, 1
ug/ml), exopeptidases in general (bacitracin, 140
ug/ml), some aminopeptidases (bestatin, 100 uM),
angiotensin-converting enzyme (captopril, 1 uM),
serine proteases (phenylmethylsulfonyl fluoride, 1
ug/ml), and enkephalinase (thiorphan, 10 uM) each
showed little or negligible inhibition of [PH]NT deg-
radation upon analysis by thin layer chromatography
(data not shown). However, Z-Pro-Prolinal, a specific
inhibitor of prolyl endopeptidase, and 1,10-phen-
anthroline, a metallopeptidase inhibitor, were each
more effective at inhibiting the breakdown of radio-
labeled NT, although their inhibition, individually,
was not significant statistically.

The incubation of 1 uM of Z-Pro-Prolinal (Dr.
Sherwin Wilk, personal communication) with 1078
M [PFHINT and 100,000 intact cells/ml resulted in the
level of inhibition of degradation seen in Table 2. By
20 min, 79% of the [*H]NT had been degraded, com-
pared to the breakdown of 95% of [PHINT with no

inhibitor present. In HPLC analyses of these studies,
the major degradation products found were NT(1-8),
NT(9-13), and the peptide identified as NT(9-11)/
NT(10-11). The formation of free tyrosine was
greatly slowed, and no NT(1-7) or final, unidentified
peptide was found (data not shown).

The inclusion of 1 mAM of 1,10-phenanthroline
(Snider and Richelson, 1984) with the same concen-
trations of radiolabeled NT and intact cells was as
effective as Z-Pro-Prolinal at decreasing the break-
down of [PHJNT (Table 2). By 20 min, 75% of the
[PHINT had been degraded compared to the break-
down of 95% of [PH]NT with no inhibitor present.
The major degradation products seen in this case
were NT(11-13), NT(1-7), and a never-before-seen,
unidentified peptide; little free tyrosine was found
(data not 'shown).

Incubation of a combination of Z-Pro-Prolinal and
1,10-phenanthroline with [P HJNT and intact cells at
the previously described concentrations almost com-
pletely inhibited the degradation of [PHINT over a
period of 20 min (see Table 2). In fact, this combina-
tion of Z-Pro-Prolinal and 1,10-phenanthroline has
been successfully used for studies of NT receptor de-
sensitization (Gilbert and Richelson, 1987).

DISCUSSION

The degradation of [PH]NT by intact murine neu-
roblastoma cells (clone N1E-115) was demonstrated
to be a rapid process, with the tritiated products
formed and the degree of proteolysis of [°’H]NT being
dependent upon the length of incubation and the
concentration of cells. The experiments described
here indicated that [PH]NT was degraded in an ap-
parently sequential fashion by intact N1E-115 cells,
with the initial degradation peptides from the active
carboxyl-terminal portion of NT being more rapidly
degraded, in turn, than the peptides formed from the

TABLE 2. Inhibition of FHJNT degradation

Percent [*HINT

Incubation condition degradation + SEM

No cells or inhibitor 0
No inhibitor 95+ 1
Z-Pro-Prolinal (1 M) 79+ 4
1,10-Phenanthroline (1 mAf) 75+7
1,10-Phenanthroline (1 mA)

+ Z-Pro-Prolinal (1 uM) 7414

10"% M [PH]NT was incubated for 20 min at 37°C in solution I
with the described concentrations of inhibitors and, except for the
Control, with 10° intact cells/ml. The incubation was stopped, and
the analyses of [*"HJNT by HPLC were performed as described in
Materials and Methods. Recovery of [PH]NT in each sample was
calculated as percent of the total counts eluted from the HPLC
column. Number of independent experiments = 3.

@ Significant difference, p < 0.05 from cell-containing control
with no inhibitor present, using two-tailed £ test for two means.

J. Neurochem., Vol. 49, No. 6, 1987
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FIG. 4. Proposed scheme for the usual degra-
dation process of [*HJNT by intact N1E-115
cells. Data from experiments employing spe-
cific protease inhibitors and from studies of the
time course of degradation suggested the oc-
currence of the indicated cleavages. It should
be noted, however, that NT(9-11) and NT(10-
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inactive amino-terminal half of neurotensin. The
final two degradation products found were tyrosine,
from the carboxyl-terminal portion of NT, and an as
yet unidentified peptide, from the amino-terminal
half.

