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Abstract
Neuronal ceroid lipofuscinoses (NCLs) are a group of neurodegenerative diseases
predominantly in childhood that are characterized by psychomotor deterioration, epi-
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lepsy, and early death of patients. The NCLs analyzed in the present study are caused
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by defects of the specific enzymes, CLN1 (palmitoyl protein thioesterase 1; PPT1),
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CLN2 (tripeptidyl peptidase 1; TPP1), and CLN10 (cathepsin D). Specific and sensitive
diagnostic assays of NCLs were the main goal of this study. They are of increasing
importance, particularly since enzyme replacement therapy (ERT) for NCL2 has
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recently become available for clinical treatment, and ERTs for further NCLs are under
development. Here, we report specific and sensitive determinations for CLN1, CLN2,
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and CLN10 on dried blood spots by tandem mass spectrometry using multiple reac-
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of multiple enzymes were synthesized by chemical coupling of alkyl-umbelliferone

tion monitoring mass spectrometry (MRM-MS). Identical substrates suitable for
(i) fluorimetric determination of single enzymes and (ii) for MRM-MS determination
building blocks with the corresponding peptidyl-substrate groups recognized by the
target enzyme. Enzymatic determinations were performed both by fluorimetry and
MRM-MS in patients with NCL1, NCL2, and NCL10 and showed good agreement in
single assays. Moreover, duplex and triplex determinations were successfully
performed for NCL1, NCL2, and NCL10. Specific peptidyl-(4-alkyl-umbelliferone)
substrates were also synthesized for mass spectrometric determinations of different
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cathepsins (cathepsins-D, -F, and -B), to provide a differentiation of proteolytic
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effect render incorporation of CLN1, CLN2, and CLN10 enzyme
testing into expanded newborn screening programs as an attractive

Neuronal lipofuscinoses (NCLs) are a group of neurodegenerative

prerequisite. However, suitable analytical techniques are required to

diseases in children that belong to a larger group of lysosomal storage

this goal that allow high-throughput testing. An MS/MS determination

diseases caused by lack of lysosomal enzyme activities or defective

has been described for enzyme activity measurements of human pal-

lysosomal membrane proteins.1–3 NCLs are clinically characterized by

mitoyl protein thioesterase (PPT1; CLN1) and tripeptidyl peptidase

dementia, epilepsy, loss of vision through retinopathy, progressive

(TPP1; CLN2) in dried blood spots (DBS).10 These PPT1 and TPP1

3

helplessness, and early death. Among 13 hitherto defined denetically

assays were performed by separate incubation and combined in a sin-

distinct NCL forms,3 four encode hydrolytic lysosomal enzymes: pal-

gle injection for MS/MS. However, the substrates employed do not

mitoyl protein thioesterase 1 (PPT1, CLN1), tripeptidyl peptidase

contain a fluorogenic group and thus are suitable only for mass spec-

1 (TPP1, CLN2), cathepsin D (CTSD; CLN10), and cathepsin F (CTSF,

trometric determinations.

CLN13 disease).4 While NCLs remain incurable at present, several

Here, we describe specific and highly sensitive methods for

treatment strategies have been emerging at the preclinical and clinical

clinical diagnostics for NCLs that enable simultaneous fluorimetric and

level.5 The most promising treatment is intrathecal application of

mass spectrometric (multiple reaction monitoring [MRM]-MS) ana-

cerliponase alfa, an enzymatic replacement therapy (ERT) for the defi-

lyses on DBS using identical substrates and standards (Figure 1).

