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Abstract

We report a sensitive method to detect point mutations in proteins from complex samples.
The method is based on surface-enhanced laser desorption/ionization time-of-flight
(SELDI-TOF) MS but can be extended to other MS platforms. The target protein in this
study is the lysosomal enzyme glucocerebrosidase (GC), the key enzyme in Gaucher
disease. Deficiency of GC activity results in accumulation of glucosylceramide in
macrophages. The relationship between GC genotypes and Gaucher patient phenotypes is
not strict. The possibility to measure protein levels of GC in clinical samples may provide
deeper insight in the phenomenology of Gaucher disease. For this purpose, GC was
isolated in a single enrichment step through interaction with an immobilized monoclonal
antibody, 8E4. After on-chip digestion of the antibody-antigen complex with trypsin, a
total of 25 GC peptides were identified (sequence coverage ~60%), including several
peptides containing mutated amino acid residues. The described methodology allows
mutational analysis on the protein level, directly measured on complex biological samples
without the necessity of elaborate purification procedures.
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Introduction

Gaucher disease is the most frequently encountered lysosomal storage disorder in man,
affecting an estimated 30,000 people worldwide [1]. It is caused by a decreased activity of
β-glucocerebrosidase (GC, E.C. 3.2.1.45), a lysosomal enzyme that catalyzes the
hydrolysis of glucosylceramide to ceramide and glucose. A deficiency in this activity
results in excessive glucosylceramide accumulation (“storage”), particularly in
macrophages in bone marrow, spleen, and liver tissue. Eventually, this may lead to the
visceral symptoms characteristic for Gaucher disease: enlargement of liver and spleen,
anaemia, and bone disease. In some severe cases, neurological degeneration also occurs.
Based on clinical features, three forms of Gaucher disease are generally distinguished.
Type I Gaucher disease is defined as the non-neuronopathic variant, whereas type II and
type III Gaucher disease are the acute and subacute neuronopathic variants, respectively.
Currently, two types of therapy exist for type I Gaucher disease: enzyme replacement
therapy (ERT), in which recombinant enzyme is supplied intravenously to enhance the
hydrolysis of glucosylceramide [2], and substrate reduction therapy (SRT), which aims to
lower the glucosylceramide biosynthesis in the cells to reduce the degree of storage [3].
This is achieved by inhibition of the glucosylceramide synthase enzyme with N-
butyldeoxynojirimycin. Severity of the disease state and response to therapy can be
monitored by measuring the levels of two (surrogate) markers for Gaucher disease:
chitotriosidase [4] and CCL18 [5].

More than 150 point mutations and several recombinations in the GC gene of Gaucher
patients have been described. Fig. 1 schematically depicts the GC mutations analyzed in
this study. Compound heterozygosity for N370S and L444P GC is the most common
genotype encountered among Caucasian type I Gaucher patients [6]. For example, in the
Dutch patient population, such compound heterozygotes account for 40% of all patients.
The phenotypic manifestation among such individuals, even when siblings, is quite
variable [6,7]. Currently, no reliable prognosis of disease severity in N370S/L444P
compound heterozygotes can be given based on residual GC activity measured in cell
extracts or through monitoring of metabolism of glucosylceramide in cultured cells.
Fundamental differences exist between L444P and N370S GC. The mutation of leucine at
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Figure 1. Schematic representation of the mutated forms of GC used in this study.
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position 444 to proline (L444P) results in enzyme with low folding efficacy. Only
approximately 10% reaches the lysosome, the rest of the protein does not pass the
endoplasmatic reticulum folding control system and is degraded. However, the remaining
part that reaches the lysosome displays a normal specific activity. The mutation of
asparagine at position 370 to serine (N370S) results in a mutant protein that is largely
properly folded and stable but with low specific activity at pH values greater than 5 [8].
Consequently, the remarkable heterogeneity in disease manifestation in N370S/L444P
compound heterozygotes may be partly due to interindividual variation in folding
efficiency of the L444P-mutated GC in the endoplasmic reticulum or differences in
lysosomal milieu. To examine this further, it is of crucial importance to be able to
(relatively) quantify the actual proportions of mutant enzyme molecules. This may also
help to improve the prognosis of disease manifestation in compound heterozygous
Gaucher patients. Therefore, we aimed to determine relative protein levels in minute
amounts of GC, using surface-enhanced laser desorption/ionization time-of-flight (SELDI-
TOF) MS. This particular MS application permits direct analysis of GC after a convenient
enrichment step using a monoclonal antibody (mAb), 8E4, directed towards GC covalently
coupled to a preactivated array. In this article we present a proof-of-principle for the
approach and initial results. We envisage that this method can also be expanded to other
MS-based platforms. Monitoring the occurrence of mutated forms of GC at the protein
level may potentially help to improve prognosis of disease severity in compound
heterozygous Gaucher patients.

