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Abstract

This study investigated peptides resulting from the digestion of human skin elastin with pepsin and thermitase. Characterization of the
peptides was performed using two complementary mass spectrometric techniques; LC/ESI-ion trap and nano-ESI-qTOF MS. 155 differen
peptides were identified using a combined database based and de novo sequencing approach resulting in a total sequence coverage of 65
calculated on the basis of the precursor tropoelastin (accession number A32707). A potential hydroxylation was found in 29% of the recovere
prolines. Furthermore, the absence of amino acids expressed by exon 26A could be confirmed. However, contrary to earlier studies, amin
acids expressed by exon 22 seem to exist.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 30% Gly and approximately 75% of the entire sequence
is made up of just four hydrophobic amino acids: Gly,
Elastin, a natural elastomer, is a primary component of Ala, Pro, and Val[7]. The extensive cross-linking at Lys
elastic fibers that provide elasticity and resilience to elas- residues together with the high content of hydrophobic amino
tic tissues such as skin, blood vessels, lung, and ligamentsacids makes elastin one of the most hydrophobic proteins
[1]. It is principally synthesized from its precursor, tropo- known.
elastin, during the development or growth of tissues, with  Several pathological conditions are associated with abnor-
tropoelastin expression occurring during mid- to late fetal or malities in elastin. With increasing age, changes such as wrin-
embryonic period$2]. The principal step in the biosynthe-  kling and sagging occur in sun exposed gi@dr9]. Diseases
sis of elastin is well characterized. First, the lysine residues such as Williams syndronj&0], supravalvular aortic stenosis
of the tropoelastin react with lysyl oxidase to forot [11,12] emphysem§l 3], aneurysm§l4], and atherosclero-
amino adipic acid-semialdehyde (allysine). Then, allysine sis[15] are said to occur due to pathological modifications
molecules react with lysine and/or another allysine to form in elastin and elastic fibers. However, the exact mechanisms
polyfunctional cross-links such as desmosine, isodesmo-behind such disorders are unknown. Understanding the pri-
sine, lysinonorleucine, merodesmosine, and cyclopentenoneamary structure of elastin at molecular level would help to
[3-6]. Although there is some species variation, elastin from gain a better insight into the biochemical basis of the afore-
higher vertebrates including human beings contains over mentioned pathological conditions.
Hydroxylation of proline residues is reported to occur in
mponding author. Tel.: +49 345 5525214; fax: +49 345 5527292. tropoelastin of some animals. toavarying degree; between 0%
E-mail addressschmelzer@pharmazie.uni-halle.de and 33% of the total Pro being hydroxylated by the enzyme
(C.E.H. Schmelzer). prolyl hydroxylase[16—19] It has also been reported that
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cross-linking and the formation of elastin from tropoelastin ICN Biomedicals (Aurora, OH, USA). Water was dou-

is reduced by overhydroxylation of Pf20]. bly distilled and acetonitrile of HPLC grade was obtained
Elastin is virtually insoluble both in water and in any from J.T. Baker (Deventer, The Netherlands). Formic acid

organic solvent. Consequently, studies on elastin are mainlyand trifluoroacetic acid (TFA), both of analytical grade,

restricted to complete hydrolysis of the protein in a strongly were obtained from Merck (Darmstadt, Germany) and Fluka

acidic environment and analysis of its characteristic cross- (Buchs, Switzerland), respectively.

linked amino acids, desmosine and isodesmof2ie-24]

However, the difficulty for complete chromatographic sepa- 2.2. Digestion of human skin elastin with thermitase

ration of the amino acids and the scanty information available

about the entire elastin molecule from the cross-linked amino  Elastin was dispersed in 1 mM Tris buffer, pH 8.5 at a

acids limits this approach. Alternatively, analysis of peptides concentration of 1 mg/mL and digested with thermitase for

resulting from enzymatic digestion of elastin would show a 24 h at 37C. The enzyme-substrate mass/mass ratio (m/m)

better image of the entire protein. Besides, the latter approachwas 1:50.

