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bstract

Collagens, the most abundant mammalian proteins, contain a high content of hydroxylated amino acids, such as, 3- and 4-cis-/trans-
ydroxyproline (Hyp) and 5-hydroxylysine (Hyl). Whereas the global content of 4-Hyp was studied by amino acid analysis, no technique to

etermine all five hydroxyamino acids simultaneously in collagens has been reported. Here, we report the separation of all five hydroxyamino
cids as well as two Hyp epimers from all other proteinogenic amino acids after derivatization with N2-(5-fluoro-2,4-dinitrophenyl)-l-valine amide
l-FDVA) by RPC-UV-ESI-MS. The general applicability of this method is shown for three Hyp-containing peptides as well as collagen type I.

2006 Elsevier B.V. All rights reserved.
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. Introduction

All multicellular organisms contain collagen, which is a fam-
ly of fibrous proteins. They are the most abundant proteins
n mammals constituting a quarter of the total protein content
nd form a major constituent of skin, bone, tendon, cartilage,
lood vessels, and teeth. Collagens are present in nearly all
rgans and tissues and serve to hold the cells together in dis-
rete units [1]. The most abundant collagen types are found in
brils with a 67 nm axial period, formed by the axial staggering
f collagen molecules. In addition, there are 14 “non-fibrillar”
ollagen types present in supramolecular forms such as networks
nd antiparallel arrays. All collagens form a specialized protein
otif, the triple-helix, which is composed of three left-handed

olyproline II (PPII)-like helical chains, wound around each
ther to form a tightly packed right-handed superhelix [2,3].
nly Gly residues with their small side chain can be accom-
odated without distortion in every third position to form a
epeating sequence (Gly–Xaa–Yaa)n. Xaa-positions are highly
xposed, while residues in the Yaa-position are less accessible.
n both Xaa- and Yaa-positions Pro is the most common residue,
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ften oxidized to 4-hydroxy proline (4-Hyp) in the Yaa- and
arely to 3-Hyp in the Xaa-positions. Both Hyp and hydrox-
lated lysyl (Hyl) residues are known to play important roles
n intra- and inter-molecular interactions and Hyp additionally
tabilizes the triple-helix [4–6]. Recent work indicates that dis-
urbed expression or enzymatic modifications of collagen are
inked to some major diseases, such as osteoporosis and autoim-

une diseases [7–9].
Although collagen sequences have been known for many

ears and the structural features are principally understood, the
istribution of collagen types as well as the molecular distribu-
ion of posttranslational modifications has not been investigated
n detail. This lack of research is related to the insolubility of

any collagen types, their high molecular weight and the occur-
ence of repetitive sequences. Thus, separation of collagens by
hromatographic or electrophoretic techniques is limited and
equence analysis by Edman-degradation or mass spectrome-
ry is challenging. Furthermore, the unfavorable distribution of
mino acids along the collagen sequence results in either very
ong or very short peptides after enzymatic or chemical cleavage
omplicating their analysis by current proteomics techniques.

herefore, the molecular distribution of the four Hyp-isomers
resent in collagens, that is, 4- and 3-Hyp in either cis- or
rans-conformation, is still not well characterized. Especially
is-3-Hyp was excluded from most analyses due to the lack

mailto:Hoffmann@chemie.uni-leipzig.de
dx.doi.org/10.1016/j.jchromb.2006.10.015
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f analytical techniques to determine and quantify this imino
cid.

A common approach to characterize collagens is amino acid
nalysis after acid hydrolysis in 6 mol/L aqueous hydrochloric
cid. All four Hyp-isomers and Hyl are stable under these condi-
ions; a significant degradation is not mentioned in the literature.
ifferent methods based on gas or liquid chromatography have
een described to analyze Hyp [10–13]. Most recent and sen-
itive techniques rely on precolumn derivatization, separation
y reversed-phase HPLC followed by UV- or fluorescence-
etection. Despite their relatively low sensitivity at the medium
o low pmol-range, all these techniques are well suited, since
ollagens can be isolated in relatively large amounts. However,
ost techniques were originally developed for analysis of the

egular 16 proteinogenic amino acids stable against acid hydrol-
sis. Whereas both 4-Hyp isomers are sometimes included, Hyl
nd 3-Hyp isomers are usually not. To our best knowledge,
here is no report in the literature that describes separation and
dentification of Hyl and all four Hyp-isomers in the presence
f proteinogenic amino acids. This is most likely attributed to
he very similar retention behavior of the Hyp-isomers but also
o the lack of appropriate amino acid standards. Only a spe-
ific derivatization of secondary amino acids with 7-chloro-4-
itrobenzo-2-oxa-1,3-diazole chloride [14–16], differentiation
y mass-spectrometry [17] or GC–MS [18] have been reported
or the analysis of the four Hyp-isomers.