Materials & methods

Sample preparations
Spleen homogenates were prepared from 1 g spleen cells from control individuals or

Gaucher patients. The tissue was finely chopped, ground (UltraTurax, 3x30 s, on ice) in 10
mL 50 mM Tris-HCl (pH 7.5) containing 0.5% Triton X-100, 10% glycerol and 1 mM
dithiothreitol (DTT) and was sonicated (3x20 s, on ice). The sample was cleared by
spinning down solid material in an Eppendorf table centrifuge at maximum speed.
Fibroblasts were isolated from Gaucher patients with known genotypes and were grown
until confluency. Extracts were prepared by taking up two cell pellets in 200 �L lysis
buffer (25 mM potassium phosphate [pH 6.5] and 0.1% Triton X-100) and short sonication
(5 s) on ice. GC activity was measured, and samples were stored at -20°C until further
processing. GC activity was measured using the fluorogenic synthetic substrate 4MU-Glc
(5 mM) in 50 mM citrate-phosphate buffer (pH 5.9) containing 0.15% Triton X-100 and
0.125% sodium taurocholate [9]. The reaction mixture contained 0.5% (w/v) bovine serum
albumin for protein stabilization. Based on activities, GC concentrations were estimated in
fibroblast extracts.
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Sample processing and MS
The mAb, 8E4 [10], was incubated to bind to a pre-activated PS20 ProteinChip Array

(Ciphergen Biosystems). GC was then captured from complex mixtures such as tissue
homogenates or cellular extracts. Previous studies revealed that the binding affinity of 8E4
is identical for wild-type, N370S, and L444P GC [11]. This allows nonselective
enrichment of the various mutated forms of GC. Analysis of the peptide mixtures produced
by enzymatic proteolysis of the antibody-antigen complex yielded information about the
presence of point mutations. A schematic overview of the applied method is shown in Fig.
2.