cient TPP1 in CLN2 disease that has been recently approved in the

Substrate derivatives and standards are incubated with the patient

United States and Europe. ERT provides correction of the TPP1

DBS sample without the need to perform separate assays to be

deficiency in neurons and has been shown to significantly slow the

pooled for multiplexing. The determination by MRM-MS utilizes spe-

disease progression, with best benefits obtained when treatment

cific fragmentations of the coumarin-based substrates and standard

starts early.2,4–7

derivatives. Validation of the diagnostics was performed for DBS

The diagnosis of NCLs can be confirmed by mutation analysis of

samples of patients with established NCLs (NCL1, NCL2) and for a

the respective genes. However, in the case NCLs caused by an

patient with NCL10 (cathepsin D). Specific and sensitive triplex assays

enzyme deficiency, the effect of possible mutations on the activity of

were developed by (i) synthesis of new substrates and standards

a specific enzyme is difficult to predict or remains unclear, particularly

based on 4-alkyl-umbelliferone derivatives with different alkyl substit-

for gene variants of uncertain significance.8 Therefore, a gold standard

uents; (ii) mass spectrometric determination of single enzyme activi-

for the diagnosis of an NCL is direct activity determination of the

ties and validation by fluorimetric determination; and (iii) validation of

affected lysosomal enzyme. Biochemical diagnosis has been greatly

clinical MRM-MS determinations for NCL1, NCL2, and NCL10 using

facilitated because determinations can be performed using rehydrated

the new substrate derivatives.

dried blood samples (DBS), for example, from newborn screening
cards. At present, diagnosis is mainly performed by fluorimetry that,
however, allows reliable determination of only a specific single lyso-

2
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somal enzyme. More recently, lysosomal diagnostics have been developed by tandem mass spectrometry (MS/MS), which provides the

2.1

|

Materials and samples

possibility for multiplex determination of several enzymes.9–15
However, fluorogenic substrates currently in use for determination of

Ammonium acetate, beta-glucosidase, formic acid, dimethylsulfoxide

proteolytic enzymes in CLNs cannot be employed for mass

(DMSO), 4-methylumbelliferone (4MU), 4-ethylumbelliferone (4EU),

spectrometric determinations, because the hydrolytic cleavage results

Ala-Ala-Phe-7-amido-4-methyl-coumarin

in the formation of multiple products thereby preventing unequivocal

strate),

mass spectrometric product analysis.16–18 Moreover, an additional

cathepsin

complication of fluorimetric substrates is the need to incorporate

Taufkirchen,

quenching groups that render substrate structures complicate.16,17 A

glucoside was obtained from Santa Cruz, Heidelberg, Germany.

and
D

(fluorogenic

Z-Arg-Arg-7-amido-4-methyl-coumarin
substrate)
Germany.

were

obtained

from

TPP1

sub-

(fluorogenic
Sigma-Aldrich,

4-Methyl-umbelliferyl-6-thiopalmityl-beta-

further, major drawback of fluorimetric determination is the necessity
for successive activity determination of each single lysosomal enzyme,
which renders automated determinations difficult. A frequently used
procedure is to test for one specific CLN enzyme and, if negative, to

2.2 | CLN1, CLN2, and CLN10 determinations by
fluorimetry and MS

test for a second specific enzyme in a sequential manner. This procedure requires multiple sampling and significantly prolongs the time to

DBS samples (3-mm diameter) were prepared with a standard puncher

establish a reliable diagnosis. Moreover, only few substrates for

on Whatman filter 903. Extraction of blood elements for single assays

fluorimetric diagnosis are currently available for a limited number of

was performed by introducing 60-μL buffer on the DBS (20-mM

enzyme defects.

ammonium acetate, pH 4.5 containing 0.02% NaN3) and agitation for

The recent successful development of an enzyme replacement

45 min at 25 C. A 50-μL aliquot of extract was then introduced into a

therapy for CLN2 disease and the observation that early pres-

new well of a 96 well plate (opaque, standard for fluorimetry determi-

ymptomatic treatment of patients provides the highest therapeutic

nations). For incubation of substrate, 50-μL substrate solution

Journal of

MASS
SPECTROMETRY

MAESER ET AL.