has the advantage that the protein is not exposed to the

destructive acidic environment and high temperature. Conse-2.3. Digestion of human skin elastin with pepsin

quently, modifications, which occur on the elastin molecule,

asthe result of pathological conditions or due to physiological ~ Elastin was dispersed in water at a concentration of

biotransformation, will have a better chance of preservation. 1 mg/mL, adjusted to pH 2 with 1N HCI and digested with
Tandem mass spectrometry (MS—MS) in conjunction with pepsin for 48 h at 37C. The enzyme—substrate ratio (m/m)

database searchin@5] and/or de novo sequencing algo- was 1:20.

rithms [26] has become an increasingly important tool in

the determination of the primary structure of peptides and 2.4. LC/ESI-ion trap mass spectrometry

is well applicable also in the case of post-translational modi-

ficationg[27,28] Animportant step is the choice of a suitable The system used for reversed phase HPLC/ESI-MS con-

enzyme. While the literature shows that very often, and par- sisted of a Spectra System P 4000 pump, equipped with an

ticularly in the field of protein identification or proteomics, auto sampler AS 3000 and a controller SN 4000 (Thermo

site-specific enzymes such as trypsin or chymotrypsin are Electron, San Jé& CA, USA). The MS and tandem MS

used[29], when used separately, these proteases are suitablexperiments were performed on an ion trap mass spectrom-

for the hydrolysis of elastifi30] only to a limited extent. eter Finnigan LCQ (Thermo Electron, San8p€A, USA)

To achieve effective and uniform degradation of elastin, the with electrospray interface. Ten microliters of each sample

use of proteases, which cleave predominantly at hydrophobicsolution were loaded onto a Nucleosil 120-3g@olumn

amino acids, is preferable. (125mmx 2 mm i.d., Macherey Nagel, iben, Germany)
Therefore, in thiswork, the sequences of peptides resultingand peptides were eluted using a linear gradient: 5-60% of

from enzymatic digestion of human skin elastin with the low- acetonitrile in water, both containing 0.1% of formic acid,

specificity acid protease pepsin and the serine protease therever 60 min. The column was maintained at°80and the

mitase[31] were determined by tandem MS using conven- flow rate was 0.2 mL/min. The mass spectrometer was oper-

tional electrospray ionization (ESI) coupled with reversed- ated in positive ion mode by applying an electrospray voltage

phase HPLC and nanoelectrospray ionization (nano-ESI).of 4.5kV and the heated capillary temperature was°220

The peptide sequences of the resulting mass spectra wer@ he digests were initially analyzed in full scan mode and

identified by database matching and/or combination of de the masses of all the peptides/z between 50 and 2000,

novo sequencing and database matching. were recorded. From this mass list, peptides of interest were

selected manually based on the relative intensity of their
chromatographic peaks for further tandem MS experiments

2. Experimental using collision-induced dissociation (CID). The mass isola-
tion window for CID was set between 1 and 2 U depending
2.1. Materials on the experimental conditions. Fragmentation was carried

out varying the relative collision energy between 25% and
Human skin elastin prepared using the method of Starcher40% to achieve optimal fragment spectra for [M +Hijns.

and Galione[32] was purchased from Elastin Products
Company (Owensville, Missouri, USA). Thermitase from 2.5. Nanoelectrospray-qTOF mass spectrometry
Thermoactinomyces vulgariwas kindly offered by Dr.
Ulrich Rothe (Institute of Physiological Chemistry, Mar- Nano-ESI experiments were conducted on a quadrupole
tin Luther University Halle-Wittenberg, Germany). Pepsin time-of-fight mass spectrometer Q-TOF-2 (Waters/
derived from porcine stomach mucosa (471U/mg), was Micromass, Manchester, UK) equipped with a nanoelec-
obtained from Sigma (Taufkirchen, Germany). 2-Amino-2- trospray ZSpray source. The nano-ESI glass capillaries
(hydroxymethyl)-1,3-propanediol (Tris) was obtained from were obtained precoated from New Objective (Woburn,



122 C.E.H. Schmelzer et al. / J. Chromatogr. A 1083 (2005) 120-126

MA, USA) and DNU (Berlin, Germany). The TOF analyzer line was considered. Besides MSDB the same home-made

was calibrated every day using a mixture of sodium iodide protein database as implemented in Mascot was also used for

and caesium iodide. The thermitase digest was desalted byPEAKS.

