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Characterization of Reaction Products Formed in a Model
Reaction between Pentanal and Lysine-Containing
Oligopeptides
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Aldehydes formed as a result of lipid oxidation form fluorophores after binding to proteins. The structure
of the fluorophores formed by reaction between saturated aldehydes and lysine has not yet been
identified. The reaction products formed in the reaction between pentanal and oligopeptides were
studied by fluorescence spectroscopy and mass spectrometry. The emission spectra showed an
increase in fluorescence intensity with incubation time, and the rates were linear with the concentration
of pentanal. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry analyses of
the reaction products suggested a molar relation for peptide:pentanal of 1:4. Further tandem mass
spectrometry analysis of one of the modified peptides (Pro-Thr-His-lle-Lys-Trp-Gly-Asp) strongly
suggested binding of one pentanal molecule to the amino terminal proline and three pentanal
molecules bound to the lysine residue. The latter species is suggested to be the actual fluorophore,
through the formation of conjugated double bonds, and a possible reaction pathway through a
combination of aldol condensation of pentanal and Schiff base formation with the lysine is suggested.

KEYWORDS: Carbonyl modifications; Schiff base formation; aldol condensation; peptides; fluorescence
spectroscopy; MALDI TOF MS-MS; fluorophore; lipid oxidation

INTRODUCTION undergo aldol condensatioh4) and thereby result in formation
d of unsaturated aldehydes complicates the reaction mechanism
and off-flavor is a consequence in many foodstuffs containind involved in the formation of the fluorophores between proteins
complex mixtures of fat and protein, such as milk and milk- and saturgteq aldehydes.
derived products. Because of its impact on off-flavor, lipid ~ The objective of the present study was to study the fluoro-
oxidation has been intensively studied. The oxidation, however, Phore formed after reaction between pentanal and two different
can have both positive and negative effects on food qualjty ( ~ °ligopeptides in order to obtain information on the formation
Carbonyl compounds are known to be formed as secondary@nd structure of the formed fluorophores. As Schiff bases are
products during peroxidation of unsaturated fatty acis4), formed between aldehydes and primary amino groups, lysine-
and carbonyls have been suggested to be of major importanceé®ontaining oligopeptides were applied for investigation of the
in off-flavor formation 6—7). However, lipid-derived aldehydes ~ reactions between the pentanal andetanino group of lysine.
have been found to form carbonyl adducts by binding of Fluorescence spectroscopy was applied for characterization of
aldehydes to different amino acid side chains in proted)s ( the fluorophore formed between the pentanal and the pept_|de,
These carbonyl adducts have been characterized by fluorescencand the structure of the formed adducts was further characterized
spectroscopy, and the carbonyl adducts formed between satuPy matrix-assisted laser desorption/ionization time-of-flight
rated (9,10) or unsaturated (11) aldehydes and proteins result (MALDI TOF) MS/MS and gas chromatography (GC)-MS was
in the formation of fluorophores. applied for following aldol self-condensation of pentanal.
Condensation reactions between primary amino groups and
aldehydes are well-known to form Schiff bases. In model MATERIALS AND METHODS
systems, lysine (12) and methylamine (13) have been shown to . N .
fgrm fluor)(/) hor(es )after reac)t/ion witfg s?aturated aldehydes, __-entanal (99%),a-cyano-4-hydroxy-cinnamic acid, and trifluoro-
S P . . y ' acetic acid (TFA) were obtained from Sigma Aldrich Chemie GmBh
indicating that Schiff bases may take part in the formation of (Steinheim, Germany). Poros 50 R2 reverse phase column material was
fluorophores, but the structures of the adducts are not known gptained from PerSeptive Biosystems (Framingham, MA). Sodium
in detail. Furthermore, the ability of saturated aldehydes to dihydrogen phosphate was obtained from Merck (Damstadt, Germany).
Sodium monohydrogen phosphate was purchased from Baker Analyzed

* To whom correspondence should be addressed. Fel589991171. (Deventer, Holland). Acetonitrile (grade S) was purchased from
Fax: +4589991564. E-mail: LotteBach.Larsen@agrsci.dk. Rathburn Chemicals Ltd. Walkerburn (Scotland). The oligopeptides Pro-
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Figure 1. Primary protein structures of the peptides PTHIKWGD (A) and VHFFKNIVTARTP (B) and the fragmentation pattern (17) of PTHIKWGD (C)
where R2, R3, R4, R5, R6, and R8 correspond to the side chain of threonine, histidine isoleucin, lysine, tryptophan, and aspartic acid, respectively. The
b and y ions correspond to fragmentation at the peptide bond from the amino terminal proline and carboxyl terminal aspartic acid, respectively. b, a, and

y ions are normally the dominating ions in a MS-MS spectra.

