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Bestimmung von proteingebundener
2-Amino-6-(2-formyl-5-hydroxymethyl-1-pyrrolyl)-
hexanséure (,,Pyrralin®)

mittels Yonenaustauschchromatographie

und Photodiodenarray-Detektion

Zusammenfassung. Die Bestimmung des proteingebunde-
nen Maillard-Produktes Pyrralin, eines Lysinderivats mit
Pyrrolstruktur, gelang in enzymatischen Hydrolysaten
von Proteinen mittels Ionenaustauschchromatographie
und kombinierter Photodiodenarraymessung und Nin-
hydrinanfiarbung. Das Verfahren erlaubt die gleichzeitige
Bestimmung von Pyrralin neben den iibrigen Hydrolysat-
aminosiuren sowie siurelabilen Verbindungen wie den
Amadori-Produkten und Tryptophan bis zu Gehalten
von 500 pg pro kg Protein. Pyrralingehalte in kontrolliert
erhitzten Proben stiegen zundchst linear mit der Erhit-
zungszeit und nahmen nach starkem Erhitzen deutlich
ab. Unter drastischen Erhitzungsbedingungen (110 °C/
5 h) reagierten 5,6% der Lysinreste zum Pyrrolaldehyd.

Summary. Following enzymic hydrolysis, sensitive and
unambiguous determination of the protein-bound Mail-
lard compound pyrraline, a lysine derivative with a pyr-
rol structure, was achieved by ion-exchange chromatog-
raphy with photodiode array measurement and sub-
sequent ninhydrin detection. The method allows the si-
multaneous quantification of pyrraline in addition to the
common amino acids, as well as acid-labile components
such as the Amadori products and tryptophan, at levels
lower than 500 pg/kg protein. Values of pyrraline in con-
trolled heated samples first increased linearly with heat-
ing time, followed by a significant decomposition after
long-term heating. In severely heat-treated samples
(110° C for 5 h), up to 5.6% of the initial lysine residues
had reacted to the pyrrolaldehyde.
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Introduction

Since its first description in 1912 [1] the so-called Mail-
lard reaction between amines and reducing carbohy-
drates has been intensively studied. For decades, atten-
tion was focused mainly on the reactive behaviour of the
carbonyl compound. To date, a large number of sugar
degradation products have been identified [2, 3]. In com-
parison, only little information is available concerning
the formation of protein-bound Maillard reaction prod-
ucts. In the early 1970s the so-called Amadori products
lactuloselysine and fructoselysine (1, Fig. 1) were isolated
and identified as the first known derivatives resulting
from the reaction of the g&-amino group of protein-bound
lysine and lactose [4]. Oxidative degradation of these ami-
noketoses leads to the formation of carboxymethyllysine
(2, Fig. 1) which could be detected in acid hydrolysates of
milk proteins [5]. Recently, Sell and Monnier [6] isolated
pentosidine (3, Fig. 1) from collagen and thus proved the
direct participation of the Maillard reaction in protein
crosslinking during ageing of proteins in vivo.

The compound “pyrraline” (4, Fig. 1) was first identi-
fied by Nakayama et al. [7] and a few years later by Miller
et al. [8] in heated reaction mixtures of lysine and glucose.
Sengl et al. [9] as well as SchiiBler and Ledl [10] succeeded
in the determination of the acid-labile lysine derivative 4
in alkaline hydrolysates of proteins that had been reacted
with glucose. Free pyrraline proved to be a mutagen [11]
and was found to be a strong competitive inhibitor for
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gastrointestinal proteases [12]. The most recent investiga-
tions [13, 14] indicate that the hydroxy group in the a-po-
sition of the pyrrolic ring is easily substituted by alcohols
and mercaptanes. Thus, crosslinking of proteins might
proceed by bonding of protein-bound cysteine and the
pyrrol aldehyde 4. In this paper an alternative procedure
is described for the determination of 4, based on the com-
bination of photodiode array measurement and sub-
sequent ninhydrin detection after ion exchange chroma-
tography. The method allows the simultaneous quantifi-
cation of 4, with the Amadori products and common
amino acids, including tryptophan, in enzymic hydroly-
sates.