washing the sample bound to a ZipTiggunit (Millipore,

Schwalbach, Germany) according to the manufacturer’s

instructions prior to elution with acetonitrile/water (1:1, v/v) 3. Results and discussion

containing 0.05% TFA. The peptic digest was used without

further preparation. Two microliters of the sample solution The samples obtained from the pepsin and thermitase

were loaded into the capillary using Microloader pipette tips digestion of human skin elastin were subjected to two inde-

(Eppendorf, Hamburg, Germany). pendent mass spectrometric techniques in order to charac-
The typical operating conditions for the qTOF mass spec- terize the complex peptide pattern as comprehensively as

trometer were as follows: capillary voltage, 900 V; sample possible. Conventional electrospray carried out on aniontrap

cone voltage, 35-55 V; source temperature,@0T he instru- mass spectrometer, following chromatographic separation,

ment was operated in the positive ion mode. Full scans wereand nanoelectrospray on a quadrupole time-of-flight instru-

performed over thenwz range from 50 to 3500. Peptides of ment were used in parallel.

interest were selected manually for furthertandem MS exper-  Besides the standard approach of identifying peptide

iments using CID. The quadrupole mass filter before the sequences from tandem MS data using database search

TOF analyzer was set with low mass (LM) and high mass engines, a powerful de novo sequencing software was applied

(HM) resolution settings of between 10 and 16 (arbitrary for the re-evaluation of ambiguous results and the determi-

units) and the collision energy was varied between 18 and nation of the locations of hydroxylated prolines. The use of

70 eV according to the mass and charge state of the respectivea home-made database with a restricted set of tropoelastin

peptide. sequence variants in the Mascot search engine resulted in a
reduction in the number of false positive peptide sequences,
2.6. Database based and de novo sequencing especially in the case of smaller peptides.

In general, 72 and 89 peptides with lengths of between 3

The fragment ion spectra of tandem MS obtained from and 26 amino acids were identified from the pepsin and ther-
LC/ESI were processed using Mascot Distiller (Matrix Sci- mitase digests, respectively. Only 10 of the peptides were
ence, London, UK), a software program that reduces MS raw common to the digest of the two enzymésg. 1 shows
data to high quality peak lists for database searching. In thethe peptides identified in the amino acid sequence of human
case of nano-ESI, the MS and MS—MS spectra were ana-tropoelastin for the respective enzymes used. The sequence,
lyzed by MassLynx (version 3.4, Waters/Micromass). Then, which is found in the protein information resource (PIR)
the MS—MS spectra of each peptide were processed by thedatabase with the accession number A32707, comprises 786
MassLynx add-on Maximum Entropy 3 (MaxEnt3), and con- amino acids derived from the mRNA of fetal human a{3&]
verted into SEQUEST files, which were suitable for further and an additional 6 amino acids peptide (residues 501-506)
analysis. The algorithm of MaxEnt3 deconvolutes charge obtained from human skin fibroblafg6]. It is worth men-
state and isotopic information in a continuum spectrum to tioning that the positions of 19 of the identified peptides could
generate a centroid spectrum containing only monoisotopic, not be unequivocally determined due to their multiple occur-
singly charged peaks. Both the ESI and nano-ESI frag- rences in the primary structure of the precursor (data not
ment ion peak lists, generated as described, were analyzedhown).
by searching sequence databases with Mascot (version 1.8, One of the interesting features of protein characterization
Matrix Science, London, UK]33]. For database search- with mass spectrometry is its ability to determine post-
ing, Mass Spectrometry protein sequence DataBase (MSDB) translational modifications. The presence of hydroxyproline
SWISS-PROT and a home-made database of human tropoein elastin has been known for more than three decades.
lastin considering its splice variants with the seven exons However, the function of this modification has not yet
shown to be subject to alternative splicing, namely exons been fully described. Whereas proline hydroxylation plays a
22, 23, 24, 24A, 26A, 32, and 334-36]were used. The  critical role in the synthesis and secretion of a related protein,
searches were taxonomically restrictedHtmmo sapienand procollagen, and for its complete maturation to insoluble
the enzyme was set to “none” because of the low specificity collagen[39], its presence is not required for the synthesis
of the proteases used. A varied hydroxylation of proline was and secretion of tropoelastif0]. It has been reported
considered. that the existence of hydroxyproline in elastin may be a

