
Biochemical and Biophysical Research Communications 319 (2004) 58–65

BBRC
www.elsevier.com/locate/ybbrc
The lysosomal degradation of neuromedin B is dependent on
tripeptidyl peptidase-I: evidence for the impairment of neuropeptide

degradation in late-infantile neuronal ceroid lipofuscinosis

Sharmila Kopan, Uthayatharsini Sivasubramaniam, and Michael J. Warburton*

Department of Cellular Pathology, St. George’s Hospital Medical School, Cranmer Terrace, London SW17 0RE, UK

Received 22 April 2004

Available online 12 May 2004
Abstract

Late-infantile neuronal ceroid lipofuscinosis (CLN2), previously known as the late-infantile form of Batten disease, is a lyso-

somal storage disease which results from mutations in the gene that codes for tripeptidyl peptidase-I (TPP-I). This disease is

characterised by progressive neurodegeneration in young children although the molecular mechanisms responsible for neuronal cell

death are unclear. TPP-I is an exopeptidase which removes N-terminal tripeptides from small peptides, including several peptide

hormones. We report that the degradation of the neuropeptide, neuromedin B, by mouse brain cells is restricted to lysosomes and

that the pattern of degradation products is consistent with a predominant role for TPP-I. Neuromedin B is degraded by a similar

pathway in a mouse neuronal cell line and also in cultured human fibroblasts. A specific inhibitor of TPP-I is able to abolish

neuromedin B degradation in a variety of cell types. Fibroblasts from CLN2 patients, which are deficient in TPP-I activity, are

unable to degrade neuromedin B. These observations suggest that TPP-I is the predominant proteolytic enzyme responsible for the

intracellular degradation of neuromedin B. The inability of cells from CLN2 patients to degrade neuromedin B and other neuro-

peptides may contribute to the pathogenesis of the disease.

� 2004 Elsevier Inc. All rights reserved.
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Mutations in the lysosomal enzyme tripeptidyl pep-

tidase-I result in the inherited neurodegenerative

disease, classical late-infantile neuronal ceroid lipofus-

cinosis [CLN2, the late-infantile form of Batten disease,

OMIM (Online Mendelian inheritance In Man) 204500]
[1,2]. Tripeptidyl peptidase-I (TPP-I) commonly acts as

an exopeptidase that removes tripeptides from the N-

terminus of peptides smaller than 5 kDa [3,4]. The

identity of the natural substrates for TPP-I remains

unclear although the enzyme has been demonstrated to

act on a number of biologically active peptides, e.g.,

angiotensins I and II, glucagon, and cholecystokinin [3–

7]. TPP-I also cleaves tripeptides from the N-terminus of
mitochondrial ATP synthase subunit c initiating its

further degradation by other lysosomal proteases. ATP
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synthase subunit c is observed to accumulate in several

cell types in patients with CLN2 [8,9]. Children with this

disease are symptom free until the age of about three.

They then suffer from progressive neurodegeneration

with associated seizures, increasing spacticity, dementia,
and blindness. Death occurs around the age of 10. Au-

topsy reveals a dramatic loss of neuronal cells and to a

lesser extent other brain cell types. Brain cells that re-

main contain autofluorescent ceroid lipopigment and

other proteinaceous material enclosed within lysosomal

structures [10].

Although TPP-I has a ubiquitous distribution, the

pathological effects of TPP-I mutations are largely
manifested in neurons, suggesting that the enzyme may

play a critical role in neuronal processes, e.g., the deg-

radation of small neuropeptides brought into the cell by

receptor mediated endocytosis. We have previously

demonstrated that TPP-I is essential for the degradation
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of cholecystokinin-5 and 8 (CCK-5 and CCK-8) by
mouse brain lysosomes [7,11]. However, it remains un-

clear if the requirement for TPP-I activity is specific to

the degradation of CCK-5/8 or if it is a general phe-

nomenon. We now investigate the role of TPP-I in the

degradation of neuromedin B (NMB), a neuropeptide of

the ranatensin family of bombesin-like peptides [12].