3 of 8

F I G U R E 1 General scheme of structures of 4-alkylumbelliferone-based substrates for fluorometric and mass spectrometric determination of
NCLs. 4-Alkyl-substituted umbelliferone groups are linked by condensation to a substrate-containing moiety (visualized on the left) and are
cleaved by the lysosomal enzyme16; see Gulnik et al.17 for details of substrate synthesis by modified Pechmann condensation. Monitoring of
enzymatic hydrolysis by fluorometric determination is performed at 355-nm excitation; multiple reaction monitoring mass spectrometry (MRMMS) determination is performed with a 4-alkyl-umbelliferone internal standard as described in Section 2

(500 μM in water, prepared from a standard solution of 100 mM in

or (M-44)+ fragments (s. Figure 2). For data evaluation, both methods

DMSO diluted 1:200 in water) was introduced on top of the fresh

provide relative concentrations of product, expressed as nmol/mL

blood extract. The plate was sealed with a plate sealer, covered in

blood/h enzymatic activity.

aluminum foil and incubated for 17 h at 37 C under agitation. The

For mass spectrometric determinations of NCL10 (cathepsin D)

substrates and reaction products are listed in Table 1. The reaction

enzymatic activity, conventional substrates (coumarin–oligopeptide

was then stopped by addition of 10-μL formic acid (CLN2, CLN10);

conjugates used for fluorimetric determination) were not suitable,

for CLN1, the reaction was continued by adding beta-glucosidase

because multiple proteolytic products are formed that preclude an

(equivalent of 2 U in 20-μL 10-mM ammonium acetate, pH 4.5) and

unequivocal mass spectrometric determination. For MRM-MS deter-



additional reaction for 3 h at 37 C. After the second incubation, the

minations, specific substrates were synthesized by starting from

reaction was quenched with 10-μL formic acid.

7-methoxycoumarin-4-acetic acid that was coupled to corresponding

Fluorimetric determinations were performed with a Victor2 plate

tripeptidyl derivatives, such as -Phe-Phe-D-Ala-COOH (for cathepsin

reader using a standard umbelliferone filter at 2 time points before

D). This tripeptide represented a specific proteolytic cleavage site

incubation (reference) and after stopping the reaction; determinations

and a suitable product ion for MS/MS (s. Figure 3). Details of the

made in triplicates. For MRM-MS determinations, sample preparations

synthesis procedures were previously described.15,18 Syntheses

were performed with 50 μL of internal standard solution at a concen-

started

tration of 15 μM, centrifugation at 130 000 rpm for 5 min, and a

prepared from corresponding umbelliferyl derivatives using a

50-μL supernatant aliquot was used for MS. All coumarin derivatives

modified Pechmann condensation of resorcinol with a substituted

had

measurements

ethyl-alkyl-ketoacetate.15 Pechmann condensation was performed in

+

sulfuric acid for 12 hrs at 100 C. In the same manner, substrate

identical

MRM-MS

fragmentation;

thus,

were either performed using parent ions or by MRM-MS of (M-28)

TABLE 1

with

7-methoxycoumarin-4-acetyl

building

blocks

Diagnostic substrates and internal standards for mass spectrometric and fluorometric determination of CLN1, CLN2, and CLN10

CLN

Substrate

Product

External standards
(fluorimetry)

Internal standards
(MRM-MS)

CLN1 palmitoyl
protein thioesterase

4-Methyl-umbelliferyl6-thiopalmitoyl-ß-glucoside

4-Methyl-umbelliferone

4-Methyl-umbelliferone

4-Ethyl-umbelliferone

CLN2 tripeptidyl
peptidase

7-Amido-(Ala-Ala-Phe)-4-methylumbelliferone

H-Phe-7-amino4-methyl-umbelliferone

H-Phe-7-amino4-methyl-umbelliferone

H-Tyr-7-amino4-methyl-coumarin

CLN10

7-Methoxy-(umbelliferone)4-(acetamido)-Phe-Phe-D-Ala

H-Arg-7-amino-4-methylcoumarin

H-Arg-7-amino-4-methylcoumarin

H-Tyr-7-amino4-methyl-coumarin

Abbreviation: MRM-MS, multiple reaction monitoring mass spectrometry.
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F I G U R E 2 Electrospray ionization (ESI)-ion trap mass spectrometry (MS) (A) and multiple reaction monitoring mass spectrometry (MRM-MS)
determination (B) of CLN2 substrate, 7-amido-(Ala-Ala-Phe)-4-methylcumarin for the diagnosis of NCL2 in DBS. The major fragment ions at m/z
322 (umbelliferyl-amido-Phe) and m/z 289 (Ala-Ala-Phe) are used for MRM-MS determination. Dried blood spots (DBS)