Optimal binding of the 8E4 antibody to the epoxide groups at the surface of PS20
ProteinChip Arrays was obtained by overnight incubation (4ºC) in phosphate-buffered
saline solution (PBS, pH 7.4) containing 1.5 μM ethylenediamine and 0.125 M Na2SO4.
Remaining binding places were blocked by washing the chip in a 10-mL tube with 0.5 M
ethanolamine (pH 8.0, 30 min). Then the chip was then transferred to a bioprocessor (a 96-
well adaptor that allows loading of up to 350 �L of sample to the ProteinChip Arrays) and
washed twice with 200 μl buffer A (50 mM Tris-HCl, pH 8) for 5 min and once with buffer
A containing 0.01% Triton X-100 (200 μL, 5 min). This buffer was also used for optimal
antibody-antigen interaction. Samples (50 μL) were added to fresh binding buffer (200
μL), and GC was allowed to bind (1 h., room temperature). After binding, the ProteinChip
Arrays were washed once with binding buffer and twice with buffer A (all wash volumes
again 200 μL). To remove buffer ions that will interfere with MS detection, the
ProteinChip Array was quickly rinsed (30’) in 10 mL LiChrosolv-grade H2O (Merck).
ProteinChip Arrays were dried in air, and matrix solution was added (10 mg/mL sinapinic
acid in 50% acetonitrile and 1% trifluoroacetic acid [TFA]) prior to SELDI-TOF MS
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Figure 2. Schematic overview of the SELDI-TOF MS procedure. Antibodies are coupled to PS20 ProteinChip Arrays through a
covalent binding of primary amines to an epoxide moiety. After blocking of the remaining binding sites, the sample is applied
and nonbinding molecules are washed off. Matrix is applied either directly after binding or after on-chip tryptic digestion of the
antibody-antigen complex.
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analysis. After co-crystallization of the (bound) proteins with the matrix molecules, a
pulsed nitrogen laser was used for ionization of the samples. ProteinChip Arrays were read
with a PBSIIc ProteinChip Reader (Ciphergen Biosystems), a linear laser
desorption/ionization time-of-flight mass spectrometer equipped with time lag focussing.
SELDI-TOF MS spectra are averages of approximately 100 spectra recorded at optimal
laser intensity for peptide/protein ionization (145/195, arbitrary units). Digests of the
antibody-antigen complexes were prepared by binding of the target molecule to the
antibody as described. After washing of the spots, an on-chip digestion was performed by
the addition of 4 μL trypsin (5 mg/mL in 50 mM (NH4)2CO3, 1 h, 37°C). Thereafter, the
spots were left to dry and 1 μL matrix solution was applied to the spots (10 mg/mL α-
cyano-4-hydroxycinnamic acid [αCHCA] in 50% acetonitrile and 1% TFA). Control
experiments were performed using a commercially available form of GC (Ceredase1,
Genzyme, Boston, MA). For measurements in the lower mass region, the PBS-IIC
ProteinChip Reader was calibrated with a peptide mixture containing Arg8-vasopressin
(1084.20 Da), somatostatin (1637.90 Da), dynorphin (2147.50 Da) and
adrenocorticotropic hormone (ACTH, 1-24, 2933.50 Da) purchased from Ciphergen
Biosystems. For high-mass measurements, calibration was carried out with a mixture of
GAPDH (rabbit, 35,688 Da), bovine serum albumin (66,433 Da) and β-Galactosidase (E.
coli, 116,351 Da), also from Ciphergen Biosystems.
Matrix-assisted laser desorption/ionization (MALDI)-TOF mass spectra were acquired on

a M@ldi-R instrument (Micromass). Tryptic digestions (1:10) of GC and mAb 8E4 were
performed overnight at 37°C in solution. Monoisotopic masses of tryptic digests of pure
digested GC and the mAb 8E4 were measured as a control for the observed peptides in the
SELDI-TOF mass spectra. MALDI-TOF mass spectra were internally calibrated on known
peptide peaks (accuracy < 50 ppm).

SELDI-TOF tandem mass spectrometry (MS/MS) spectra were recorded on a QStar XL
(Applied Biosystems) with a ProteinChip Interface (PCI1000, Ciphergen Biosystems). The
instrument was calibrated by fragmenting peptide 18-39 from ACTH at m/z 2465.19; the
parent ion and four fragment ions were used as calibration points. Peptides were
fragmented applying a mass-dependent collision energy of roughly 50 eV per 1000 Da.
Data were analyzed using the instrument’s Analyst software.

Deglycosylation of tryptic peptides from GC
These experiments were carried out using commercially available GC (Cerezyme1,

Genzyme). In solutio proteolysis was performed with trypsin (1:20 ratio) and overnight
incubation at 37°C. N-glycosylated peptides were deglycosylated enzymatically with N-
glycanase. All reagents were taken from the GlycoProfileTM II kit (Sigma). 20 �L of a
tryptic digest (calculated peptide concentration 1.5 mg/mL) was mixed with 27 �L
ammonium carbonate buffer (NH4HCO3, 20 mM) and 3 �L of a denaturing solution
containing β-mercaptoethanol (100 mM) and octyl-β-d-glucopyranoside (2%). This was
divided over two vials (25 �L each), with 2.5 �L peptide N-glycosidase (PNGase, 2.5 mU)
being added to the sample and 2.5 μL water to the control. Samples were incubated