Materials and methods

Chemicals. Pepsin and pronase were from Merck (Darmstadt,
FRG). The suspension of aminopeptidase was from Boehringer
(Heidelberg, FRG). Prolidase and an amino acid standard solution
were from Sigma (Deisenhofen, FRG). All other chemicals were
from Merck (Darmstadt, FRG). A pure standard sample of pyrra-
line was provided by Dr. M. Sengl, University of Munich.

Preparation of heated samples. Powdered casein/lactose samples
(CLP) were prepared by freeze-drying a mixture of 3000 mg Ham-
mersten-casein and 5260 mg lactose monohydrate in 100 ml of syn-
thetic milk ultrafiltrate [15] after adjusting the pH to 6.80 (final
water content 2.5% by mass). Skim milk was obtained from the Ba-
varian State Dairy (Weihenstephan, FRG). Skim milk powder
(SMP) was prepared by freeze-drying (final water content 3.4% by
mass). Samples of CLP and SMP (1 g each) were heated in stop-
pered test tubes (10 x 100 mm, Pyrex, France). Heating was per-
formed in a sandbath placed in a drying oven to avoid variations in
temperature. Heating time was 1-7 at 90° and 100° C.

Enzymic hydrolysis. Heated samples were hydrolysed enzymically as
described in [16] with some modifications [17].

Alkaline hydrolysis. Heated samples (20 mg each) were hydrolysed
with 4.5 ml 5 mol/1 sodium hydroxide for 16 h at 120° C [9].

Acid hydrolysis. Heated samples were hydrolysed in the presence of
6 mol/l hydrochloric acid as described in [17].

Amino acid analysis. Amino acid analysis was performed with an Al-
pha Plus amino acid analyser (LKB Biochrom, Cambridge, UK),
using a stainless steel column (150 x 4 mm) filled with ion exchange
resin DC4A-spec (Laborbedarf K G, Olching, FRG). Composition
of buffers and reagent and running conditions, are described in [18].
However, contrary to the reported separation program the buffer
flow rate was set at 20 ml/h. The running time of buffer 1 was set
at 5 min at 37° C; buffer 2 was set at 22 min at 65° C. All other pro-
gram steps remained unchanged. The separated amino acids were
first detected using a photodiode array detector PDA 991 (Waters
Millipore, Milford, Massachusetts, USA) connected to the outlet of
the column, simultaneously measuring a wavelength range from 240
to 330 nm to detect pyrraline, tyrosine and other aromatic amino
acids. After flowing through the PDA detector, common amino
acids were detected after reaction with ninhydrin at 570 nm; coil
temperature was 135° C. Data acquisition and peak integration
were evaluated using the PDA software and Maxima chromatogra-
phy software (Waters Dynamic Solutions, Ventura, CA, USA), re-
spectively, on two NEC 386 AT.

Results and discussion

The high performance liquid chromatography methods
published to date have only been suitable for the quanti-
fication of pyrraline along with some aromatic amino
acids in alkaline hydrolysates. The purpose of this study
was to establish conditions for chromatography, detec-
tion as well as hydrolysis, which would enable the simul-
taneous determination of 4 along with the common
amino acids as well as other acid- or alkaline-labile com-
pounds. Direct determination of 4 by ion exchange chro-
matography and ninhydrin detection under the condi-
tions described recently [18] was not possible: 4 and phen-
ylalanine eluted with identical retention times (Fig.2a).
The elution position of 4 was determined after injection
of a pure standard preparation of pyrraline. Varying
chromatographic parameters such as running time, pH
and ionic strength of the buffers or the column tempera-
ture had no effect on the separation of 4 and phenylala-
nine.
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Fig. 2 a—c. Chromatograms (detail) of enzymic hydrolysates (4, pyrraline; LacLys, lactuloselysine). a SMP sample (100° C for 2 h), detection
at 570 nm after ninhydrin reaction; b SMP sample (100° C for 2 h), PDA detection at 297 nm; ¢ SMP sample (unheated), PDA detection