F I G U R E 3 (A) 7-Methoxy-umbelliferyl substrate for fluorimetric determination of cathepsin D containing a (7-amidoacetyl)-peptide
derivative; (B) synthetic substrates for multiple reaction monitoring mass spectrometry (MRM-MS) determination of cathepsin D, B, and F. The
cathepsin D substrate contains the cleavable -Phe-Phe-dipeptidyl residue and a noncleavable terminal D-Ala; substrates for cathepsin B and F
contain -Arg-Arg- and -pro-Arg- dipeptidyl residues
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derivatives containing different alkyl groups were prepared as internal

On top of the fresh blood extract, 50 μL of substrate solution

standards for MS/MS (s. Figure 1 and Supplementary Figures). As an

(500 μM in water) was prepared as follows: A standard solution of

example, the condensation of

13−

C-labelled ethylacetoacetate

100 mM in DMSO was prepared, a 1:200 dilution performed as

provided the formation of 4-methyl-umbelliferone-1,2,3,4-13C as

described for the single assay and introduced on top of the blood

internal standard.15 Fmoc-peptide derivatives for use in cathepsin

extract. The plate was then sealed with a plate sealer, covered in

determinations were synthesized from 7-alkyl-umbelliferyl-4 acetic

aluminum foil, and incubated for 17 h at 37 C under agitation. The

acid by coupling with dipeptide precursors, such as Fmoc-Phe-Phe-D-

reaction was quenched (i) for NCL2 and NCL10 conversion by

Ala-COOH (s. Figure 3).

addition of 10-μL formic acid; (ii) for NCL1, the reaction was contin-

Mass spectrometric determination was performed with a Bruker

ued with a second step by adding ß-glucosidase (equivalent of 2 U in

Esquire HCT 3000 + ion trap electrospray ionization (ESI) mass

20-μL reaction buffer of 10-mM ammonium acetate, pH 4.5

spectrometer in the positive ion mode (Bruker Daltonics, Bremen,

containing 0.02% NaN3) and a supplementary incubation as described

Germany) that provided MS/MS performance and resolution through-

above and the reaction then quenched with 10-μL formic acid. For

out the entire mass range (m/z 3000). The standard resolution mode

MRM-MS determinations, 50 μL of internal standard solution (15 μM)

was resolving 2+ charged ions at 13 000 u/s and maximum resolution

was added, the sample centrifuged at 13 000 rpm for 5 min and an

mode resolving 3+ and 4+ charged ions at 1650 u/s. All MS data were

aliquot of 50-μL supernatant used for MS. All coumarin derivatives have

obtained at atmospheric pressure ionization. Mass spectra were

a common fragmentation pattern so that MS-MRM can be performed of

recorded in the full scan mode, scanning from m/z 100 to 2500. Ion

the parent ions or the fragment ions (M − 28)+ or (M − 44)+ (s. Figures 2

source parameters were 19-psi nebulizer gas and 7 L/min of drying

and S2). Enzyme activities were expressed in nmol/mL blood/h.



gas, at a temperature of 250 C.