148

Chapter 10

versie 17-04.qxp  17-4-2008  10:51  Pagina 148



overnight at 37°C to allow the reaction to complete. Subsequently, peptides were desalted
using a C18 ZipTip (Millipore). The tips were prewetted with acetonitrile and equilibrated
with 1% formic acid, bound peptides were washed (also with 1% formic acid) and eluted
with a 60% acetonitrile/1% formic acid solution. Samples were spotted with αCHCA on a
target plate and MALDI-TOF MS spectra were recorded.

Results

The aim of the current work was to develop a convenient mass spectrometric method to
analyze mutated forms of the key enzyme in Gaucher disease, GC. Our rationale was to
make use of the availability of a high-affinity mAb to immunocapture and purify GC
directly from complex biological samples. Immunocapture experiments are combined with
SELDI-TOF MS, an MS based platform. The use of a linear mode TOF mass separator
permits sensitive detection of both peptides and intact proteins.

Immunocapture of GC and direct SELDI-ToF MS analysis
Different sources of GC were used to test the feasibility of immunocapture and

subsequent SELDI-TOF MS analysis. In addition to commercially available human GC
(Ceredase), tissue and fibroblast homogenates from control individuals and Gaucher
patients also were used as a source of GC. PS20 ProteinChip Arrays with immobilized
anti-GC mAb 8E4 were incubated with enzyme-containing samples. After enrichment for
GC, SELDI-TOF MS analysis was performed. Fig. 3 shows that it is possible to enrich and
detect GC from control and patient (N370S/L444P compound) spleen homogenates via a
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Figure 3. SELDI-TOF mass spectra of intact GC captured with the mAb (8E4) immobilized on a PS20 ProteinChip Array. (A)
Control spleen homogenate. (B) Gaucher spleen (N370/L444P compound) homogenate. (C) Ceredase. (D) Extract from cultured
fibroblasts from a Gaucher patient (L444P/RecNci). (E) Antibody alone (8E4).
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one-step method (Fig. 3A and 3B). The observed masses for GC captured from spleen
homogenate (~ 63 kDa) are in good agreement with those previously observed by gel
electrophoresis [10]. Ceredase is roughly 3 kDa smaller (60.4 kDa [Fig. 3C]) than natural
GC because the natural glycan moieties are enzymatically modified to GlcNAc2Man3
(910.83 Da) to preferentially target the drug to the mannose receptors of the macrophage
to exert its therapeutic, hydrolytic action in the macrophage’s lysosome [12]. Fig. 3D
shows the capture of GC from extracts of cultured fibroblasts from a Gaucher patient
genotyped as a L444P/RecNci heterozygote. The RecNci mutation is the result of a fusion
of the GC gene with a downstream located GC pseudogene (Fig. 1). Translated protein is
instable and, for the most part, degraded immediately. A very low-intensity peak from
L444P GC was observed in this experiment. Nevertheless, the inset (10x) and detection of
GC peptide peaks in subsequent proteolysis experiments clearly showed that GC was
specifically captured in this experiment. A titration of Ceredase demonstrated that the
lowest detectable amount of intact enzyme is approximately 35 fmol in this set-up (data
not shown).
We noticed that Ceredase ionizes more efficiently than natural GC forms. Most likely this

is due to differences in glycosylation. It is widely recognized that the degree and type of
glycosylation affect the ionization efficiency in MALDI-based ionization techniques [13].
Natural GC contains four N-linked glycans, and during its life cycle multiple negative
charges are introduced through the attachment of sialic acid residues [14]. The introduction
of negative charges evidently hampers positive mode mass spectrometric detection. The
binding affinity of 8E4 for mutated forms of GC is similar. Mutated enzyme was isolated
from individuals with either N370S or L444P GC, and the binding affinities of both these
mutants were found to be similar to wild-type GC (J.M.F.G. Aerts, unpublished results).
Because the epitope of 8E4 is located on the C-terminus and includes residue 496, this is
not surprising.