Auto de novo sequencing with combined database search-coincidental feature of the fact that the precursors of elastin
ing was mainly performed on the nano-ESI data using the and collagen are synthesized in the same region of the endo-
software PEAKS Studio (version 2.4, Bioinformatics Solu- plasmic reticulum and the prolyl hydroxylase, which exists
tions, Waterloo, ON, Canadg7] with a parentand fragment  there, hydroxylates some of the proline residues occurring in
mass error tolerance of 0.08 U. The enzyme entry was set tothe tropoelastin polypeptid¢$l]. On the other hand, reports
“unknown” and the varying degree of hydroxylation of pro- suggest that cross-linking and the formation of elastin from
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1 MAGLTAAAPR PGVLLLLLSI LHPSRPGGVP GAIPGGVPGG VFYPGAGLGA 1 MAGLTAARPR PGVLLLLLSI LHPSRPGGVP GAIPGGVPGG VFYPGAGLGA
Signal sequence I Signal seq |

51 LGGGALGPGG KPLKPVPGGL AGAGLGAGLG AFPAVTIFPGA LVPGGVADAA 51 LGGGALGPGG KFLKpVpPGGL AGAGLGAGLG AFPAVTFpPGA LVPGGVADAA

101 AAYKARKAGA GLGGVPGVGG LCVSACAVVP QPGAGVKPCK VPGVCLPGVY 101 AAYKAAKAGA CLGGVPGVGG LCVSAGAVVP QPGAGVKPCK VPGVGLPGVY

l

151 PGGVLPGARF PGVGVLPGVP TGAGVKPKAP GVGGAFAGIp GVGPFGGPQP 151 PGGVLPGARF PGVGVLPGVP TGAGVKDKAP GVGGAFAGIpP GVGPFGGPQP

r—

201

;

PKLPGGYGLP YTTGKLPYGY GPGGVAGRAG KAGYPTGTGV 201 GVPLGYPIKA PKLPGGYGLP YTTGKLPYGY GPGGVAGRAG KAGYPTGTGV.

251 GPCRARAARA KARRKFGAGA AGVLPGVGGA GVPGVPGAIP GIGGIAGVGT 251 GPQARAARAAR KAARKFGAGA AGVLPGVGGA GVPGVpGAIp GIGGIAGVGT

301 PAAAAMRALD AKAAKYGAAA GLVPGGPGFG PGVVGVPGAG VPGVGVPGAG 301 PAARAAADAA AKARKYGARA GLVPGGPGFG PGVVGVPGAG VPGVGVPGAG

—
=

|

351 IFVVPGAGIP GAAVPGVVSP EAAARKAAAKA AKYGARPGVG VGGIPTYGVG 351 IPVVPGAGIP GAAVPGVVSP EAAAKAARKA AKYGARPGVG VGGIPTYGVG
[— .

401 AGGFPGFGVG VGGIPGVAGYV PSVGGVPGVG GVEGVGISPE AQAAAARKAR 401 AGGFPGFGVG VGGIpGVAGV PSVGGVPGVG GVPGVGISPE AQAAAARKAA

e

|

451 KYGAAGAGVL GGLVpGpQAA VPGVPGIGGV pGVGTPAARR AKARAKAAQF 451 KYGARGAGVL GGLVpGpQAA VPGVPGTGGV PGVGTPARAA AKAAAKARQF

501 ALLNLAGLVP GVGVAPGVGV APGVGVAPGY GLAPGVGVAP GVGVAPGVGV 501 ALLNLAGLVP GVGVAPGVGV APGVGVARGY GLAPGVGVAP GVGVAPGVGY

T
I

551 APGIGPGGVA AARKSAAKVA AKAQLRAAAG LGAGIPGLGV GVGVPGLGVG 551 APGIGPGGVA AARKSAAKVA AKAQLRAAAG LGAGIPGLGV GVGVPGLGVG

601 AGVPGLGVGA GVPGE‘GAIGAD EGVRRSLSPE EEE%EESSSQ HLPSTPSSPR 601 AGVPGLGVGA GVPGFGAGAD EGVRRSLSPE é.BEGéEESSSQ HLPSTPSSPR
—————+ on _— on _