A further layer of complexity is added to the hydrolysates by
artial epimerization of the Hyp-isomers. Although epimeriza-
ion is only a side reaction at the 5% level, it forms 4-cis-d-Hyp
rom the dominant 4-trans-l-Hyp, which accounts for more than
0% of all Hyp-isomers in collagens. Whereas the diastere-
mers 4-cis-d-Hyp and 4-trans-l-Hyp could be separated with
on-chiral reagents by RP-HPLC, 4-cis-d-Hyp cannot be sep-
rated from its enantiomer 4-cis-l-Hyp without derivatization
ith a chiral reagent or the use of a chiral stationary phase.
ere, we describe a general approach to separate and quan-

ify all four Hyp-isomers, cis-4-d-Hyp, cis-3-d-Hyp, Hyl, and
he proteinogenic amino acids using a precolumn derivatization
ith an analogue of Marfey’s reagent [19] based on N2-(5-
uoro-2,4-dinitrophenyl)-l-valine amide (l-FDVA) instead of

he originally described alanine amide [20]. By optimizing the
cetonitrile gradient in the presence of formic acid as ion pair
eagent, separation of all six studied Hyp-isomers was accom-
lished by RP-HPLC. This method was evaluated with collagen
eptides containing either trans-4-Hyp, trans-3-Hyp or cis-4-
yp and acid soluble collagen type I [21].

. Experimental

All 20 proteinogenic l-amino acids, (2S, 4R)-4-hydroxy-
yrrolidine-2-carboxylic acid (trans-4-hydroxy-l-proline,
rans-4-Hyp), (±)-cis-3-hydroxypyrrolidine-2-carboxylic acid
cis-3-hydroxy-d,l-proline, cis-3-Hyp), (2S, 3S)-3-hydroxy-

yrrolidine-2-carboxylic acid (trans-3-hydroxy-l-proline,
rans-3-Hyp), (2R, 4R)-4-hydroxypyrrolidinecarboxylic acid
cis-4-hydroxy-l-proline, cis-4-Hyp), (2S, 4S)-4-hydroxypy-
rolidinecarboxylic acid (cis-4-hydroxy-d-proline, cis-4-Hyp),
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nd (2S, 5R)-2,6-diamino-5-hydroxycaproic acid dihydro-
hloride (5-hydroxy-l-lysine dihydrochloride, Hyl) and N2-(5-
uoro-2,4-dinitrophenyl)-l-valine amide were purchased from
igma–Aldrich–Fluka GmbH (Steinheim, Germany) at the
ighest purity available. All Fmoc-amino acids and reagents
or peptide synthesis were from MultiSynTech GmbH (Witten,
ermany).

.1. Derivatization of amino acids

The studied �-amino and �-imino acids were derivatized
ith N2-(5-fluoro-2,4-dinitrophenyl)-l-valine amide as origi-
ally described by Brückner and Keller-Hoehl [20]. All amino
cids except tryptophan were dissolved in 20% aqueous acetoni-
rile at a concentration of 100 mmol/L. Due to its low solubility
n 20% aqueous acetonitrile, Trp was dissolved at the same
oncentration in a 9:1 mixture of 25% ammonia and dimethyl-
ulfoxide. Amino acids were individually derivatized by mixing
0 �L of the amino acid stock solution with 20 �L 1 mol/L
aHCO3 and 40 �L water, followed by 82.5 �L l-FDVA reagent

36.7 mmol/L in acetone). The mixture was heated at 40 ◦C for
0 min. The reaction was stopped by addition of 20 �L 1 mol/L
ydrochloric acid, the mixture was diluted with 200 �L acetoni-
rile and water to a final volume of 1 mL and the samples were
tored at −20 ◦C in the freezer. Derivatization of all hydrolysates
nd mixtures of several amino acids, such as, all four Hyp iso-
ers, was performed by the same procedure using the same

eagent ratio.

