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Summary. Fibroblasts are used for diagnosis of a series of metabolic
diseases and are particularly suitable for the diagnosis of collagen disorders.
We aimed to generate a skin fibroblast map that would be suitable for the
concomitant determination of collagen and collagen-related proteins.

A human skin fibroblast cell line was cultivated, homogenised, proteins
extracted and subject to two-dimensional gel electrophoresis with subse-
quent in-gel-digestion of protein spots and mass spectrometrical identifi-
cation (MALDI-TOF).

Collagen alphal (I) chain precursor, collagen alphal (III) chain precur-
sor, collagen alpha2 (VI) precursor and collagen modifying enzymes prolyl
4-hydroxylase alpha-2-subunit precursor, procollagen-lysine 2-oxogluta-
rate 5-dioxygenase 1 and 2, protein disulfide isomerase ER-60 precursor
and peptidyl-prolyl cis-trans isomerase were among the abundant proteins.

The finding of collagen and collagen-related structures as well as the
identification of other metabolic enzyme systems on one 2D gel may
propose the use of this proteomic method for further characterization of
collagen and collagen-related proteins or for preliminary screening of
metabolic disorders.
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Introduction

Collagens, collagen-related proteins and collagen disorders
are still a major focus of research on hereditary and acquired
connective tissue diseases including Ehlers Danlos syn-
drome, osteogenesis imperfecta, chondrodysplasias, Alport
syndrome, osteoarthrosis, arterial aneurysms, to name a few
(Myllyharju and Kivirikko, 2001). The underlying mecha-
nisms for inherited collagen deficits are mainly mutations of
collagen chains (Kuivaniemi et al., 1997) or of enzymes
mediating genetically determined posttranslational modifi-
cations (Yeowell and Walker, 2000).

Molecular diagnosis confirming clinical diagnosis is
a domain of molecular biology techniques (Kuivaniemi

et al., 1997) and although electrophoresis is used to screen
collagen chains or involves specific antibodies for immu-
noblotting, no protein chemical method for the use of
collagens in skin fibroblasts, independent of antibody spec-
ificity and availability, has been reported so far.

Leung and coworkers (2001) generated a reference map
of human lung fibroblast proteins consisting of 98 protein
spots including procollagen-proline and a prolyl 4-hy-
droxylase subunit using immobilized pH gradient—iso-
electric focusing-based two-dimensional gel electrophore-
sis with subsequent mass spectrometrical analysis.

In the present study we aimed to concomitantly identify
and characterize several collagen chains and two major
collagen related hydroxylases, lysylhydroxylase and pro-
lylhydroxylase (Royce et al., 1989) using a comparable
proteomic technique. In addition, we decided to identify
abundant fibroblast proteins including enzymes from dif-
ferent metabolic pathways and cascades in order to pro-
vide an analytical tool to screen for corresponding meta-
bolic deficiencies.

This method would be suitable for preliminary screen-
ing collagen and metabolic disorders and could be extend-
ed to MS—MS analysis for sequencing the gene products
in addition to genes as it is not known whether collagen
mutations do result into deficient collagens at the protein
level.

The concomitant determination of reference proteins
housekeeping proteins as e.g. actin, tubulin and glyceral-
dehyde 3 phosphate dehydrogenase allows normalization
versus housekeeping proteins on the same gel. Last not
least we attempted to find different expression forms,
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probably reflecting isoforms or posttranslational modifica-
tions, of these structures.

Materials and methods

Fibroblast cell cultivation

A human skin fibroblast cell line was obtained from Prof. M.
Hengstschlager, Dpt of Obstetrics and Gynecology, Prenatal Diagnosis
and Therapy, University of Vienna and cultured in Dulbecco’s modified
Eagle’s medium (Life Technologies, Inc.) supplemented with 10% FBS
(PAA Laboratories, Linz, Austria), 4 mM glutamine (Biochrom, Berlin,
Germany) and 25 mM glucose.