Figure 4 presents what we are hypothesizing to be
the usual degradation sequence of [PH]NT by intact
NI1E-115 cells. Our data suggest that the primary ini-
tial cleavage of the intact peptide was at the bond
between residues Arg® and Arg’. In studies measuring
the degradation of [*H]NT as a function of cell num-
ber, at 75 the number of cells typically employed,
NT(9-13) and NT(1-8) were the primary products
formed. Furthermore, the inclusion of the metallo-
peptidase inhibitor 1,10-phenanthroline in the incu-
bation mixture, which inhibited NT(9-13) forma-
tion, completely prevented the formation of the pep-
tide NT(9-11)/NT(10-11). Thus, our data indicated
that NT(9-13) was the initial carboxyl-terminal prod-
uct formed, and that this peptide was then rapidly
degraded, by different pathways, into NT(11-13) and
the peptide NT(9-11)/NT(10-11). These products
were then apparently degraded to give free tyrosine.

As previously stated, NT(1-8) was apparently the
initial amino-terminal fragment formed from degra-
dation of [PH]NT. The inclusion of the specific inhib-
itor Z-Pro-Prolinal in the incubation mixture slowed
the formation of NT(1~7) and also totally prevented
the formation of the late-forming, final, and as yet
unidentified peptide. Thus, our evidence indicated
that, after formation, NT(1-8) was subsequently
cleaved by prolyl endopeptidase to produce NT(1-7),
and that NT(1-7) was in turn degraded to a final, and
as yet unidentified, amino-terminal product.

Finally, when the radioactivity measured in all of
the sequentially formed carboxyl-fragments [NT(9-
13), NT(9-11)/NT(10-11), NT(11-13), and tyro-
sine)], was summed at any given time during the deg-
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radation process, the total quantity equaled the com-
bined amounts found in all of the amino-terminal
products [NT(1-8), NT(1-7), and the late-forming,
unidentified peptide]. During the experimental time
courses, 97% of the intact [PH]NT was degraded by
the end of 5 min, while breakdown of some of the
degradation products continued for another 15 min.

With NT receptors on N1E-115 cells, as well as in
most assay systems, the activity of NT resides in the
carboxyl-terminal portion, while the amino-terminal
half of the peptide has no binding or biological activ-
ity. Specifically, this laboratory has demonstrated
that NT(8-13) has 10-20 times more binding ability
to both intact N1E-115 cells and human brain tissue
and as much as 50 times more biological activity in
clone N1E-115 than does NT itself; NT(9-13) has at
least fivefold less activity than native NT (Gilbert et
al., 1986; Kanba et al., 1986). Thus, it was of interest
to note from these degradation experiments that
NT(8-13) was not one of the peptides synthesized
during the proteolysis of [PH]NT, suggesting that the
degradation of neurotensin by clone N1E-115 served
solely as an inactivation mechanism for the active
molecule. [*’H]NT(8-13), as the active portion of the
NT peptide, was more quickly hydrolyzed under
identical experimental conditions than was radiola-
beled NT itself; furthermore, the same sequence of
carboxyl-terminal fragments was formed during deg-
radation.

Experiments performed with the protease inhibi-
tors 1,10-phenanthroline and Z-Pro-Prolinal were in-
tended primarily to find conditions under which NT
degradation was prevented sufficiently to enable the
performance of NT receptor desensitization studies.
In fact, a combination of these two inhibitors almost
completely prevented the breakdown of NT, and has
now been successfully employed for NT desensitiza-
tion studies (Gilbert and Richelson, 1987). In addi-
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tion, these inhibitor studies provided useful informa-
tion about the mechanism of NT degradation itself.
Thus, the cleavage of the bond between residues Arg®
and Arg’ was inhibited by 1,10-phenanthroline, and
therefore was apparently due to the action of a metal-
lopeptidase. Cleavage of the bond between residues
Pro” and Arg® and the bond between residues Pro'®
and Tyr'! was inhibited by Z-Pro-Prolinal, and thus
could be attributed to the action of prolyl endopepti-
dase.