651 VPGALAAAKA AKYGAAVPGV LGGLGALGGV GIPGGVVGAG PAAAAMRAAKA 651 VPGALAARKA AKYGAAVPGV LGGLGALGGV GIpGGVVGAG PAAAAAAAKA

—_—

701 AAKAAQFGLV GAAGLGGLGV GGLGVPGVGG LGGIPPAAAA KAAKYGAAGL 701 AAKAAQFGLV GAAGLGGLGV GGLGVPGVGG LGGIPPAAAA KAAKYGAAGL

751 GGVLGGAGQF PLGGVAARPG FGLSPIFPGG ACLGKACGRK RK 751 GGVLGGAGQF PLGGVAARPG FGLSpIFpGG ACLGKACGRK RK

Fig. 1. Amino acid sequence of human tropoelastin found in the protein information resource (PIR) database with the accession number A32707. All unam
biguously identified peptides from the digestion of human skin elastin with pepsin (left) or thermitase (right), respectively, are labeled ligss&lioline
residues, which were found to be hydroxylated in at least one peptide, are lap&led “

tropoelastin is reduced by overhydroxylation. For example, tial hydroxylation of the precursor tropoelastin or matured
Urry et al. have shown that a synthetic polypentapeptide elastinFig. 2shows representative nano-ESI-qTOF fragment
(Val-Pro-Gly-Val-Gly),, which is capable of coacervating ion spectra of the hydroxylated and non-hydroxylated forms
at 37°C similar in a mechanism to tropoelastin, requires a of the two peptides at residues 578-591 on which the b- and
higher temperature to coacervate when some of the prolinesy-series ions are indicated. Therefore, although about 29% of
are replaced by hydroxyproling20]. Amino acid analyses  the 73 recovered prolines from the digests of the two enzymes
on elastin isolated from various sources indicate the hydroxy- used (se€ig. 3) were found to be potential sites of hydroxy-
proline content of the protein can vary from 0% to 33% lation, the actual percentage of the average hydroxylation of
[16,17,19,42] In this study, the extent of proline hydrox- elastin should be smaller.
ylation in the enzymatic digest of human skin elastin was It has previously been reported that human skin elastin
determined. does not contain amino acid sequences expressed by two
Numerous prolines were found to exist in a hydroxy- exons: exon 22 (residues 453-481) and exon 26A (residues
lated and non-hydroxylated state in parallel, for example 618-650)[36]. The absence of amino acids expressed by
AAGLGAGIPGLGVG and AAGLGAGPGLGVG (residues exon 26A, which was observed in human aqg8&], could
578-591) in the peptic digest or AGIPGVGPF and be unambiguously confirmed by the presence of the two pep-
AGIpGVGPF (residues 281-293) in the thermitase digest; tides, AVGAL (M, 542.31) and GAVPGAL ¥, 583.33),
“p”referring to the prolinesin the sequences at which hydrox- which share amino acids before and after exon 26A. Contrary
ylation was observed. This indicates the possibility of par- to what has been published earlier by Fazio e{38], the
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Fig. 2. Nano-ESI-qTOF fragment ion spectra of the non-hydroxylated peptide AGIPG\WWGB#E3.44 (top) and its hydroxylated counterpart AGNGPF,
M, 829.43 (bottom). The b and y-series ions are labeled and their respective amino acid residues are indicated.

identification of three peptides (residues 461-482, 462—-467,considered. As regards the precursor tropoelastin, sequence
and 478-488), which share amino acids from exon 22 indi- coverages of 49% and 44% for the peptic and the thermi-
cate that the region coded by this exon is not spliced out in tase digest, respectively, were found. Combining the results

the human skin elastin sample under investigation.

of exon 26A, the 26 amino acids of the signal sequence

When determining the sequence coverage, the amino acid$5.4%.

of both digests, the total sequence coverage was found to be

It can be seen frorkig. 3that almost no peptide was iden-

which do not belong to the extracellular tropoelastin molecule tified in regions consisting of stretches of lysine separated by
[43], and the 19 peptides with multiple occurrences were not two or three alanine residues such as AAAKAAKAA. This
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MAGLTAAAPR PGVLLLLLST LHPSRPGGVP
j————— Signal sequence

LGGGALGPGG
AAYKAAKAGA
P ARE
GVPLGYPIKA
GPOAAAAAAA
PAAAAARAAA
IPVVPGAGIP
AGGFPGEGVG

KYIGAAGAGV_.