.2. Peptide synthesis

Peptides were synthesized on solid phase by Fmoc/tert-butyl-
hemistry at a 25 �mol scale using diisopropyl carbodiimide/1-
ydroxybenzotriazole activation on a multiple synthesizer
SYRO 2000), as described previously [22]. Solid support was a

ang resin yielding peptides with a C-terminal carboxyl group.
moc-cis-4-hydroxy-l-proline was synthesized according to a
lightly modified procedure of Raillard et al. [23] and used for
eptide synthesis without further purification. Both Fmoc-cis-4-
yp and Fmoc-trans-4-Hyp were incorporated with unprotected
ydroxyl groups.

.3. Gas phase hydrolysis and derivatization

Acid soluble collagen I (Sigma type VIII) from rat tail, was
btained from Sigma–Aldrich–Fluka GmbH. Approximately
mg collagen was dissolved in 1 mL 50 mmol/L aqueous acetate
uffer (pH 5.0). One hundred and fifty microliters of the solution
ere filled into small glass vial inlets (SUPELCO, Bellefonte,
SA) and dried in vacuum. The glass vials were put in seal-

ble plastic vials containing 150 �L 6 mol/L hydrochloric acid
hydrolysis grade). The vials were tightly closed and heated at
10 ◦C for 24 h. The hydrolysates were reconstituted with 15 �L

ater and one third of this solution derivatized with 32 �L l-
DVA solution diluted with 8 �L aqueous NaHCO3 (1 mol/L)
nd 16 �L water. After heating at 40 ◦C for 90 min 8 �L 1 mol/L
Cl were added, followed by 200 �L acetonitrile and water
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Fig. 1. A mixture of 200 pmol trans-4-Hyp, cis-4-Hyp, trans-3-Hyp, and cis-4-
d-Hyp as well as 200 pmol of the racemic mixture of cis-3-Hyp was derivatized
with N2-(5-fluoro-2,4-dinitrophenyl)-l-valine amide. The derivatives were sepa-
rated by RP-HPLC (C-18 Aqua column, length 150 mm, internal diameter 2 mm,
particle size 3 �m) and detected at 340 nm. Both eluent A (water) and eluent
B (acetonitrile) contained 0.1% formic acid. Elution was performed with linear
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o a final volume of 1 mL. Synthetic collagen peptides were
ydrolyzed the same way, but the l-FDVA reagent amounts were
educed according to the total amino acid content (three-fold l-
DVA excess).

.4. RPC and RPC-MS

Amino acid derivatives were separated on a HPLC Gold
ystem (Beckman-Coulter, Krefeld, Germany) equipped with
125NM gradient pump, a 168 NM photodiode array detec-

or and a 508 auto sampler using an Aqua® C-18 col-
mn (150 mm × 2.0 mm, particle size 3 �m, pore size 125 Å)
btained from Phenomenex GmbH (Aschaffenburg, Germany).
lternatively, the HPLC-system was equipped with a Knauer
V-detector (Knauer GmbH, Berlin, Germany) and coupled
n-line to a quadrupole time-of-flight hybrid mass spectrome-
er (QqTOF-MS, QSTAR Pulsar I, Applied Biosystems GmbH,
armstadt, Germany) equipped with an ion-spray source (PE
ciex). The flow rate was 0.2 mL/min in both cases. The elu-
nts were water containing 0.1% formic acid (eluent A) and
cetonitrile containing 0.1% formic acid (eluent B). Two gradi-
nts were used both starting at 20% eluent B. The proteinogenic
mino acid standard containing 19 l-amino acids (except cys-
eine) were separated by gradient 1 starting at 20% eluent B,
hich was linearly increased to 33% for 22 min and to 42% for
0 min. These conditions were hold for 10 min before the content
f eluent B was increased to 70% within 10 min. Alternatively,
shallower acetonitrile gradient was applied to separate all four
yp isomers (gradient 2). Starting also at 20% eluent B the
ercentage of eluent B was successively increased to 28% for
0 min, to 36% for 15 min, to 46.5% for 13 min, and to 65% for
0 min by linear increments. The derivatives were detected by
heir absorbance at 340 nm or by ESI-MS using a TOF-scan in
ositive ion-mode (5500 V), which was coupled on-line behind
he UV-detector. The mass spectral data were recorded for m/z
00–800 to detect l-FDVA and all amino acid derivatives includ-
ng the doubly derivatized Lys and Hyl.