at 297 nm



Table 1. UV Absorption characteristics of various amino acids

Amino acid Ay (nm) [solvent] loge Reference
Tyrosine 274.5 [water, pH 6] 3.15 [21]
Phenylalanine 242 [water] 1.86 [21]

257 2.25

267 1.91
Tryptophan 280 [water] 3.8 [21]
Pyrraline 4 265 [water] 3.78 [71

297 4.15

265 [CH,OH/water, 4+1] 3.78 [19]

295 4.15

Consequently, the direct ultraviolet (UV) detection of
4 was attempted. Comparison of the UV spectras and ab-
sorption maximas of phenylalanine and pyrraline
(Table 1) showed that most sensitive detection of 4 would
be achieved at 297 nm. A photodiode array detector
(PDA) was therefore used for monitoring the eluent after
it left the ion exchange column. Measurement of absorp-
tion was carried out simultaneously within a wavelength
range of 240-330 nm. After data acquisition, single chro-
matograms were extracted from the complete data file
and peak areas integrated using the PDA software. In
this way it was possible to quantify phenylalanine
(254 nm), tyrosine (274.5 nm), tryptophan (280 nm) and
4 (297 nm) at the corresponding absorption maximas. By
connecting the outlet of the PDA detector to the inlet of
the reaction coil, subsequent ninhydrin detection was
achieved. The use of this combined detection method en-
abled the sensitive and unambiguous determination of
pyrraline along with all common amino acids including
tryptophan, as well as the Amadori products of lysine, in
enzymic hydrolysates of heated samples of CLP and SMP
(Fig.2a, b). In the chromatogram obtained after detec-
tion at 297 nm, 4 eluted as a well-resolved peak immedi-
ately after tyrosine (Fig. 2b). At this wavelength phenyl-
alanine exhibited no detectable absorption (Fig. 2¢). Pyr-
raline was identified by comparing the retention time and
UV spectrum with a standard sample [19]. The absorp-
tion maximum of 4 determined in the standard sample as
well as in hydrolysates was 297 nm, which was identical
to the value for 4, reported by Nakayama et al. [7].

With reference to the different molar absorptivities
(€pyrr, 2075 ETyr, 274, 5> S€€ Table 1), the molar pyrraline con-
tent of the heated samples (cp,,;) could be calculated ac-
cording to Beer’s law by comparing the peak area of 4 at
297 nm (Apy,1, 297) With the peak area of an external stan-
dard of tyrosine (standard concentration cyy, ¢rp), inte-
grated from a 274.5 nm chromatogram (Ar,,_grp, 274,5):

APer, 297 STyr, 2745

PyrL = A

C X CTyr—STD . (1)

Tyr-STD 274,5 gPer, 297

Using this relation, quantification of 4 can be achieved
without the use of a stable standard of the lysine deriva-
tive. Validity of the fomula was proved by injection of
various standard samples of tyrosine and 4, containing
defined amounts of the amino acids. Identical values of
pyrraline obtained after calculation via the external stan-
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dard as well as with Eq.(1) showed that influences of
buffer composition (pH 6.40; 1.5 mol/L Na™) on the ab-
sorption properties of 4 and tyrosine were negligible. The
detection limit for pyrraline was between 1 and 2 pmol.
Simultaneous injection of pyrraline and samples contain-
ing up to 500 pg protein hydrolysate enabled detection of
4 at levels as low as 0.5-1 mg/kg. Concentrations of 4 and
corresponding peak areas showed good linear correlation
(r=0.997) within the range of 5 pmol to 25 nmol per in-
jection.