NMB has a wide distribution throughout mammalian

neural and peripheral tissues and may be involved in
regulating a multitude of physiological processes. Im-

munoreactive-NMB is found in several regions of the

brain although the NMB receptor has a much wider

distribution [12].
Fig. 1. Elution of (A) NMB and (B) 1–3D-NMB standards from a C18

reversed phase HPLC column. Standard preparations of NMB and
1–3D-NMB (75 lg) were chromatographed on a C18 reversed phase

HPLC column and the eluant was monitored at 214 nm.
Materials and methods

Materials. Enzyme substrates and inhibitors were purchased from

Bachem (St. Helens, England). Peptides were synthesised by Genemed

Synthesis (San Francisco, USA).

Preparation of a mouse brain lysosomal fraction. Minced mouse

brains were suspended in 0.25M sucrose/10mM Tris–HCl, pH 7.4/

5mM EDTA and then homogenised using a nitrogen cavitation bomb

operated at 500 psi and an equilibration time of 5min. The homoge-

nate was centrifuged for 10,000g min to remove nuclei and intact cells.

The supernatant was centrifuged for 30,000g min to remove a high

proportion of the mitochondria and plasma membrane vesicles. The

supernatant was finally centrifuged for 300,000g min to prepare an

enriched lysosomal fraction [13]. In some experiments, the supernatant

(cytosol) was collected and stored at )85 �C. Enzyme assays indicated

that the supernatant contained less than 10% of the total lysosomal

activity. Lysosomes were further purified as described previously [7].

The overall enrichment of lysosomes was 15-fold using b-DD-galacto-
sidase as a marker.

Digestion of peptides. Neuromedin B (NMB) and related peptides

(100lg) were digested with purified lysosomal fractions (5 lg/ml) at

37 �C in the presence of 100mM sodium acetate, pH 4.0, 20mM

NaCl, and 5mM EDTA. Incubation of NMB with purified TPP-I

(100lU) was carried out for 3 h in the standard digestion buffer.

Reactions were stopped by the addition of TFA to 0.1% and anal-

ysed by reversed phase HPLC using a Dynamax C18-300 column

(4.6� 250mm) and a 0% for 10min, 0–37.5% acetonitrile/0.1% TFA

gradient for 60min, and a 37.5–60% acetonitrile/0.1% TFA gradient

for 15min. The flow rate was 0.5ml/min. The extent of peptide

degradation was estimated by measuring the peak areas of neu-

romedin B and its digestion products. Peaks were identified by ion

trap mass spectrometry using a ThermoFinnigan LCQ Deca XP

equipped with an electrospray ionisation source and by the elution

position of standards.

Enzyme assays. Assays for TPP-I and b-DD-galactosidase were per-

formed as described previously [14]. Ala-Ala-Phe-NHMec was used as

a synthetic substrate for measuring TPP-I activity. Some assays were

carried out in the presence of a specific inhibitor of TPP-I (Ala-Ala-

Phe-CH2Cl). TPP-I was purified from rat spleen [3]. Protein was esti-

mated using the Coomassie Plus Assay Reagent (Pierce).

Tissue culture. A normal human skin fibroblast cell line (MCH65)

was obtained from The Montreal Children’s Hospital. The CLN2 fi-

broblasts used were GM09404 (Coriell Cell Repository, Camden, NJ).