. Results

.1. Separation and detection

l-FDVA derivatized amino acids allow separation and quan-
ification of amino and imino acids as well as their enantiomers
y RP-HPLC coupled on-line to ESI-MS [20]. The potential of
his strategy to separate l- and d-enantiomers was important to
nalyze all l-Hyp-isomers present in collagens, that is, trans-
-Hyp, cis-4-Hyp, trans-3-Hyp, and cis-3-Hyp, as well as the
ominant Hyp-epimers formed by racemisation of the �-C-atom
uring acid hydrolysis, that is, cis-4-d-Hyp and cis-3-d-Hyp. All
ix studied Hyp-isomers and -epimers were indeed well sepa-
ated by a shallow acetonitrile gradient in the presence of 0.1%
ormic acid (Fig. 1). The cis-3-Hyp racemate was separated in

wo peaks at 32 and 35.5 min. Most likely cis-3-l-Hyp eluted
efore cis-3-d-Hyp (epimer of trans-3-l-Hyp), as FDVA deriva-
ized l-amino acids typically elute earlier than the corresponding
-enantiomers [20]. However, the correct assignment will only

c
c

s

ncrements from 20 to 28% eluent B for 30 min, to 36% eluent B for 15 min, to
6.5% eluent B for 13 min, and to 65% eluent B for 10 min.

e possible if enantiomerically pure compounds are available or
is-3-l-Hyp is identified in collagen. Most important all other
roteinogenic amino acids as well as other byproducts eluted
ell outside this elution range. The Hyl derivative modified at
oth the �- and �-amino group eluted in a single sharp peak at
8.7 min about two min before Lys.

In ESI-MS all derivatized amino and imino acids were stable
nder the applied ionization conditions, no significant in-source
ragmentation was observed. Fragmentation was observed only
fter collision induced dissociation. However, the fragment ions
nd their intensities varied very much among the amino acids.
hus, it appeared impossible to use a single fragment ion or
eutral loss for specific and sensitive detection of all amino acid
erivatives in tandem mass spectrometry, which would improve
he selectivity and the quantification. The same was true for
egative ion-mode. All results presented below rely therefore
n UV detection and a mass scan in positive ion-mode.

.2. Analytical characteristics

The optimized HPLC gradient separated Hyl as well as all
yp-isomers and -epimers from all other amino acids and fur-

her byproducts within 70 min. The peak areas showed a linear
elationship to the injected amino acid amount within the studied
ange from 5 to 500 pmol, which was described by a regression
quation y = ax + b with x being the concentration of the analyte
Table 1). The regression coefficients R2 were typically better
han 0.9997 except for cis-3-d-Hyp, which was 0.9984. This

alculation based on three dilution series of a standard mixture
ontaining all six Hyp-isomers and Hyl.

The standard deviation of five consecutive analyses on the
ame day was between 0.7% for Hyl and 2.9% for cis-3-d-Hyp
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Table 1
Calibration data for the four studied l-Hyp-, both cis-d-Hyp isomers, and Hyl
using a linear regression (y = ax + b)

Amino acid Intercept (b) Slope (a) Regression
coefficient (R2)

trans-4-Hyp 8765.6 4444.9 0.9999
trans-3-Hyp 8839.6 3444.3 0.9997
cis-4-Hyp 6530.6 4047.7 0.9999
cis-4-d-Hyp 11039 4273.2 0.9998
cis-3-Hyp 12322 5548.1 0.9999
c
H

w
t
f
c
l
1
i
t
a

i
w
a
w
p
i
a
n
f
s
i
a
f

3

a
e
t
t

Table 3
Recoveries of all six Hyp-isomers and Hyl, determined with Collagen Sigma
type VIII using UV detection

Amino acid Mean value
[pmol]

Amount
addition [pmol]

Amount found
[pmol]