Sample preparation

Harvested cells were washed three times in 10 mL phosphate buffered
saline (Gibco BRL), centrifuged for 10 min at 800 g at room temperature
and subsequently homogenised with 1.0 ml of sample buffer consisting of
7M urea (Merck, Germany), 2M thiourea (Sigma, st. Louis, MO), 4%
CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-sulfonate)
(Sigma), 65mM 14-dithioerythritol (Merck), 1 mM EDTA (ethylenedi-
aminetraacetic acid) (Merck), 1 mM PMSE, 0.5% carrier ampholytes and
protease inhibitor complete (Roche, Switzerland). After homogenization
samples were left at room temperature for 1 h and centrifuged at 14,000 rpm
for 60 min and the supernatant was transferred into Ultrafree-4 centrifugal
filter unit (Millipore, Bedford, MA), for desalting and concentrating pro-
teins. Protein content of the supernatant was quantified by Bradford protein
assay system (Bradford, 1976). The standard curve was generated using
bovine serum albumin and absorbance was measured at 595 nm.

Two dimensional gel electrophoresis (2-DE)

Samples prepared from each cell line were subjected to 2-DE as described
elsewhere (Langen et al., 1999; Weitzdoerfer et al., 2002). 1 mg protein was
applied on immobilised pH 3—10 nonlinear gradient strips in sample cups at
their basic and acidic ends. Focusing was started at 200 V and the voltage was
gradually increased to 8000 V at 4 V /min and kept constant for a further 3 h
(approximately 150000 Vh totally). After the first dimension, strips (13 cm)
were equilibrated for 15 min in the buffer containing 6 M urea, 20% glycerol,
2% SDS, 2% DTT and then for 15 min in the same buffer containing 2.5%
iodoacetamide instead of DDT. After equilibration, strips were loaded on
9-16% gradient sodium dodecylsulfate polyacrylamide gels for second-
dimensional separation. Gels (180 x 200 x 1.5mm) were run at 40 mA
per gel. Immediately after the second dimension run, gels were fixed for
12h in 50% methanol containing 10% acetic acid and stained with colloidal
Coomassie blue (Novex, San Diego, CA) for 12h on a rocking shaker.
Molecular masses were determined by running standard protein markers
(Bio-Rad Laboratories, Hercules, CA), covering the range 10-250kDa. pI
values were used as given by the supplier of the immobilized pH gradi-
ent strips (Amersham Bioscience, Uppsala, Sweden). Excess of dye was
washed out from the gels with distilled water and gels were scanned with
ImageScanner (Amersham Bioscience, Uppsala, Sweden). Electronic
images of the gels were recorded using Photoshop (Adobe) and PowerPoint
(Microsoft) software.

Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS)

MALDI-MS analysis was performed as described (Berndt et al., 1999;
Krapfenbauer et al., 2001) with some modifications. Spots were excised
with a spot picker and gel pieces were washed twice in 100 ul of 30%
acetonitrile in 50mM ammonium bicarbonate and dried in a Speedvac
evaporator for 10 min. Proteins were rehydrated with 4 ul of 3 mM Tris-
HCI, pH 9.0, containing 50 ng trypsin (Promega, Madison, WI) for 16 h or
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overnight at 37°C. Peptide extracts were vacuum-dried and resuspended in
7 pl of distilled water and shaken for 10min. 4 ul of 50% acetonitrile;
containing 0.3% trifluoroacetic acid and the standard peptides, des-Arg-
bradykinin (Sigma, 2465.1989 Da); were added to each gel piece and shaken
for 10min. Sample application was performed using SymBiot I sample
processor (PE Biosystems, Framingham, MA). 1.5 ul of digested peptide
extracts were simultaneously spotted onto a MALDI targetin 1 pl of matrix,
consisting of a saturated solution of alpha-cyano-4-hydroxycinnamic acid
(Sigma) in 50% acetonitrile containing 0.1% trifluoroacetic acid. MALDI-
MS was performed using a Reflex III reflector time-of-flight mass spectrom-
eter (Reflex 3, Bruker Analytics, Bremen, Germany). An accelerating vol-
tage of 20kV was used. Peptide matching and protein searches were per-
formed automatically. The peptide masses were compared with the theoret-
ical peptide masses of all available proteins from all species. Monoisotopic
masses were used and a mass tolerance of 0.0025% was allowed. The
algorithm used for determining the probability of a false positive match
with a given MS-spectrum is described elsewhere (Berndt et al., 1999).