Mouse neuronal HN9e cells [15] were used in some experiments. Cells

were cultured in Dulbecco’s modified Eagle’s medium supplemented

with 10% fetal bovine serum. Fibroblasts were used 3–6 passages after

receipt (passages 12–15). After washing twice with PBS, cells were

harvested by scraping into PBS. The cells were collected by centrifu-
gation (5000g min), resuspended in 0.25M sucrose/10mM Tris–HCl,

pH 7.4/5mM EDTA, and then homogenised using a nitrogen cavita-

tion bomb operated at 200 psi and an equilibration time of 2min. The

homogenate was centrifuged for 10,000g min to remove nuclei and

intact cells. The supernatant was finally centrifuged for 300,000g min

to prepare an enriched lysosomal fraction. The pellet was resuspended

in water and frozen at )85 �C.
Results

Time course of NMB degradation by mouse brain

lysosomes

NMB (GNLWATGHFM-amide) and the major

metabolites that might result from TPP-I activity

could readily be separated by reversed phase HPLC

and this technique was used to characterise the

products of NMB degradation. (Fig. 1). Incubation of
NMB with a purified lysosomal fraction isolated from

mouse brain at pH 4.0 initially resulted in the ap-

pearance of a major degradation product eluting from

the reversed phase column at 47min which is identical



Fig. 2. Time course for the degradation of NMB by mouse brain lysosomes. Purified mouse brain lysosomes were incubated with NMB (100lg) for
2 h (A), 4 h (B), 8 h (C), 12 h (D) or 20 h (E) and chromatographed on a C18 reversed phase HPLC column. (1) Undegraded NMB, (2) is 1–3D-NMB,

and (3/4) is WAT/GHFM-amide.
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to the elution time of 1–3D-NMB (WATGHFM-amide)

(Fig. 2). This peak was confirmed as 1–3D-NMB by

mass spectrometry which indicated a mass of 848.7
(1–3D-NMB M+Hþ ¼ 848.4). With further incubation,
1–3D-NMB was degraded to material which eluted as a

closely spaced doublet at 27min and a series of

smaller peaks eluting between 31 and 37min. Stan-

dards of WAT and GHFM-amide eluted at 26.8 and

27.8min, respectively, and mass spectrometry indi-

cated the presence of two peptides with masses of

377.3 and 490.4 (WAT M+Hþ ¼ 377.2, GHFM-amide
M+Hþ ¼ 490.2). The smaller peaks eluting at 31–

37min were not identified.

Distribution of the cellular NMB degrading activity

The pH activity profile for the hydrolysis of NMB

had a sharp pH optimum at about 4.0 similar to the pH

optimum of TPP-I when assayed with a synthetic sub-

strate (not shown). To determine the distribution of the

cellular NMB degrading activity, NMB was incubated,

at pH 4 and pH 7, with particulate and supernatant

fractions isolated from mouse brain (Fig. 3). Substantial

NMB degrading activity was only present in the par-
ticulate fraction at pH 4.
Effect of inhibitors on the degradation of NMB by mouse

brain lysosomes

Incubation of NMB with mouse brain lysosomes in

the presence of Ala-Ala-Phe-CH2Cl, a specific inhibitor

of TPP-I, strongly inhibited the degradation of NMB

(Fig. 4). An inhibition of 75% was observed with an

inhibitor concentration of 25 lM. Inhibitors of the four

main classes of proteases, serine (PMSF), cysteine (E64),

metallo (EDTA), and aspartate (pepstatin), had no ef-

fect on the degradation of NMB. Inhibitors of amino-
peptidases (EDTA, 1,10-phenanthroline, bestatin, and

Leu-CH2Cl) and dipeptidyl peptidases (Gly-Phe-CHN2

and Lys-Ala-CH2Cl) also had no effect on the degra-

dation of NMB by mouse brain lysosomes (not shown).

Degradation of NMB by normal CLN2 fibroblasts and

neuronal cell lines

Incubation of NMB with lysosomal fractions pre-

pared from normal human fibroblasts (MCH65) re-

sulted in a similar pattern of degradation products to

that observed with mouse brain lysosomes (Fig. 5). The

TPP-I inhibitor, Ala-Ala-Phe-CH2Cl, completely abol-
ished the degradation of NMB by these cells. When



Fig. 3. Effect of inhibition of TPP-I activity on the degradation of

NMB by mouse brain lysosomes. NMB (100lg) was incubated with

purified mouse brain lysosomes for 8 h in the absence (A) or presence

(B) of Ala-Ala-Phe-CH2Cl (25lM) and the degradation products were

separated by reversed phase chromatography on a C18 HPLC column.