Additional peaks in the mass spectra in Fig. 3 are attributed to the mAb used to capture
the protein from the complex mixture given that they are also observed in the control trace
(Fig. 3E). The [M+H]+ ion was observed at 149 kDa, and the [M+2H]2+ ion at 74.5 kDa.
The smaller peaks at 24 and 50 kDa are assigned to the antibody’s light and heavy chains,
respectively.

Analysis of point mutations in captured GC
To allow detection of point mutations in the GC protein, the enzyme-antibody complex

was digested with trypsin. After binding of GC to immobilized anti-GC mAb 8E4,
digestion was performed directly on the array and the produced peptides were visualized
using SELDI-TOF MS (Fig. 4). Besides peptides from bound GC, peptides from digested
anti-GC mAb 8E4 and trypsin autodigest peptides were also detected. These were
identified from the control experiment (Fig. 4B) and from MALDI-TOF MS data on
digested antibody (data not shown). A total of 20 peptides attributable to trypsinized GC
were observed in the SELDI-TOF mass spectrum of the digested 8E4-Ceredase complex
(Fig. 4A and Table 1); of these 20 peptides, 5 were also detected in an oxidized form. The
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identity of the GC peptides was confirmed by comparison with high-resolution MALDI-
TOF mass spectra of in solutio digested GC (24 peptides, sequence coverage 52%, Table
1. A MASCOT database search (www.matrixscience.com) with a mass tolerance of 100
ppm resulted in the correct identification of human lysosomal GC (P04062 in the ExPASy
database, www.expasy.org) with a highly significant MOWSE score of 126. Peptides
identified with MALDI-TOF or SELDI-TOF MS showed a considerable overlap (14
peptides were observed in both methods, [Table 1]). Another control shows the SELDI-
TOF mass spectrum of commercially available GC (Cerezyme) after in solutio digestion
with trypsin (Fig. 4C). MS analyses of Cerezyme were published previously, and the
results are in agreement with the data presented here [15,16]. The combination of the
MALDI-TOF and SELDI-TOF data allowed us to positively identify the peptides observed
after digestion of the antibody-antigen complex.

Fig. 5A shows SELDI-TOF mass spectra of captured GC from various sources after
digestion of the complex with trypsin. GC-derived peptides are listed in Table 2. Some of
the identified peptides contain residue 444, one of the most prevalent mutated residues in
Gaucher patients (L444P). An example is shown in Fig. 5B, where a much narrower mass
range is displayed. The peaks at m/z 2305 and 2321 correspond to the 442-463 peptide in
the normal and the oxidized form, respectively. The side chain sulfur of the methionine at
position 450 is oxidized to a sulphoxide (S=O) during the experiment, resulting in a 16
amu mass shift. MS/MS sequencing of the 2321 m/z peptide directly from the ProteinChip
Array (SELDI-TOF MS/MS) confirmed the assignment of this peak to the 442-463 peptide
(data not shown). As can clearly be seen in Fig. 5, these peaks were also detected when GC
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was specifically captured and digested using Ceredase (positive control), spleen
homogenate from a control individual, or extracts from cultured fibroblasts from a
Gaucher patient carrying the RecNci/K198N mutations (Fig. 5B). Although the rest of the
peak pattern is identical, the m/z 2305 and 2321 peaks are absent in a digest from GC
captured from cultured fibroblasts from a patient homozygous for the L444P mutation
(Fig. 5B, trace 3). In Fig. 5C the part of the mass spectrum ranging from 3050 to 3130 m/z
is shown. A second L444-containing peptide, containing 1 missed cleavage site for trypsin,
is shown in this region. This peptide also shows the 16 amu satellite peak due to an
oxidized methionine residue. Yet again, these peaks are absent in the spectra from the
L444P Gaucher patient, further substantiating our annotation. Theoretically, the L444P
mutation results in a mass reduction of 16 amu (average masses: leucine 113.2 amu,
proline 97.1 amu), but the concomitant mass shift was not observed in the spectra of the
L444P Gaucher patient (Figs. 5B and 5C, trace 3), possibly due to less efficient ionization
behaviour of the mutated peptide. Because the P444 protein is processed less efficiently
due to its lower folding efficacy, the amount of protein in the fibroblast extracts was
normalized based on specific activity. The fact that the specific activity of the P444 mutant
is similar to that of wild-type L444 GC ensured that the amount of protein per sample was
identical. This is also illustrated by the similar relative intensities of other peptide peaks in
the spectrum. To the best of our knowledge, this is the first time the result of a genetic
defect is detected directly on the protein level in human material without elaborate
purification procedures.
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Table 1. Overview of identified peptides in MALDI-TOF and SELDI-TOF mass spectra of GC after tryptic digestion