Recovery
[%]

trans-4-Hyp 1841.2 1248.5 2915.3 86
trans-3-Hyp 32.7 109.3 130.6 90
cis-4-Hyp 119.8 106.3 89
cis-4-d-Hyp 44.0 97.7 137.4 96
cis-3-Hyp 667.6a 106.6 732.1 86
cis-3-d-Hyp 702.4a 96.1 772.2 87
Hyl 359.4 138.8 491.4 95
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is-3-d-Hyp −24470 6608.3 0.9984
yl −7585.1 7911.8 0.9997

ith a mean reproducibility of 1.4% (Table 2). The retention
imes shifted on average less than 9 s with a maximum of 12 s
or cis-3-d-Hyp. The day-to-day precisions determined for three
onsecutive days using the average amino acid amount calcu-
ated from three analyses on each day were between 0.26 and
.64% (average 1.06%). The recoveries of all five studied Hyp
somers and epimers as well as Hyl were in the range from 86
o 96%, which is in line with recovery rates obtained for other
mino acids (Table 3).

No significant differences in the extinction coefficients and
onization degrees among the amino or imino acid derivatives
ere obtained, which was also valid for the negatively charged

spartic and glutamic acid (data not shown). The detection limits
ere about 5 pmol for UV absorption at 340 nm and 50 pmol in
ositive ion-mode ESI-TOF-MS. The relatively low sensitivity
n ESI-MS might be attributed to the hampered ionization of
mino-functionalized compounds in positive ion-mode. Alter-
atively, negative ion-mode ESI-MS was investigated due to the
ree carboxyl group common to all derivatives with respect to
ensitivity and specificity as well as suppression of impurities
ncluding l-FDVA. As the sensitivity did not increase despite
decreased background noise, the negative ion-mode was not

urther pursued.

.3. Sample analysis

Having established the separation of most proteinogenic

mino acids as well as of all Hyp isomers including the cis-
pimers, synthetic peptides (GPPGPPGPAGK) corresponding
o a tryptic peptide of the collagen �1 (I) chain were used
o test the established separation system. According to the

4
i
a
c

able 2
ethod validation with intraday and day-to-day precision for all six Hyp-isomers and

mino acid Intraday precision (n = 5)

Retention time ± S.D. [min] Mean ± S.D. [pmol] R.S.D. [

rans-4-Hyp 23.77 ± 0.12 298.4 ± 2.7 0.9
rans-3-Hyp 28.50 ± 0.14 213.0 ± 4.4 2.1
is-4-Hyp 29.03 ± 0.15 323.8 ± 3.7 1.2
is-4-d-Hyp 30.69 ± 0.17 243.2 ± 2.8 1.1
is-3-Hyp 32.14 ± 0.18 125.2 ± 1.5 1.2
is-3-d-Hyp 35.67 ± 0.21 113.7 ± 3.3 2.9
yl 68.69 ± 0.04 378.3 ± 2.6 0.7
a These values do probably not correspond to cis-3-Hyp but represent uniden-
ified coeluting compounds, as the corresponding mass was not detected by mass
pectrometry.

equence-specificity of collagen hydroxylases [24], three dif-
erent peptides (GPPGPPGPAGK) were synthesized with Pro
n position five being replaced by trans-3-Hyp, or Pro in posi-
ion six by either cis-4- or trans-4-Hyp. Based on the retention
imes, peak areas and amino acid masses the peptides were
uantitatively hydrolyzed (6 mol/L hydrochloric acid) without
etectable degradation, isomerization or dehydration of either
f the Hyp isomers after 24 and 48 h gas-phase hydrolysis using
5 pmol peptide. The chromatographic separation was also not
nfluenced by the hydrolysate. The peak areas of the UV- and
he MS-traces were almost identical among the three indepen-
ently hydrolyzed peptides indicating the reliable identification
nd quantification of all amino acids, as shown in Fig. 2 for the
rans-4-Hyp-containing peptide.