Results

A series of 80 proteins (SWISSPROT numbers indicated)
has been unambiguously identified by MALDI-TOF and
grouped into the categories: collagen related proteins,
structural proteins, cytoskeleton related proteins, meta-
bolic proteins, transcription and translation related pro-
teins, proteasome related proteins, antioxidant proteins
and miscellaneous proteins.

Figure 1 presents the map of identified and assigned
proteins in fibroblast cell.
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Fig. 1. Two-dimensional map of a whole cell lysate extracted from culti-
vated fibroblast cell line. The proteins were extracted and separated on pH
3—10 nonlinear IPG strip, followed by 9-14% SDS-polyacrylamide gel.
The gel was stained with Coomassie blue. The spots were analyzed by
MALDI-MS and the names of identified proteins are listed in Table 1
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Table 1. The list of identified proteins in fibroblast cell lines
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Accession number Protein name MW (kDa) pl
Theoretical Observed

Collagen related proteins

P02452 Collagen alpha 1(i) 138.88 5.66 5.45,5.6
chain precursor.

P02461 Collagen alpha 1(iii) 138.56 6.18 6.15
chain precursor.

P12110 Collagen alpha 2(vi) 108.57 5.78 6
chain precursor.

Q02809 Procollagen-lysine, 83.58 6.46 6.5
2-oxoglutarate 5-dioxygenase
1 precursor.

000469 Procollagen-lysine, 2-oxoglutarate 84.66 6.15 6.5
5-dioxygenase 2 precursor.

015460 Prolyl 4-hydroxylase 60.9 5.49 5.48
alpha-2 subunit precursor.

P30101 Protein disulfide isomerase 56.78 5.98 5.45
a3 precursor (Disulfide
isomerase er-60).

QY6AY3 Peptidyl-prolyl 64.24 5.36 52
cis-trans isomerase.

Structural proteins

P02545 Lamin a/c (70 kda lamin). 74.14 6.57 6.1,6.15,6.2 (2),6.3 (2),6.35,6.4 (2),

6.5,6.55,6.65,6.7
Cytoskeleton related proteins
P08670 Vimentin. 53.55 5.06 4.55,4.7, 4.8, 4.85, 4.9, 495, 5.0 (4),
5.05,5.1,5.15, 5.18, 5.2

P02570 Actin, cytoplasmic 41.74 5.29 8.6,5.05,5.1(2),5.15(2),52(3),5.3
1 (beta-actin).

P15311 Ezrin (p81) (cytovillin) 69.27 5.95 6
(villin 2).

P08729 Keratin, type ii cytoskeletal 7. 51.29 5.5 5.1

043707 Alpha-actinin 4 (non-muscle 104.85 5.27 52,54
alpha-actinin 4) (f-actin cross
linking protein).

P05783 Keratin, type i cytoskeletal 18. 47.93 5.34 5.3

P52907 f-actin capping protein alpha-1 32.92 5.45 5.35
subunit (capz alpha-1).

P32391 Actin-like protein 3 (actin-2). 47.37 5.61 5.55

P47759 f-actin capping protein 31.22 5.36 5.54
beta subunit.

P42024 Alpha-centractin. 42.61 6.19 6.3

075083 wd-repeat protein 1 66.19 6.17 6.35
(actin interacting protein 1).