Thr-His-lle-Lys-Trp-Gly-Asp (PTHIKWGD) and Val-His-Phe-Phe-Lys-
Asn-lle-Val-Thr-Ala-Arg-Thr-Pro (VHFFKNIVTARTP) were pur-

measurement. Tandem MS (MALDI TOF-TOF) was used for inves-

tigation of the species formed during incubation of the two model

chased from Bachem Holding AG (Bubendorf, Switzerland). Pentanal peptides with pentanal. FlexAnalysis version 2.4 and BioTools version

was dissolved in ethanol (96% v/v) Danish Distillers (Copenhagen, 3.0 (Launch Bruker Daltonics, Germany) were applied for analysis of

Denmark) prior to addition of buffer and peptide. the mass spectra. The primary structures of the two used oligopeptides
Fluorescence Spectroscopyrluorescence spectroscopy was applied PTHIKWGD and VHFFKNIVTARTP are given inFigure 1A,B,

for measurement of changes in fluorescence intensities after reactionrespectively. Furthermore, the fragmentation pattern of peptides

of the two lysine-containing model peptides, PTHIKWGD and VH-
FFKNIVTARTP, respectively, and pentanal. Pentanal was dissolved
in ethanol and gently mixed for 2 min before additioret3 mLquartz

cell with a light path of 1 cm. The peptides were dissolved in 50 mM
phosphate at pH 6.8 prior to addition to the pentanal solution in the
guartz cell under gentle stirring. The final concentration of the peptides
was 1 mg/mL, and the final concentration of ethanol was 10% in all
experiments. All solutions had a temperature of’87 and the quartz
cell was thermostated to 3T during the experiments. The fluorescence
method for detection of conjugated Schiff bases initially described by
Trombly and TappelX5) was used with the following modifications:

subjected to tandem MS first proposed by Roepstorff and Fohlman
(17) is given inFigure 1C.

GC-MS. A 100 mM concentration of pentanal was dissolved in 96%
ethanol before dilution into phosphate buffer, pH 6.8, resulting in 10%
ethanol in the final sample that was measured using headspace GC-
MS. A 100uL amount of sample was prepared in a 12.5 mL vial and
sealed with Teflon before incubation at 3. The headspace was
analyzed for volatile compounds using a StableFlex Divinylbenzene/
Carboxen/PDMS solid phase microextraction (SPME) fiber with a film
thickness of 3@«m from Supelco (Bellefonte, PA), which was incubated
for 2 min in the headspace of each sample. Desorption of the sample

Excitation was performed at 345 nm, and emission spectra were from the fiber was performed into the inlet of a STAR 3400cx Varian

obtained from 370 to 500 nm using a LS 50B spectrofluorometer from
Perkin-Elmer (Beaconsfield, England). Excitation was performed with
a Xenon discharge lamp, and a photomultiplier with a modified S5

GC (Walnut Creek, CA) that was equipped with a 122-3232, DB FFAP
(J&W Scientific, Folsom, CA) with the dimensions 0.25 mm i.d., 0.25
um silica film, 30 m. Helium was used as the carrier gas with a constant

response measured emission. The bandwidth was 5 nm. The firstpressure of 103461 N/through the column. The 1078 split/splitless

emission spectrum was obtained approximately 1 min after addition

injector was kept at 256C. A Restek open low volume liner with an

of the peptide to the pentanal solution. Emission spectra were obtainedinner diameter of 0.75 was applied. The column temperature was

over a period of approximately 1100 min. The rates of increase in
emission intensities were calculated for the linear part of the sigmoid
curves.

Mass Spectrometry (MS).Mass spectra were obtained on a MALDI
Tandem TOF Mass Spectrometer, Ultraflex TOF-TOF from Bruker
Daltonics GmbH (Bremen, Germany). All spectra were obtained in
positive reflector mode using an accelerating voltage of 20 kV. All
samples were incubated at 32 for approximately 24 h and measured
as a function of incubation time. Custom-made chromatographic

programmed from 35 to 100C with a rate of 100C/min and from 100

to 240 °C with a rate of 3.5°C/min. Mass spectral analysis was
performed in the mass range-58500nvz on a SATURN 2000 lontrap
Varian MS with a temperature of 20@€ and a fragmentation voltage

of 70 eV. The temperature of the manifold was €0 Integration of

the peak that corresponded to a reaction product between two pentanal
molecules with the elimination of water was performed by SaturnView
Version 5.52 from Varian. Tentative identification of the compound
was performed applying NIST Mass Spectral Search Program version

columns were used for concentration and desalting of the peptide 1.7.