Masstheor Massobs Accuracy Masstheor Massobs Accuracy Peptide
(monoisotopic) (MALDI) (ppm) (average) (SELDI) (ppm)

733.36 733.34 -31.1 - - - 354-359
748.48 748.46 -24.2 - - - 158-163
784.47 784.43 -44.7 - - - 1-7
933.48 933.48 4.2 - - - 426-433
951.47 951.47 0.1 - - - 347-353
977.59 977.58 -6.8 - - - 286-293
989.66 989.66 1.9 - - - 156-163
1003.52 1003.53 4.8 1004.2 1003.3 -896 278-285
- - - 1020.2 1019.4 -784 278-285(Ox)
1093.53 1093.52 -11.1 1094.2 1093.8 -366 216-224
- - - 1112.2 1112.6 360 40-48
1460.81 1460.80 9.4 1461.7 1461.9 137 396-408
1491.72 1491.72 1.9 1492.7 1492.8 67 414-425
1528.73 1528.75 14.2 1529.7 1529.6 65 199-211
1647.80 1647.83 16.2 1648.8 1649.1 182 107-120
1913.96 1914.00 16.1 - - - 195-211
2100.11 2100.11 0.6 2101.5 2101.9 190 304-321
2115.10 2115.11 3.6 2116.4 2117.4 473 396-413
2146.02 2146.03 3.3 2147.5 2148.1 279 409-425
2305.20 2305.20 0.8 2306.6 2307.3 303 442-463
- - - 2322.6 2323.1 215 442-463(Ox)
2563.44 2563.45 4.2 2565.0 2565.5 195 164-186
2667.45 2667.44 -4.9 - - - 80-106
- - - 2849.0 2848.2 -281 132-155
2894.62 2894.58 -14.9 - - - 78-106
3087.66 3087.62 -13.5 3089.6 3090.2 194 434-463
- - - 3105.6 3106.2 193 434-463(Ox)
- - - 3212.8 3213.8 311 49-77
- - - 3536.3 3536.8 141 156-186
- - - 3590.1 3591.2 306 396-425
- - - 3606.1 3607.4 361 396-425(Ox)
- - - 3696.1 3696.5 108 225-257
3856.01 3855.69 -82.5 3858.4 3858.1 -78 464-497
4002.12 4001.78 -85.1 4004.6 4004.5 -25 426-463
- - - 4020.6 4020.2 -99 426-463(Ox)

Note. MALDI-TOF MS data are from in solutio proteolyzed Ceredase. SELDI-TOF MS data are after capture of Ceredase with
anti-GC mAb 8E4 and on-chip proteolysis of the complex.