2.5
2.3 | Protocol for clinical NCL1, NCL2, and NCL10
determinations

|

Validation of assays

Precisions of assays were validated by analysis of standard deviations
in inter- and intra-assay determinations (control samples, n = 5) and

Protocol for single NCL assays: Samples from DBS (Whatman filter

showed no significant differences between different aliquots of con-

903) of 3-mm diameter were prepared with a standard puncher. For

trols (SD, 5.5–15%). Assay linearities were assessed from standard

extraction of blood elements, 60-μL buffer was introduced on the

curves measured in triplicates, and quantifications showed linearity

DBS (20-mM ammonium acetate buffer, pH 4.5 containing 0.02%

for concentrations up to 5 (fluorimetry) and 8 μM (MS). Detection

NaN3) and agitated for 45 min at 25 C. An aliquot of 50-μL extract

limits were determined for blank DBS (3 × SD quantification) and were

was introduced into a 96 well plate (opaque, standard for fluorometric

found 0.08 μmol/L/h (MS) and 0.15 μmol/L/h (fluorimetry).

determinations). On top of the blood extract, 50 μL of substrate
solution (500 μM in water) was prepared as follows: A standard
solution of 100 mM in DMSO was prepared, diluted 200-fold before

3

|

RE SU LT S

incubation, and applied on top of the blood extract. The plate was
then sealed with a plate sealer, covered in aluminum foil and
incubated for 17 h at 37 C under agitation. The reaction was

3.1 | Design and synthesis of substrate derivatives
and internal standards for NCL determinations

quenched (i) by addition of 10-μL formic acid (for NCL2 and NCL10);
(ii) for NCL1, the reaction was continued with a second step by adding

A general type of substrate derivatives for determinations of NCLs

ß-glucosidase (in 20-μL reaction buffer of 10-mM ammonium acetate,

was developed, based on alkyl-umbelliferone analogs with different

pH 4.5 containing 0.02% NaN3) and additional incubation performed

substitutions (Table 1; Figure 1). These substrates, linked by

for 3 h at 37 C under agitation. After the second incubation, the reac-

condensation of 4-alkyl-umbelliferone to a CLN-substrate group,

tion was quenched with 10-μL formic acid, and fluorimetric and

enable both fluorimetric as well as mass spectrometric determinations

MRM-MS determinations were performed as described above.

using identical umbelliferone derivatives. In the case of mass
spectrometric determinations, the use of 4- or 7-alkyl-umbelliferone
derivatives with different alkyl substituents as standards provide the

2.4 | Protocol for NCL-1, NCL-2, and NCL-10
triplex assay

possibility for multiplex mass spectrometric determinations. Chemical
structures of substrates and standard samples are shown in Table 1.
Structures and MRM-MS data for the mass spectrometric determina-

DBS samples of 3-mm diameter were obtained with a standard

tions of PPT1 and TTP1 are shown in Figures S7/S8 and S9/S10.

puncher. For extraction of blood elements, 60-uL buffer was applied

Duplex determinations of patient samples by MRM-MS have been

on the DBS (20-mM ammonium acetate, pH 4.5 containing 0.02%

previously described.15



NaN3) and agitated for 45 min at 25 C. An aliquot of 50-μL extract

The development of mass spectrometric assays for clinical

was introduced into a new well of a 96 well plate as described above.

determinations of NCL1, NCL2, and NCL10 in DBS were established
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with the following steps: (i) Evaluation of the new derivatives as

values in NCL2 patients (1.4–4.2 μM/L/h) were found, in comparison

substrates and internal standards suitable for MRM-MS; (ii) mass

with 11.5–38.4 μM/L/h for healthy control samples.

spectrometric single determinations of enzyme activities and validation of assays by fluorimetry; (iii) development of a triplex MRM-MS
determination for NCL1, NCL2, and NCL10; (iv) evaluation of the
triplex assay by analysis of positive control samples.

3.3 | Clinical application of CLN10 enzyme activity
determination
In previous work, no specific substrates and assay methods have been

3.2 | Determination of enzyme activities in NCL1
and NCL2 patient samples

reported for the determination of cathepsin D (NCL10) or other
neuronal proteolytic enzymes in blood.16,17 Particularly, no specific
proteolytic assays have been established by utilizing commercially