solution prior to mass spectrometric analydi)( A column consisting

of 100—300 nL of Poros 50 R2 was equilibrated with 20 of 0.1%
TFA before 5uL of sample was accumulated at the column. The column
was washed with 5@L of 0.1% TFA and finally eluted directly on
the MALDI target with a solution of saturated-cyano-4-hydroxy-
cinnamic acid in 70% acetonitrile and 0.1% TFA and dried before

RESULTS

The formation of fluorescence products was studied over time
during incubation of the oligopeptides with different concentra-
tions of pentanal. The excitation and emission spectra for the
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1.5e+7 A 5 1.2e+8 with an original mass of 86, after Schiff base condensation
= £ reaction with peptide leading to loss of M¥zdue to splitting
2 8.0e+7 3% of water. The ions corresponding to binding of three (1%
s B .
g 12e+7 3t or four (1225m/z) pentanal molecules to the peptide were,
n 40e+7 £8 however, not the dominant ion masses in the spectrum. Instead,
< 2 two prevalent ions withm/zof 1155 and 1223 were detected,
9.06+6 0.0 and it is proposed that these ions reflect binding of three and
330 340 350 360 400 450 500 four pentanal molecules, respectively, to the peptide, where two
Wavelength [nm] Wavelength [nm] hydrogens were eliminated. The same elimination of two

hydrogen atoms was also seen for the peptide VHFFKNIVTARTP
(original m/z1529) after binding of three (1738/z) and four
(1800m/z) pentanal molecules (Figure 4B). Furthermore, for
peptide VHFFKNIVTARTP, the modified forms with one or

peptide PTHIKWGD are shown iRigure 2A,B, respectively. two attached molecules of pentanal were also seen, correspond-
In agqueous solution at pH 6.8 and in the presence of 10% of ing to m/zvalues of' 1598 and 1666 (Figure 4B). Further ion
ethanol, an excitation maximum was observed between 340 andN@SSes were seen in both mass spectra, and they were all found

350 nm for both oligopeptides, while the emission spectra had 0 correspond to addition of oxygen or sodium. As no ion masses
maxima between 410 and 420 nm, corresponding to blue Were observed between 1900 and 2450 (m/z) for PTHIKWGD

fluorescent light. A kinetic study was carried out with the ©OF between 3000 and 3600m(z) for VHFFKNIVTARTP,
duration of 1100 min, where emission spectra were collected N€ither of the two peptides seemed to form intermolecular cross-
every 100 min for peptide PTHIKWGD after incubation of linkages after incubation with pentanal.
different molar ratios of peptide:pentanal (1:100, 1:75, 1:50, The dominating ions (953, 1021, 1155, and 128&) that
and 1:10). The development in fluorescence after incubation of were identified by MALDI TOF for peptide PTHIKWGD were
the peptide PTHIKWGD (1 mg/mL) in the presence of 100- further analyzed by MALDI TOF-TOF to identify the positions
fold molar excess of pentanal is showrFiigure 3A. Increments of the modifications with pentanal (Figure 5A—D). A MS-MS
in fluorescence intensities at 415 nm calculated from the spectrum of the unmodified peptide is giverHigure 5A, with
emission spectra irFigure 3A showed a sigmoid curva- the most dominant ion masses being identified as b ions and a
ture (Figure 3B). Sigmoid curvatures were also seen for ions according to the fragmentation pathway giverkigure
PTHIKWGD incubated with 10, 50, and 75 molar excess of 1C. The ion masses of the b ions and their corresponding a
pentanal (Figure 3B). Similar results were found for the reaction ions are given to the right of the spectra. According to a shift
of VHFFKNIVTARTP incubated with 100-fold molar excess of 68 (m/z) in b ions and their corresponding a ions, it was
of pentanal (data not shown). The rate of the reaction betweenshown that the specific binding of one pentanal molecule to
aldehyde and peptide was determined as the linear part of thethe peptide (m/2021) was initially obtained at the amino-
sigmoid curves, as indicated by the lineFigure 3B to describe terminal proline residue of the peptide PTHIKWGD (Figure
the rate of fluorescence development. These reaction rates weréB). Analysis of the iorm/z1155 indicated that the dominant
found to follow first-order kinetics with regard to the concentra- species was the peptide modified by binding of one pentanal
tion of pentanal (Figure 3C). molecule at the amino terminal proline residue and two
The reaction products formed in the reaction between the molecules of pentanal attached to lysifégire 5C). B ions
oligopeptides and the pentanal were further studied by MALDI from a species with three pentanal molecules bound at the lysine
TOF MS to gain information on the masses of the reaction residue were also seen, but sequencing of this species could,
products. Apart from the mass of the unmodified model peptide however, not be obtained further than to the lysine residue, and
of 953 m/zfor PTHIKWGD, four further mass peaks at 1021, the intensities of the ions were rather limited (ions not indicated).
1089, 1155, and 1228&vVz were seen in the mass spectrum Sequencing of the species with one pentanal molecule bound
(Figure 4A). The expected masses of reaction products for at the amino terminal proline and two at the lysine residue could
binding one, two, three, or four molecules of pentanal would be performed throughout the whole sequence, thus indicating
be 1021, 1089, 1157, and 1225, respectively, with steps of 68this to be the superior species of the ion witfiz of 1155.
m/z. This mass of 68 corresponds to the mass of bound pentanal Analysis of the fragmentation pattern of the ion (122%z)