KPLEpVPpGGL

GLGGVPGVGG

b PGVP

PKLPGGYGLP

KARAKEGAGA

AKAAKYGARA

VP P

VGGIpGVAGY

GGLVPpGpOAA

ALLNLAGLVP
APGIGPGGVA
AGVPGLGVGA
VpGALAAAKA
AAKAAQFGLV

GGVLGGAGOF

Exon 22
VAP

AARKSARKVA

AGAGL L

LGVSAGAVVP

TGAGVEpKAP

YTTGKLPYGY

AGVLPGVGGA

GLVPGGPGFG

EARAKRKAAAKA

PSVGGVRGVG

VPGVPGTGGV

GATFGGVPGG
AFPAVTFpGA
QPGAGVKPGK
GVGGAFAGTp
GPGGVAGAAG
VPGVDGAT
PGVVGVPGAG
AKYGARPGVG
GVPGVGISPE

plgygTPAAA A

APGVGVADGV
AKAQLRAAAG

EGVRRSLSPE

GVpGEFGAGAD
I
I
AKYGARVPGV
GAAGLGGLGV

PLGGVEARPG

LGGLGALGGV

GGLGVPGVGG

FGLSpIFpGG

GLAPGVGVAP

LGAGIPGLGV

LREGDPSSSQ

VIFYPGAGLGA
LVPGGVADAA
VPCVGLPGVY
GVGPFGGPQP
KACYPTGTGV

IGGIAGVGT
VPGVGVPGAG
VGGIPTYGVG
AQAARARKAA
AKAAAKAAQF
GVGVAPGVGV
GVGVPGLGVG

HLPSTPS SPRI

Exon 26A
GIpGGVVGAG

L PP

ACLGKACGRK

1
PAARAAAAKA

KAAKYCAAGL

RK

125

Fig. 3. Total sequence coverage from the results of both digests. Regions from which peptides are identified are designated in bold and uedgrlined lett
Proline residues, which were found to be partially hydroxylated, are labpled “

is due to the fact that the lysine molecules in tropoelastin and Val. In addition, there has been a similar degree of cleav-

are modified to form polyfunctional cross-links. To date, age on the C-terminals of the relatively rare amino acids Leu

sequencing peptides containing such modifications usingand PheTable 1summarizes the cleavage sites found from

database searching or conventional de novo sequencing hathe hydrolysis of human skin elastin with the two respective

not been reported. enzymes.

From the data obtained some remarks can be added here

concerning the observed cleavage sites of the enzymes used.

Previous reports have verified the cleavage sites for pepsing. Conclusion

[44,45]and thermitasgi6] on other proteins. In this work, it

was observed that the two enzymes exhibited a high degree of  |n this work, peptides derived from the digestion of insol-

similarity in terms of substrate specificity. Generally speak- yple human skin elastin with pepsin and thermitase were

ing, both proteases cleave predominately at the C-terminalsinyestigated. The proteases were found to be suitable for

of three of the top four dominant amino acids, i.e., Gly, Ala, the hydrolysis of insoluble elastin that cannot be digested
with site-specific enzymes. Characterization was performed

Table 1 with tandem MS using two complementary techniques: ESI-

Identified (_:Ieavagt_a sites of the proteases therr_nitgse_ and peps_in used Ofjgn trap coupled with liquid chromatography and nano-ESI-

zg\?:gjzli?egasm bold—frequent cleavage sitestalics—occasional gTOF mass spectrometry. Thus, 155 different peptides from
the two digests were unambiguously identified using database

Enzyme Cleavage sites (C-terminal) - go5rching and a combined de novo sequencing with database
Thermitase G V.ALFPTEQK approach. This combination of different enzymes and com-
Pepsin G V,ALFY,STI,D

plementary mass spectrometric and sequencing methods
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ylated. Furthermore, the data obtained confirm the absence ~ »g40.
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