(1) Undegraded NMB and (2) is 1–3D-NMB.

Fig. 4. Comparison of NMB degrading activity at pH 4 and 7 in ly-

sosomal and supernatant fractions derived from mouse brain. NMB

(100 lg) was incubated with purified mouse brain lysosomes (A,C) or

mouse brain supernatant (B,D) at pH 4 (A,B) or pH 7 (C,D) for 8 h

and the degradation products were separated by reversed phase

chromatography on a C18 HPLC column. (1) Undegraded NMB and

(2) is 1–3D-NMB.
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NMB was incubated with lysosomal fractions prepared

from fibroblasts isolated from a patient with CLN2

(GM09404) and which are therefore devoid of TPP-I

activity, no degradation of NMB was observed. Incu-

bation of NMB with lysosomal fractions prepared from

a mouse neuronal cell line (HN9e) again produced a

pattern of degradation products similar to those pro-
duced by mouse brain lysosomes (Fig. 6). The major

degradation products, 1–3D-NMB, WAT, and GHFM-

amide, were readily identifiable although several un-

identified peaks were also observed. Degradation of

NMB by HN9e cells was almost completely inhibited by

Ala-Ala-Phe-CH2Cl.

Degradation of 1–3D-NMB by mouse brain lysosomes and

human fibroblast cell lines

Incubation of 1–3D-NMB (WATGHFM-amide) with

purified mouse brain lysosomes produced 3 major deg-
radation products, a doublet eluting at 27min (WAT

and GHFM-amide) and an unidentified peak eluting

at 14min. The production of these degradation prod-

ucts was completely inhibited by Ala-Ala-Phe-CH2Cl

(Fig. 7). A similar pattern of degradation products was
observed when 1–3D-NMB was incubated with lysosomal

fractions prepared from normal human fibroblasts

(MCH65) with the WAT/GHFM-amide doublet being

particularly prominent (Fig. 8). Degradation of 1–3D-
NMB by MCH65 cells was completely inhibited by Ala-

Ala-Phe-CH2Cl and no degradation of 1–3D-NMB was

observed with extracts prepared from CLN2 fibroblasts

(GM09404).

Degradation of NMB and 1–3D-NMB by purified TPP-I

Incubation of NMB with purified TPP-I yielded a

major degradation product eluting from the reversed
phase column at 47min (1–3D-NMB) and a doublet at

27min (WAT and GHFM-amide) (Fig. 9A). Incubation

of 1–3D-NMB with purified TPP-I resulted in the pro-

duction of the 27min doublet and an unidentified peak

at 14min (Fig. 9B). Both of these degradation profiles

are similar to those produced when NMB and
1–3D-NMB were incubated with the lysosomal fraction

purified from mouse brain.



Fig. 5. Degradation of NMB by normal human fibroblasts and fi-

broblasts derived from CLN2 patients. NMB (100 lg) was incubated

with extracts prepared from normal fibroblasts in the absence (A) or

presence (B) of Ala-Ala-Phe-CH2Cl (25lM) or from CLN2 fibroblasts

(C). The degradation products were separated by reversed phase

chromatography on a C18 HPLC column. (1) Undegraded NMB and

(2) is 1–3D-NMB.

Fig. 6. Degradation of NMB by lysosomal fractions derived from

mouse HN9e neuronal cells. An extract prepared from a mouse neu-

ronal cell line, HN9e, was incubated with NMB for 8 h in the absence

(A) or presence (B) of Ala-Ala-Phe-CH2Cl (25 lM) and the degrada-

tion products were separated by reversed phase chromatography on a

C18 HPLC column. (1) Undegraded NMB, (2) is 1–3D-NMB, and (3/4)

is WAT/GHFM-amide.
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Discussion

Interactions between neuropeptides and cells are

usually mediated by high affinity cell surface receptors.

Binding triggers a cell signalling pathway and the sub-

sequent internalisation of the peptide–receptor complex.