Figure 2. Excitation (A) and emission spectra (B) obtained for the peptide
PTHIKWGD after 24 h of incubation with pentanal at a molar ratio of
1:100 at 37 °C and pH 6.8.
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Figure 3. (A) Emission spectra obtained over time with 100 min interval for 1 mg/mL PTHIKWGD incubated at pH 6.8 with a molar excess of pentanal
(1:100) after excitation at 345 nm. Time is indicated by an arrow. (B) Emission intensities obtained at 415 nm increased over time and showed a sigmoid
curved for molar excess of pentanal 4 (1:100), M (1:75), ¥ (1:50), and @ (1:10), respectively (y-axis as in A). (C) Dependence of pentanal concentration
obtained as rates from the linear part of the sigmoid curves as indicated in B. The measurements were carried out in triplicate. Standard derivations are
indicated as bars.
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1.2e+4 1
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5 8.0043 | 168 +68  +66 +68 PTHIKWGD: 953.4 miz

2 6.06+3 | 1021.4 PTHIKWGD +1 Pentanal: 1021.4 m/z
4.0e+3 A 1155.6 PTHIKWGD + 2 Pentanals: 1089.56 m/z
2.0e+3 1 984 | | 10895 L, PTHIKWGD + 3 Pentanals: 1155.6 m/z
0.0 ] B - PTHIKWGD + 4 Pentanals: 1223.6 m/z
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Figure 4. MALDI TOF mass spectra of (A) 1 mg/mL PTHIKWGD and (B) VHFFKNIVTARTP after incubation with pentanal in the molar ratio of 1:100
for 24 h at pH 6.8. The ion masses in A correspond to the unmodified PTHIKWGD (953 m/z) and the peptide with one (1021 m/z), two (1089 m/z), three
(1155 mlz), and four (1223 m/z) pentanal molecules bound to it. In B, the ion masses at 1530 (m/z), 1598 (m/z), 1666 (m/z), 1732 (m/z), and 1800 (m/z)
correspond to the peptide mass of VHFFKNIVTARTP and the peptide modified with one, two, three, and four pentanal molecules, respectively.

indicated that the first of the four pentanal molecules was located findings indicate that the peptide species with one pentanal
at the amino-terminal proline and the last three were bound to molecule attached to the amino-terminal proline residue and two
the lysine residueRigure 5D). The most dominating ion mass additional pentanal molecules bound to the lysine residue binds
(1084m/z) in the MS-MS spectrum could unfortunately not be a further pentanal molecule. This reaction results in a product
identified, neither as b, a, nor y ion. with three pentanal molecules bound to thamino group of