Q16658 fascin (singed-like protein) 54.4 6.81 6.55, 6.7
(55kDa actin bundling
protein) (p55).

P05209 Tubulin alpha-1 chain 50.15 4.94 5.38
(alpha-tubulin 1).

P47755 f-actin capping protein 32.82 5.58 5.53
alpha-2 subunit.

Q96DTS5 ciliary dynein heavy chain 11. 520.97 6.03 6.25

P49454 cenp-f kinetochore protein 367.6 5.03 8.8
(centromere protein f).

P35908 Keratin, type ii cytoskeletal 2. 65.87 8.07 5.32

(continued)
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Table 1 (continued)

Accession number Protein name MW (kDa) pl
Theoretical Observed

Metabolic proteins

P13929 Beta enolase (2-phospho-d- 46.86 7.73 6.75
glycerate hydro-lyase).

Q05524 Alpha enolase, lung specific 49.48 5.78 6.75
(2-phospho-d-glycerate
hydro-lyase).

P06733 Alpha enolase (2-phospho-d- 47.04 6.99 6.05, 6.25, 6.75, 6.93
glycerate hydro-lyase).

P04406 Glyceraldehyde 3-phosphate 35.92 8.58 8.2, 8.6
dehydrogenase, liver.

P21281 Vacuolar atp synthase 56.5 5.57 55
subunit b, brain isoform.

P14618 Pyruvate kinase, m1 57.81 7.95 8.5
isozyme, cytosolic
thyroid hormone-binding protein.

P11413 Glucose-6-phosphate 59.13 6.44 6.4
1-dehydrogenase.

043175 D-3-phosphoglycerate 56.65 6.29 6.3
dehydrogenase.

P00938 Triosephosphate isomerase. 26.54 6.51 6.05, 6.7

P25705 ATP synthase alpha chain, 59.75 9.16 8.4
mitochondrial precursor.

060701 UDP-glucose 6-dehydrogenase. 55.02 6.73 7

P22314 Ubiquitin-activating enzyme el. 117.85 5.49 545

P31153 S-adenosylmethionine 43.66 6.02 6.13
synthetase gamma form.

P07195 L-lactate dehydrogenase b chain. 36.51 5.72 5.57

P31930 Ubiquinol-cytochrome c reductase 52.62 5.94 543
complex core protein i,
mitochondrial precursor.

094925 Glutaminase, kidney isoform, 73.46 7.85 6.1
mitochondrial precursor.

Q07244 Heterogeneous nuclear 50.98 5.39 5.25,5.35
ribonucleoprotein k.

P04181 Ornithine aminotransferase, 48.53 6.57 6
mitochondrial precursor.

075489 NADH-ubiquinone oxidoreductase 30.24 6.98 5.48
30kDa subunit, mitochondrial
precursor.

P09622 Dihydrolipoamide dehydrogenase, 54.15 7.59 6.65
mitochondrial precursor.

P31040 Succinate dehydrogenase [ubiquinone] 72.69 7.06 6.19
flavoprotein subunit, mitochondrial
precursor.

Q16822 Phosphoenolpyruvate carboxykinase, 70.64 7.56 6.8
mitochondrial precursor [GTP].

P47895 Aldehyde dehydrogenase 6. 50.01 6.64 6.6

P14550 Alcohol dehydrogenase [NADP™']. 36.44 6.35 6.45

Transcription and translation related proteins

P38919 Eukaryotic initiation factor 4a-like 46.87 6.03 6.2
nuk-34. DEAD Box Protein 48,
hNMP 265.

P13639 Elongation factor 2 (ef-2). 95.21 6.42 6.75

Q14240 Eukaryotic initiation factor 4a-ii. 46.39 5.33 52 (@2)

P49411 Elongation factor tu, mitochondrial 49.54 7.26 6.5

precursor (p43).

(continued)
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Table 1 (continued)

Accession number Protein name MW (kDa) pl
Theoretical Observed

P22626 Heterogeneous nuclear 37.43 8.97 8.6
ribonucleoproteins a2/bl.