These complexes are often initially internalised into

early endosomes where the receptor and ligand may

dissociate in the acidic environment. Either ligand or
receptor or both may be recycled to the cell surface or

may be targeted to late endosomes and/or lysosomes for

degradation [16]. For example, both transferrin and its

receptor are recycled from early endosomes to the cell

surface, whereas epidermal growth factor and its re-

ceptor progress further into the endosomal/lysosomal

system where both are degraded [17,18]. In cases where

the receptor alone recycles to the cell surface, it is un-
clear whether or not degradation of the ligand is nec-

essary for the dissociation which allows the undegraded

receptor to return to the cell surface. Internalisation of

the ligand–receptor complex has also been reported, in a

few cases, to be necessary or to enhance cell signalling
[19]. Again, it is unclear if ligand degradation may reg-

ulate the duration of the signalling process.

Several lysosomal peptidases and proteases have been

implicated in peptide hormone degradation in vitro [20–

23]. Experiments with knock-out mice or studies on

human genetic diseases further suggest a role for some

of these enzymes in the processing of neuropeptides

following internalisation into the target cell. However,
the susceptibility of peptide hormones to degradation by

a specific protease in vitro does not necessarily correlate

with the appearance of pathological features when that

protease is inactivated in vivo. A deficiency of cathepsin

D (in sheep) or TPP-I (in humans) results in severe

neurological disease with intralysosomal accumulation

of storage material and subsequent death of neurons.

However, a deficiency of cathepsins B or L (in knock-
out mice) or dipeptidyl peptidase-I (in humans) fails to

produce neurological symptoms even though these

proteases actively degrade neuropeptides in vitro

[1,2,7,10,24–26]. Identification of the enzymes responsi-

ble for the intralysosomal degradation of neuropeptides

may provide a partial explanation for the pathology of

this type of neurodegenerative disease. We have previ-

ously shown that TPP-I is required for the degradation
of internalised cholecystokinin-related peptides [7,11]

and in the present communication we demonstrate, from



Fig. 8. Degradation of 1–3D-NMB by normal fibroblasts and fibroblasts

derived from CLN2 patients. 1–3D-NMB (100lg) was incubated with

extracts prepared from normal fibroblasts in the absence (A) or pres-

ence (B) of Ala-Ala-Phe-CH2Cl (25lM) or from CLN2 fibroblasts (C).

The degradation products were separated by reversed phase chroma-

tography on a C18 HPLC column. (2) 1–3D-NMB and (3/4) is WAT/

GHFM-amide.

Fig. 7. Effect of inhibition of TPP-I activity on the degradation of 1–3D-
NMB by mouse brain lysosomes. 1–3D-NMB (100lg) was incubated

with purified mouse brain lysosomes for 8 h in the absence (A) or

presence (B) of Ala-Ala-Phe-CH2Cl (25 lM) and the degradation

products separated by reversed phase chromatography on a C18

HPLC column. (2) 1–3D-NMB and (3/4) is WAT/GHFM-amide.
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studies on the degradation of an unrelated neuropeptide,

neuromedin B (NMB), that TPP-I may have a more

general role in neuropeptide breakdown.

Several results point to an essential role for TPP-I in

the degradation on NMB. First, the major degradation

product formed when NMB (GNLWATGHFM-amide)

was incubated with purified mouse brain lysosomes was
1–3D-NMB (WATGHFM-amide), NMB from which the
N-terminal tripeptide, GNL, had been removed. GNL

was not observed amongst the degradation products

because it is probably too hydrophilic to bind to the C18

reversed phase column. Inhibitors of aminopeptidases

and dipeptidyl peptidases did not prevent the degrada-

tion of NMB and it is therefore likely that a tripeptidyl

peptidase is responsible for the cleavage of the N-ter-

minal tripeptide. The identity of 1–3D-NMB was con-
firmed by the identical elution position of standard
1–3D-NMB and by determining that the mass of the