Obviously, the resolution of the SELDI-TOF MS data is significantly lower than that of
the MALDI-TOF MS data. The Ciphergen PBSIIc chip reader operates in linear mode
whereas the Micromass M@LDI mass spectrometer focuses the ions in-flight through a
reflectron, resulting in higher mass accuracy. Therefore, the mass tolerance in a MASCOT
search with the SELDI-TOF MS data was set to 1000 ppm, resulting in a positive
identification of human lysosomal GC with a highly significant MOWSE score of 134. The
average mass accuracy of the SELDI-TOF data was 264 ppm, as compared to 16.7 ppm
for the MALDI TOF data. In view of the low mass accuracy of the SELDI-TOF data, we
performed numerous control experiments and MS/MS peptide sequencing experiments to
confidently assign the observed peptides. The peptides identified after immunocapture of
Ceredase covered 60% of the mature GC protein (Table 1). The sequence coverage of both
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approaches are compared in Fig. 6. The increased sensitivity of the linear-mode ion
detection of the PBSIIc allowed the detection of more peptides, albeit with lower mass
accuracy. The larger sequence coverage, however, increases the confidence level of the
identification. Furthermore, some peaks observed in the SELDI-TOF mass spectra are
absent in the MALDI-TOF mass spectra; these peaks were interpreted as corresponding to
peptides containing an oxidized methionine (+16 amu).

Table 2. Overview of GC peptides from spleen extract as detected in SELDI-TOF MS after immunocapture on a PS20
ProteinChip Array with the anti-GC mAb 8E4 and subsequent on-chip tryptic digestion

m/zmeas (control spleen)   m/ztheor (average) Accuracy (ppm) Peptide Missed cleavages

1530.2 1529.7 360 199-211 0
2101.4 2101.5 -29 304-321 0
2116.5 2116.4 38 396-413 1
2307.1 2306.6 199 442-463 0
2408.4 2407.8 270 414-433 1
2565.5 2665.0 183 164-186 0
2668.4 2669.2 281 80-106 0
2847.2 2849.0 -628 132-155 0
3089.1 3089.6 -155 434-463 1
3104.5 3105.6 -348 434-463 1
3127.0 3125.6 435 294-321 1
3589.0 3590.1 -315 396-425 2

MS analysis of enzymatically deglycosylated GC
The GC sequence contains five putative N-glycosylation motifs (N-X-S/T, with X being

any amino acid). In the presence of unmodified peptides the ionization of glycosylated
peptides is generally hampered due to ion-suppression and the associated ions are not
usually observed [13]. To increase the sequence coverage, also in view of possible future
studies on point mutations in the vicinity of glycosylation sites, we decided to address this
issue using MS. The glycosylation of GC has not been studied before using mass
spectrometric methods. The N-glycosylation of GC has been addressed previously by
substituting putative glycan-binding asparagines with glutamines which indicated that
residues N19, N59, N146, and N270 bind glycan chains and that glycosylation at the N19
position is essential for the synthesis of catalytically active enzyme [17]. After enzymatic
removal of N-glycans from tryptic peptides from GC (Cerezyme), three of five predicted
glycosylated peptides from GC were observed in MALDI-TOF MS, substantiating N-
glycosylation at residues 59, 146, and 270 with MS (Table 3). As can be seen in Table 3
and Fig. 7, deglycosylation of an N-glycosylated peptide induces a mass shift of +0.986
amu compared with the predicted peptide mass. This mass increase is the result of a
deamidation of the glycan-binding asparagine to an aspartate in the course of enzymatic
removal of the glycan, resulting in a theoretical 0.984-amu mass increase. Peptides
containing a fourth predicted glycosylation site, N19, were not observed. One possible
reason for this is that the predicted peptide is fairly large (m/z 4203.94). Alternatively, in
the crystal structure of enzyme deglycosylated with N-glycanase, a GlcNAc moiety is still
attached to the N19 residue [18], indicating that perhaps deglycosylation at this site is not
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very efficient. In addition, the data show that the fifth predicted N-glycosylation site is not
glycosylated given that the predicted peptides containing N462 (i.e. 434-463 and 442-463)
were observed at exactly the predicted m/z values (Table 3) and with equal intensity in both
PNGase treated and untreated samples.