Finally, 50 �g (about 170 pmol) of a collagen type I sample
Sigma collagen type VIII) were hydrolyzed, derivatized and
n aliquot of 1.7 pmol analyzed. The UV chromatogram was
ominated from Gly and Pro, but displayed also intense peaks
or trans-4-Hyp and weak peaks corresponding to cis-4-d-Hyp
data not shown). None of the 3-Hyp isomers was detected indi-
ating that only few positions were accordingly modified. Thus,
0 times more derivatized sample (17 pmol) was injected for
ach collagen type to identify even hydroxylation of a single
roline residue per collagen molecule by UV-absorption. The
ass spectra were interpreted by extracting the signals at m/z
12 from the mass spectra corresponding to Hyp as well as the
sobaric Leu and Ile (Fig. 3A). Two peaks were unambiguously
ssigned to trans-4-Hyp and trans-3-Hyp in the hydrolysates of
ollagen type I (Sigma type VIII, Fig. 3), whereas cis-4- and cis-

-epimers as well as Hyl

Day-to-day precision (n = 3)

%] Retention time ± S.D. [min] Mean ± S.D. [pmol] R.S.D. [%]

23.89 ± 0.1 297.43 ± 0.87 0.29
28.57 ± 0.08 209.86 ± 3.01 1.43
29.09 ± 0.09 324.22 ± 0.83 0.26
30.77 ± 0.1 241.45 ± 1.54 0.64
32.22 ± 0.12 124.31 ± 0.79 0.64
35.72 ± 0.11 112.27 ± 1.32 1.18
68.89 ± 0.17 380.89 ± 6.25 1.64
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Fig. 2. UV trace of the GPPGP-t4Hyp-GPAGK peptide hydrolysate derivatized
with l-FDVA. For experimental details see Fig. 1.

Table 4
Contents of the detected Hyp-isomers and -epimers in collagen type I (Sigma
type VIII) hydrolysate (6 mol/L HCl, 24 h, 108 ◦C) using UV-detection (340 nm)
and MS-detection in positive ion-mode

Imino acid Collagen type I (Sigma type VIII) Average

UV-detection MS-detection

Height [%] Area [%] Height [%] Area [%]

trans-4-Hyp 95.6 95.5 94.4 95.1 95.1
trans-3-Hyp 1.7 1.8 1.8 1.5 1.7
cis-4-d-Hyp 2.7 2.7 3.8 3.4 3.2
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he average was calculated from the peak height and the area of both UV- and
S-detection.

-Hyp were not detected at all. Integration of the peak areas in
he UV chromatograms and the MS-traces yielded 95.1% trans-
-Hyp and 1.7% trans-3-Hyp in collagen I (Fig. 3; Table 4). The
emaining 3.2% were cis-4-d-Hyp formed from trans-4-Hyp.
or the UV-trace it might be favorable to quantify Hyp by the
eak heights due to the bad separation of close eluting unknown
yproducts present in the collagen hydrolysates (Fig. 3B).

The analysis of lysine and hydroxylysine relied on the dou-
ly derivatized compounds using mass extraction and UV-
bsorption. The Hyl to Lys ratios were 1 to 2.1. UV-quanti-
cation of Hyl and Lys was possible, as both derivatives were
aseline separated from each other and all other amino acids.

. Discussion

An important side reaction of amino acid hydrolysis is racem-
zation of the �-C-atom, which yields up to 10% d-enantiomer
or some amino acids [25]. In the case of Hyp, the correspond-
ng epimers are formed, such as cis-3-d-Hyp from trans-3-l-Hyp
nd cis-4-d-Hyp from trans-4-l-Hyp. As trans-4-Hyp is present

n collagens at a relatively high content, significant amounts of
is-4-d-Hyp are formed during acid hydrolysis. These epimers
ave to be separated from all other Hyp-isomers for reliable
uantification by UV or MS. For this reason we had chosen
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he chiral derivatization reagent l-FDVA. However, the origi-
ally in the literature described eluent system with trifluoroacetic
cid (TFA) separated only the cis-3-Hyp enantiomers but not
he cis-4-Hyp enantiomers (data not shown). Neither shallower
radients, nor other stationary phases nor methanol gradients
llowed separation of the two cis-4-Hyp enantiomers. Only
eplacement of TFA as ion pair reagent by formic acid was suc-
essful to separate all four l-Hyp and both cis-d-Hyp isomers
rom each other and all other proteinogenic amino acids (Fig. 1).
s for both 3- and 4-Hyp isomers the trans configuration dom-