P31943 Heterogeneous nuclear 49.23 5.89 5.73
ribonucleoprotein h.

Q13347 Eukaryotic translation 36.5 5.38 5.39
initiation factor 3 subunit 2.

P05455 Lupus la protein. 46.84 6.68 6.2

Proteasome related proteins

P47210 26s protease regulatory 45.63 7.11 7.05
subunit 8 (proteasome
subunit p45).

QIUNM6 26s proteasome non-atpase 42.92 5.53 5.52
regulatory subunit 13.

000231 26s proteasome non-atpase 47.46 6.08 6.05
regulatory subunit 11.

P25787 Proteasome subunit 25.77 7.12 6.72

alpha type 2.

Antioxidant proteins

P30041 Antioxidant protein 2 24.9 6.02 6.22
(1-cys peroxiredoxin).

P09211 Glutathione s-transferase p. 23.22 5.44 5.45

Q13162 Peroxiredoxin 4. 30.54 5.86 5.53

P32119 Peroxiredoxin 2 21.89 5.66 5.43
(thioredoxin peroxidase 1).

P48637 Glutathione synthetase. 52.38 5.67 545, 5.48

Miscellaneous proteins

Q9UBF2 Coatomer gamma-2 97.62 5.56 6.15
subunit.

P48052 Carboxypeptidase 46.83 5.68 8.5, 8.8, 8.9
A2 (Precursor).

Q14764 Major vault protein (lung 99.33 5.34 5.25
resistance-related protein).

Q16555 Dihydropyrimidinase related 62.29 5.95 5.98

protein-2 (collapsin response
mediator protein 2).

P41250 Glycyl-trna synthetase 83.14 6.61 5.88
(glycine—trna ligase).

QI9UKLS ALG-2 interacting protein 1. 96.02 6.13 6.1

P23381 Tryptophanyl-trna synthetase 53.17 5.82 5.8
(tryptophan—trna ligase).

QIUQ80 Proliferation-associated 43.79 6.13 6.13

protein 2g4 (cell cycle
protein p38-2g4 homolog)

(hg4-1).
Q14195 Dihydropyrimidinase related 61.96 6.04 6.1
protein-3 (unc-33-like
phosphoprotein).
Q9UHB6 Epithelial protein lost in neoplasm 85.23 6.41 5.48
P30040 Endoplasmic reticulum protein 28.99 6.77 6
erp29 precursor (erp31) (erp28).
P35232 Prohibitin. 29.8 5.57 5.45
Q15365 Poly(rc)-binding protein 1 37.53 6.66 6.7

(alpha-cpl) (nucleic acid
binding protein sub2.3).
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Table 2. Collagen posttranslation related enzymes

J.E. Oh et al.

Enzyme EC number Event catalyzed Substrate requirement
Signal Peptidase Cleavage of signal peptide Wide range of unrelated
of pre-proa chains newly synthesized proteins
Prolyl 4-hydroxylase 1.14.11.2 4-Hydroxylation of proline -X-Pro-Gly-
Prolyl 3-hydroxylase 1.14.11.7 3-Hydroxylation of proline -Pro-4Hyp-Gly-
Lysyl hydroxylase 1.14.11.4 Hydroxylation of lysine -X-lys-Gly-
Hydroxylysyl 2.4.1.50 O-Glycosylation of hydroxylysine UDP-galactose Hydroxylysine
galactosyl-transferase in peptide linkage
Hydroxylysyl 2.4.1.66 O-Glycosylation of galactosyl UDP-glucose
glucosyl-transferase hydroxylysine Galactosyl-hydroxylysine
in peptide linkage
Protein disulphide isomerase 5.34.1 Native disulphide bond formation Newly synthesized

by thiol:disulphide interchange
Interconversion of cis and trans conformers
of the peptide backbone around the planar

Prolyl-peptidyl
cis/trans isomerase

polypeptide chains
Newly synthesized
polypeptide chains

imide bond in the sequence -X-Pro-

Furthermore, fibroblast proteins were identified based
upon molecular weight and pl value using 2-D gel elec-
trophoresis and MALDI-MS analysis (Table 1).