Conclusions

Using GC as an example, we have developed a fast and convenient method to monitor
protein properties on the molecular level using SELDI-TOF MS. Through the activated
surface of a PS20 ProteinChip Array with epoxide functionality, a monoclonal antibody
was covalently immobilized. The high antigen specificity of the antibody allowed
enrichment of the antigen via only a couple of simple wash steps. The whole procedure
takes only approximately 3 h. On-chip tryptic digestion of bound protein yielded MS
detectable GC peptides, a number of which contained amino acid 444, a residue frequently
mutated in Gaucher carriers and patients. Therefore, this method might provide a way to
monitor the levels of GC in leukocyte extracts from “compound heterozygote”
L444P/N370S Gaucher patients. Our aim is to relatively quantify GC protein levels in by
determining relative peak intensities associated with peptides from both proteins. For
example, the intensity of an unmodified peptide (e.g., 304-321, m/z 2101) will be
compared to that of a peptide carrying a mutation (e.g., L444P in 442-463, m/z 2307). In
N370S/L444P compounds, the only possible source of peptides at m/z 2307 is N370S
protein; as we have shown here, this peptide is absent in L444P GC. The intensity of the
peak at m/z 2101, however, will have contributions from both L444P and N370S protein.
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Figure  6. Sequence coverage of GC after in solutio digestion with trypsin in MALDI-TOF MS (light) and after capture with the
8E4 antibody, subsequent on-chip tryptic digestion, and SELDI-TOF MS (dark).
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Hence, the ratio of these intensities will contain information on the relative contributions
of mutated GC levels present in these compound Gaucher patients. To establish the value
of such measurements for better prediction of clinical course, leukocyte GC from a series
of patients will have to be examined and the relationship between disease severity and
proportions of mutated GC proteins needs to be established. The method was found to be
extremely sensitive, allowing detection of intact GC in the femtomolar range (level of
detection ~35 fmol). GC peptides after tryptic digestion are even more sensitively detected
due to the better ionization behaviour of peptides. Initial experiments showed that in the 
peptide range (<5 kDa), as little as 10 fmol can be detected.

The described technique may also prove to be a powerful tool when studying, for
example, posttranslational modifications of proteins present in complex mixtures such as
serum or plasma. The possibility to sensitively monitor (sub)populations of biomolecules
and study the degree of variability brought about by methylation, phosphorylation or
glycosylation processes under different conditions may yield important information about
regulatory mechanisms. Studies in this direction are currently carried out in our laboratory
as well. The described approach could also be extended to other platforms. Magnetic beads
with epoxide funtionalities similar to the PS20 protein chip arrays used in this study are
available from several manufacturers (e.g., CLINPROT magnetic beads from Bruker
Daltonics, Dynabeads from Dynal Biotech). Magnetic beads offer the opportunity to
quickly enrich target proteins and are compatible with regular MALDI-TOF MS analysis,
providing higher mass accuracy.
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Figure 7. MALDI-TOF mass spectra of tryptic peptides of deglycosylated and intact GC.
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Table 3. Summary of putatively glycosylated asparagine residues.

Residue Observed m/z(-PNGase) Observed m/z(+PNGase) Theoretical m/z Peptide

N19 - - - -
N59 - 2808.46 2807.44 49-74
N59 - 2964.53 2963.54 48-79
N146 - 2848.31 2847.26 132-155
N270 - 1632.93 1631.82 263-277
N462 2305.25 2305.26 2305.20 442-463
N462 3087.66 3087.67 3087.66 434-463

Note. Shown are observed and theoretical m/z values (MALDI-TOF MS) with and without deglycosylation of tryptic peptides of
GC with PNGase.

1 The recombinant and natural forms of GC differ in one amino acid. At position 495, a
histidine in the natural form (Ceredase, Genzyme, purified from human placenta) is
changed to an arginine in the recombinant form (Cerezyme, Genzyme, recombinantly
expressed in a Chinese hamster ovary [CHO] cell line).
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