For the measurement of protein-bound 4, enzymic hy-
drolysis of the heated samples was performed. Thus,
complete and careful protein digestion was achieved.
With the exception of proline, the recovery of amino
acids after enzymic hydrolysis was comparable with the
results obtained after acid hydrolysis, even for severely
heat-treated samples. Deviations from the mean values of
4 determined after multiple hydrolysis of individual
samples and subsequent chromatography were between
9.3% (5 mg/kg protein) and 3.1% (2650 mg/kg protein).
In contrast to this, the conditions used for alkaline hy-
drolysis seemed not to be suitable for a direct determina-
tion of 4. After neutralization of the alkaline hydrolysate
with concentrated hydrochloric acid and subsequent ly-
ophilization, large amounts of sodium chloride were
formed. To obtain a complete solution, the dry hydroly-
sates had to be diluted with large volumes of buffer
(0.2 mol/L sodium citrate, pH 2.2 [18]) before injection.
Thus, sensitive determination of 4 after alkaline hydroly-
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Fig. 3a,b. Contents of pyrraline 4 (PyrLys) and lactuloselysine
(LacLys) in enzymic hydrolysates of heated CLP samples. a 100° C;
b110°C
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sis was impossible. Quantitative determinations of 4 and
the Amadori product lactuloselysine in enzymic hydroly-
sates of heated CLP-samples are shown in Fig.3a, b.

In the samples heated to 100° C (Fig.3a), the lactu-
loselysine contents increased during a heating time of 1 to
3 h. Prolonged heating times up to 7 h led to a decrease
in the Amadori product, indicating degradation of the
aminoketose as the Maillard reaction progressed. Paral-
lel to the formation of the Amadori product, linearly in-
creasing amounts of 4 were found, but no increase in the
formation of 4 was observed that correlated with the start
of the decrease in lactuloselysine. Even under severe heat-
ing conditions (110° C; Fig.3b), leading to the continu-
ous decomposition of lactuloselysine, no enhanced for-
mation of 4 was measured. Again, the content of 4 in-
creased linearly up to values of 1.45 mmol/100 g during
heating for 1 to 5 h, followed by a remarkable decrease
after heating for 7 h. Similar tendencies were observed
for hydrolysates of heated samples of SMP. Probably as
a result of higher water content, 2.96 mmol of 4 per 100 g
was measured in severely heat-treated SMP samples be-
fore degradation. Compared with an initial lysine value
of 53 mmol per 100 g protein, up to 5.6% of the lysine
residues had reacted to form the protein-bound pyrrol-
aldehyde 4. Significantly lower values reported in the lit-
erature (only 0.1% of initial lysine reacting to form 4 [10])
might be due to earlier degradation of 4 during prepara-
tion of the sample under investigation (f#-casein/glucose-
solution, 120° C, 2.5 h).

The observation that the formation of 4 is indepen-
dent of the degradation of the Amadori product indicates
that 4 might originate from direct reactions between un-
modified lysine residues and sugar degradation products,
mainly 3-deoxyglucosone [20]. Parallel to the main gly-
cosylation pathway leading to stable aminoketoses, small
amounts of highly reactive a-dicarbonyl compounds
must be formed which could react with free e-amino
groups to form heterocyclic compouns such as the pyrrol-
aldehyde 4.

No information is available yet concerning the mech-
anisms that lead to the observed degradation of 4 during
prolonged heat treatment. Whether and to what extent
crosslinking reactions between protein-bound 4 and
thiols such as cysteine are responsible for a decrease in the
content of 4 and a possible protein oligomerization is
now under investigation. Further studies are also in prog-
ress to obtain data for a kinetic interpretation of the for-
mation and decomposition of 4. The level of 4 might

serve as a sensitive indicator of the extent of the Maillard
reaction in foods subjected to severe heat treatment or
long-term storage.
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