While most proteins were represented by a single spot,
some proteins including collagen and collagen-related pro-
teins show the presence of more than one spot (Fig. 1). For
example, collagen alpha 1(I) chain precursor shows two
spots with same molecular weight but different pl values
(Fig. 1, Table 1). The presence of several spots assigned to
the identical protein may indicate posttranslational mod-
ifications or isoforms. Accession numbers and protein
names are listed in Table 1.

Table 2 shows the collagen post-translational related
enzymes with the related events and the required substrates
(Kielty et al., 1993). Prolyl 4-hydroxylase, Protein disul-
fide isomerase and Peptidyl-prolyl cis-trans isomerase are
relevant to the proteins observed in our data (Table 1).

Discussion

The results shown herein allow identification, character-
isation of three collagen chains that are deficient in col-
lagen disorders as well as two key enzymes responsible
for genetically determined hydroxylation of collagenous
proline and lysine representing posttranslational modifica-
tions. Collagen hydroxylation deficits are major causes of
inherited as well as acquired collagen disorders (Wenstrup
et al., 1989). A major finding of the present study is also
the possibility to determine two out of three known forms
(Rautavuoma et al., 2002) of procollagen-lysine, 2-oxo-
glutarate 5-dioxygenases 1 and 2 on the same gel. Leung
and coworkers (2001) already reported a lung fibroblast

map showing the presence of collagen structures includ-
ing Procollagen-proline, Collagen-binding protein 2 pre-
cursor, Prolyl 4-hydroxylase alpha-1 subunit precursor,
Peptidyl-prolyl cis-trans isomerase A, but did not observe
collagen chains.

Moreover, a series of metabolic enzymes provides the
possibility of studying metabolic derangement at the pro-
tein level.

Many proteins including collagen and collagen-related
proteins were presented by multiple spots and these may
reflect isoforms or posttranslational modifications. Col-
lagen alpha 1(I) chain precursor e.g. was showing two spots
with comparable molecular weight but different pI val-
ues probably reflecting either lysine-hydroxylation and/or
or O-Glycosylation of hydroxylysine (Table 1, Fig. 1).

In collagen disorders electrophoretic shifts can be ex-
pected and were already observed (Nuytinck et al., 2000):
abnormal glycosylation, hydroxylation, truncation from
procollagen to collagen can lead to different electrophoretic
mobility and spots can then be even checked for mutations
using MS—-MS or sequencing, both techniques can be ap-
plied directly on the spot from 2DE (Fernandez et al., 2003).

The necessity of generating a map is given by the fact
that proteins in a gel cannot be simply predicted by molec-
ular weight and theoretical pl provided in databases or
calculation methods (http://www.expasy.org). As shown
in the table, in some cases observed pls are divergent from
the predicted ones and pls of individual proteins may be
different in individual cell lines and tissues and cannot be
simply extrapolated.

The advantage of this proteomic method is the concom-
itant determination of a list of proteins permitting the
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generation of an expressional pattern and stoichiometrical
evaluation (Fountoulakis, 2001). Moreover, the concomi-
tant determination of several housekeeping proteins as
e.g. cytoskeleton proteins and enzymes from carbohydrate
metabolism can be used for normalisation of proteins
versus these structures.

2-DE along with MALDI-MS of fibroblast proteins forms
the analytical basis for subsequent studies to preliminary
metabolic screens and further characterisation of isoforms
and posttranslational modifications and mutations by
additional advanced proteomic techniques. This proteomic
approach was not designed to serve for medical diagnosis
but rather for identification and characterisation of proteins
forming the molecular basis of metabolic disorders.
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