major degradation product was identical to that of
1–3D-NMB by mass spectrometry. Second, the produc-

tion of 1–3D-NMB from NMB was completely blocked

by Ala-Ala-Phe-CH2Cl, a specific inhibitor of TPP-I

under the conditions used. The degradation of NMB

was resistant to inhibition by inhibitors of the four
major classes of proteolytic enzymes, another property
of TPP-I. Third, fibroblasts isolated from CLN2 pa-

tients, which have no detectable TPP-I activity, were

unable to degrade NMB unlike their normal counter-

parts which produced a pattern of degradation products

very similar to that produced by purified mouse brain

lysosomes. The TPP-I inhibitor, Ala-Ala-Phe-CH2Cl,
also blocked the degradation of NMB by normal fi-

broblasts confirming the essential role for TPP-I in the

degradation of NMB in this cell type.

Additional evidence for the role of TPP-I in NMB

degradation was obtained by investigating the sub-

sequent breakdown of the initial degradation product,
1–3D-NMB. Incubation of 1–3D-NMB (WATGHFM-

amide) with purified mouse brain lysosomes resulted in
the appearance of the two degradation products, WAT

and GHFM-amide, which would be expected from the

action of TPP-I. Again, this reaction was blocked by the

TPP-I inhibitor, Ala-Ala-Phe-CH2Cl, but not by inhib-

itors of aminopeptidases and dipeptidyl peptidases.



Fig. 9. Degradation of NMB and 1–3D-NMB by purified TPP-I. NMB

(A) or 1–3D-NMB (B) (100lg) were incubated with purified TPP-I

(5lg) for 3 h and the degradation products separated by reversed

phase chromatography on a C18 HPLC column. (1) Undegraded

NMB, (2) 1–3D-NMB and (3/4) is WAT/GHFM-amide.
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CLN2 fibroblasts were also unable to degrade 1–3D-
NMB unlike normal fibroblasts. The rate of degradation
of TPP-I by the mouse brain lysosomal fraction was at a

maximum at pH 4 which strongly suggests the activity of

a lysosomal enzyme. Most of the NMB degrading ac-

tivity in mouse brain was located in the particulate

fraction and was active at pH 4. Little NMB degrading

activity was noted in the supernatant fraction at either

pH 4 or 7, indicating that the majority of the NMB

degrading activity resides in an organelle with an acidic
milieu. A mouse neuronal cell line, HN9e, produced a

similar pattern of NMB degradation products to those

produced by brain and fibroblasts suggesting a common

degradation pathway in a variety of cell types. When

NMB or 1–3D-NMB was incubated with purified TPP-I,

the pattern of degradation of degradation was very

similar to that observed with mouse brain lysosomes,

suggesting that the major degradative processes are
mediated by TPP-I.

The inherited neurodegenerative disease, classical

late-infantile neuronal ceroid lipofuscinosis, results from

mutations in the gene that codes for TPP-I [1]. A char-

acteristic of this disease is the progressive accumulation

of storage material and lipopigment in the lysosomes of
a variety of cell types especially neurons which then
undergo apoptosis [10]. Although the loss of TPP-I ac-

tivity is systemic, cell death is largely restricted to neu-

rons, suggesting that neurons are particularly sensitive

to the presence of the storage material or that TPP-I

plays a unique and critical role in neuronal survival. In

addition, tissues other than brain may possess a backup

system for degrading short peptides in the absence of

TPP-I. Dipeptidyl peptidase-I, which is expressed in all
human and mouse tissues except brain, and which is

able to degrade many of the peptides susceptible to TPP-

I, may provide a backup system for the degradation of

short peptides in the absence of TPP-I activity [7,27].

Consequently, TPP-I may play an exclusive role in the

degradation of small peptides in brain. Reduced rates of

peptide hormone degradation may interfere with cell

signalling and/or receptor recycling with adverse effects
on neuronal cell functions or survival. The data pre-

sented here provide further evidence for the absolute

requirement for TPP-I activity in the degradation of

short peptide hormones.
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