Patients suffering from NCLs were diagnosed at the University

available coumarin substrates. Substrates reported in previous studies

Medical Center Hamburg-Eppendorf, Children's Hospital, Hamburg,

using fluorimetric determination do not allow to distinguish between

Germany and the Department of Molecular Medicine, IRCCS Stella

different neuronal proteolytic enzymes, because oligopeptide residues

7,8,19

Diagnoses were confirmed both clini-

are required for fluorescence quenching that preclude the formation

cally and genetically and included four patients with NCL1 (age 4–18)

of unequivocal product fragments for MS (s. Figure 3A)16 and do not

Maris Hospital, Pisa, Italy.

and 11 NCL2 patients (age 3–8). DBS samples from 12 healthy con-

allow to distinguish between positive and negative controls. More-

trols (age 24–52) were also analyzed. Informed consent was obtained

over, obtaining samples from patients with cathepsin D deficiency

for all patients. The study was approved by the ethics committees of

(NCL10) has been difficult due to the rareness of the disease and early

the University Medical Center Hamburg-Eppendorf, Germany and the

death of affected patients within short times.8 In contrast, substrates

ethics committee of the IRCCS Stella Maris Hospital, Pisa, Italy.

with specific cleavable peptide groups were synthesized with suitable

ESI-MS

(A)

and

MRM-MS

determinations

(B)

of

the

fragmentation for MRM-MS (-Phe-Phe- for cathepsin D).15

CLN2 substrate, 7-amido-(Ala-Ala-Phe)-4-methylcumarin and the

The mass spectrometric determination of cathepsin D in a patient

7-amino-4-methylcoumarin product of NCL2 in DBS are shown in

with NCL10 is shown in Figure 5. A 4-year-old girl with a progressive

Figure 2. The major fragment ions at m/z 322 and m/z 289 are due to

neurological disorder associated with epilepsy and global brain

the (umbelliferyl-amido)-Phe and the Ala-Ala-Phe tripeptide moieties,

atrophy after 18 months was shown to carry a new homozygous

respectively. Determinations of enzyme activities in DBS of NCL1 and

c.205G > A, predicting a deleterious p.Glu69Lys mutation in the

NCL2 patients are shown in Figure 4 (single MRM-MS assays).

CTSD/NCL10 gene.8 Cathepsin D enzyme activity was determined in

Concentration ranges in NCL1 patients from 1.5–3.5 μM/L/h and

this patient's blood samples as well as in samples from her healthy

F I G U R E 4 Mass spectrometry multiple reaction monitoring (MSMRM) determinations of enzyme activities in dried blood spots (DBS)
of PPT1 and TTP1 in CLN1 and CLN2 patients. Enzyme activities in
CLN1 patients (5) range from 1.5 to 3.5 μM/L/h, values in CLN
2 patients from 1.4 to 4.2 μM/L/h. Levels of control samples were
11.5–38.4 μM/L/h

F I G U R E 5 Multiple reaction monitoring mass spectrometry
(MRM-MS) determination of enzyme activities in dried blood spots
(DBS) of a patient with CLN10 disease. Activities of the NCL10
patient (red dot) and of the family carriers (father, mother, one sister;
blue triangles) are compared on the right with six healthy controls
(black)
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8-year-old sister and her parents, in comparison with eight healthy

In summary, the MRM-MS and fluorimetric assays described here

control samples. The mass spectrometric determinations provided a

provide the preconditions for (i) development and testing of new

>5-fold decrease of the patient's cathepsin D activity (Figure 5; s. also

substrates for mass spectrometric clinical determination for NCLs that

Figures S3 and S11). The cathepsin D activities of the mother and the

hitherto could not be analyzed by blood diagnosis, particularly

sister were also reduced, while the enzyme activity of the father was

cathepsins

found similar to the healthy controls.

(ii) applications to clinical monitoring, incidence, and prevalence

and

cathepsin-like

proteolytic

enzymes;

and

studies of NCLs. The mass spectrometric determinations should also
assist the future development of enzyme replacement therapies in
NCLs, by therapeutic monitoring of immunogenicity and formation of

4

|

DISCUSSION

antibodies against the therapeutic enzymes.20

In this work, we describe specific and highly sensitive diagnostic
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