Subsequent to our first presentation of these data
on the degradation of NT by clone N1E-115 (Gilbert
and Richelson, 1986), another report on this clone
was published (Checler et al., 1986c¢). However, our
results differed from that report, presumably because
our identification of nearly all of the NT fragments
formed and our taking of very early time points dur-
ing the degradation process resulted in our identifica-
tion of the sequential nature of the formation of NT
fragments by clone N1E-115. Checler et al. (1986b,¢)
have concluded from their studies with primary cul-
tured neurons, neuroblastoma N1E-115 cells, and
HT29 cells and with samples beginning at 5 min of
incubation, that three primary cleavages occur during
NT degradation: the bond between the residues Pro’-
Arg?® [giving NT(1-7) and NT(8-13)], Arg®-Arg® [giv-
ing NT(1-8) and NT(9-13)], and Pro'’-Tyr'! [giving
NT(1-10) and NT(11-13)]. However, they have yet
to show data demonstrating the existence of the prod-
uct NT(8-13); in addition, with N1E-115 cells and
HT?29 cells, they did not demonstrate the formation
of the product NT(9-13). Our interpretation from
our clone N1E-115 studies is that NT(1-7) is formed
from NT(1-8); and, as we have demonstrated,
NT(9-13) is rapidly degraded after formation and is
completely hydrolyzed within 5 min.

Our results suggest that the pattern of NT degrada-
tion by intact clone N1E-115 is different from that of
rat brain membranes. Detailed studies of degradation
of tritiated NT by purified rat brain synaptic mem-
branes (Checler et al., 1983, 1984, and 1985) have
indicated that the major cleavages of the intact pep-
tide are the bonds Arg®-Arg’, Pro'®-Tyr'!, and Tyr''-
Tle'?, with the major degradation products being tyro-
sine!!, NT(1-8), NT(1-10), NT(11-13), NT(1-11),
and, in one study (Checler et al., 1985), barely detect-
able levels of NT(9-13). These authors reported an
initial lag time of 5 min prior to the appearance of
any degradation products, and demonstrated that, as
NT was degraded, tyrosine and NT(1-8) accumu-
lated during the course of the 60 min incubation,
while NT(1-10), NT(11-13), and NT(1-11) were de-
graded after formation and reached barely detectable
levels by 60 min.

At least one enzyme involved in the degradation of
NT by neuroblastoma NIE-115 cells was different
from those present in membranes isolated from rat
brain. While prolyl endopeptidase acted in clone
N1E-115 to cleave the bond between residues Pro'®

and Tyr'! in NT(9-13) during neurotensin metabo-
lism, this bond is cleaved in neurotensin to form
NT(1-10) and NT(11-13) by a neutral metallopepti-
dase which has been isolated from rat brain synaptic
membranes (Checler et al., 1986c¢).

The differences between the pattern of [PHJNT
degradation by murine neuroblastoma clone
NIE-115 and that of rat brain synaptic membranes
may reflect dissimilarities in the properties of these
two tissues. Intact neuroblastoma N1E-115 cells, as
an established clone derived from a tumor, may de-
grade NT differently from membranes isolated from
normal tissue such as rat brain. However, using clone
N1E-115 as a model for the intact neuron has numer-
ous advantages for studying the degradation of the
putative neurotransmitter N'T, not the least of which
is the fact that NT is encountering degrading enzymes
on the same non-disrupted, intact cells with which it
also interacts to perform receptor binding and induce
receptor-mediated, intracellular, biochemical activi-
ties. Differences may also exist in the degradation of
peptides between intact cells and membranal prepa-
rations. Thus, Palenker et al., (1984) studying degra-
dation of [Leu’]Jenkephalin by N1E-115 cells, found
marked differences in the pattern of degradation be-
tween intact cells and a crude membranal prepara-
tion from these cells. In agreement with our results
with intact N1E-115 cells, McDermott et al., (1986)
demonstrated that when tritiated neurotensin was
superfused over rat hypothalamic slices and the su-
perfusates were analyzed by HPLC, the major cleav-
age point of the intact peptide was the Argt-Arg’
bond.
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