nates in collagens, only the corresponding cis-d-epimers have
o be considered. Any trans-3- or trans-4-d-Hyp formed by the
ydrolysis conditions would be well below the detection limit
nd should therefore not interfere with quantification of the tar-
eted derivatives. The replacement of TFA by formic acid has
lso advantages for the ESI-MS coupling, as TFA clusters con-
aminating the mass spectrometer are omitted, the ionization is

ore effective, and the spray conditions are more stable.
A major challenge of Hyp analyses in collagen hydrolysates

esides separation of all Hyp-isomers and -epimers are their
arge concentration differences spanning two orders of magni-
ude. Gly and Pro are the dominating amino acids with a content
f 27% and 19% for the �1-chain and 28% and 17% for the
2-chain in human collagen type I. About 10% Pro residues
re hydroxylated in collagens, mostly in the trans-4-position
nd less than 2% in the trans-3-position. The corresponding cis-
somers are again about 10 times less likely. Thus, these imino
cids have to be quantified in the presence of 100–1000 times
igher concentrated amino acids. At this very level low UV-
etection might be questioned, as derivatized d-amino acids
ormed during the acid hydrolysis as well as not completely
ydrolyzed peptides, especially polar di- and tripeptides, might
oelute with some Hyp-isomers. Thus, MS quantification was
alidated for Hyp-isomers just above the detection limit. Based
n Hyp-standards a linear response was obtained from 100 to
00 pmol (R2 ≥ 0.994), which could be further extended by a
on-linear regression. It should be noted that the used time-of-
ight mass spectrometer has a low linear range, but that quantifi-
ation was very reliable, especially as not the absolute amount
f each amino acid but only the relative content of three Hyp-
somers and -epimers was studied in this concentration range.

Interestingly, the relative contents of all three identified Hyp-
somers and -epimers were very similar in the UV- and MS-traces
onfirming that the MS signal intensities can be used to quan-
ify Hyp. This strongly suggests that no further FDVA-derived
ontaminants coeluted with either Hyp-isomer. The intensity of
he cis-4-d-Hyp epimer was about 3% relative to trans-4-l-Hyp,
hich was within the expected range for acid hydrolysates. As

he cis-4-d-Hyp is formed from trans-4-l-Hyp during hydrol-
sis, the trans-4-l-content of the collagens has to be corrected
ccordingly. Thus, the data above show that hydroxylation of
roline in collagens forms almost 98% trans-4-Hyp in Sigma
ype VIII collagen.
The lysine and hydroxylysine content of the collagen types
as determined by the peak areas of the doubly derivatized com-
ounds. Besides these two peaks, four signals corresponding
ost likely to Lys and Hyl modified either in �- or �-position
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ig. 3. Separation of a l-FDVA derivatized collagen I hydrolysate (17 pmol) on
he upper panel displays the extracted masses corresponding to the isobaric der
ass spectrometer equipped with an ion-spray-source (5500 V). The lower pan

ere detected at a low intensity by ESI-MS. The very low signal
ntensities of the mono-derivatized compounds in UV indicated
hat quantification can rely only on the intensities of doubly
erivatized Lys and Hyl without significant errors. The stronger
ignal intensities of the mono derivatized compounds in ESI-MS
re most likely attributed to their free amino groups that should
ignificantly increase the ionization degree in ESI-MS relative
o all fully derivatized amino acids. Thus, both Lys and Hyl
ere quantified by integration of the peak areas of the doubly
erivatized compounds.

In conclusion, the described method allows a fast, reliable and
ensitive quantification for all l-Hyp isomers and Hyl present in
ollagens using UV detection at 340 nm. However, the very low

odification level for some amino acids limits UV detection, as

ther UV active impurities may coelute. Thus, the data should
e confirmed by mass spectrometry, at least for low signal inten-
ities. Whereas the TOF instrument used in this study is not an

R

8 Aqua column. The separation conditions were the same as described in Fig. 1.
es of Hyp, Leu, and Ile. The ESI-MS data were recorded on a QSTAR Pulsar I
ws the corresponding UV trace.

deal tool to quantify the amino acid derivatives, quadrupole or
on trap mass analyzers equipped with an ESI source should
llow quantification down to the 5 pmol range with a dynamic
ange spanning more than three orders of magnitude.
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