The relative intensities of the ions corresponding to addition lysine plus one pentanal molecule bound at the amino-terminal
of 1—4 pentanal molecules to peptide PTHIKWGD (witfiz proline.
values of 1021, 1089, 1155, and 1223, respectively) obtained As MS measurements indicated binding of up to four pentanal
by MALDI TOF were followed over time in an attempt to  molecules per peptide molecule, and TOF-TOF measurements
describe the development of the identified peptide modifications indicated that three pentanal molecules were located at the lysine
(Figure 6). It is well-known that peak intensities of different residue of the peptide PTHIKWGD, it was of interest to study
ions are not quantitatively comparable in MALDI TOF due to whether pentanal itself underwent any self-condensation reaction
differences in ionizations of different ions. Therefore, the relative before reaction with the lysine residue of the peptide. GC-MS
ion intensities were calculated at each time point, which permits was therefore applied for investigation of the possibility of aldol
analysis of the development in the amount of each ion, provided condensation reaction of pentanal to occur. The results of the
that each of the individual ions ionizes at the same level at eachGC-MS investigation indicated that pentanal itself went through
time point. The data therefore can be used in interpretation of aldol condensation. This was suggested from the molecular ion
the development in the prevalence of each ion but cannot bemass of 154n/z, and searching the NIST library indicated that
used for comparison between different ions. According to this pentanal self-condensation resulted in the formation of 2-propyl-
analysis, the intensity of the ion describing binding of one 2-heptenal. The concentration of this compound increased during
pentanal to the amino terminal prolinefz 1021) was formed incubation at 37C and pH 6.8 for 1200 minFigure 7). The
instantaneously and declined very quickly. The ion, which structure of the aldol condensation product includes two reactive
corresponds to the binding of two pentanal molecutef of sites, an aldehyde and a double bond, making more reactions
1089), was low in intensity at all times. In contrast, the ion and cross-linkages possible. Neither of the ion masses seen by
indicating binding of three pentanal molecules/% of 1155) MALDI TOF did, however, indicate introduction of peptide
was rather intensive at the beginning of the analysis, and thecross-linkages after reaction with pentanal.
intensity declined within the first 200 min, then it increased
somewhat before it became rather constant. The ion correspondPISCUSSION
ing to binding of four pentanal moleculesVg of 1223) showed The emission maximum was identified at 415 nm after
an opposite progress as compared to the ion with three pentanaéxcitation at 345 nm, and the location of the excitation maximum
additions, thus increasing for the initial 122000 min. These between 340 and 350 nm was identified after incubation of



Modification of Oligopeptides with Pentanal J. Agric. Food Chem., Vol. 54, No. 17, 2006 6371

A 336.429

srsss LA
2050099

953475
=220

PT/H/1/K /W/G /D

bions: 199.4 3364 4495 5775 7635 8205  9535*
adions - 3084 4215 - 7355 7925
B
strses sds8e2
166,384 404.537
831619
888.619
l [ l b-ons: 1664 267.5 4045 517.6 6456 831.6 8886 1021.6*
ST (T I PN P Y T O TP L adions: 1384 2305 3766 489.6 577.6 8037 -
C
1153.490
1022.624
336.439
267.495 PGWM pen VE/—E
I l 1 ‘—°"|ﬂm sasgn 50| J bions: 1664 267.4 4044 517.3 7794 10402 1155.7*
AR i hdesdailn adons: 1384 2394 3764 - 7516 10222
1090.937
D
166.378 404614 1223.808
267496 517671 PeWM K+3 pen VV_G/E
36478 11864 847867 bions: 1664 2674 4045 5177  847.9 10909 12238"
adions: 1384 2395 3766 4897 8199 1063.0
2[‘)0 i 4(‘)0 N 6“)0 N 8“)0 i 10‘00 N 12‘00

miz
Figure 5. MALDI TOF-TOF performed on the peaks obtained by MALDI TOF in Figure 4. Only the b ions are indicated in the spectra at the left of the
figure. Amino acids single letter codes are given for the sequence of PTHIKWGD at the right part of the figure with masses corresponding to the a and
b ions found in the MS-MS spectra. Binding of pentanal is indicated as “pen”. a and b ions are indicated according to the fragmentation pattern first
suggested by Roepstorff and Fohlman (17). (A) Unmodified peptide (PTHIKWGD) with a molecular mass of m/z 953. (B) Binding of one pentanal
molecule to PTHIKWGD corresponding to a molecular mass of m/z 1021. (C) Binding of three pentanal molecules to PTHIKWGD corresponding to a
molecular mass of 1155 (m/z). (D) Binding of four pentanal molecules to PTHIKWGD corresponding to a molecular mass of 1223 (m/z).
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Figure 6. Relative ion intensities after binding of ® (4), v (3), W (2), ®
(1), and A (0) pentanal molecules to the oligopeptide PTHIKWGD as
measured by MALDI TOF after incubation of 1 mg/mL peptide with a
molar excess of pentanal (1:100) at pH 6.8 and 37 °C. The amount of

Figure 7. Aldol condensation of pentanal measured with headspace GC-
MS over time. A 100 mM concentration of pentanal was incubated at pH
6.8 and 37 °C over a period of 0—1200 min. The increment in the area
of the molecular ion (154 m/z), whose mass corresponds to reaction
between two pentanal molecules with elimination of water, was followed

each ion species was calculated as relative peak intensities at each time
point. The measurements were performed as four true replicates, and
standard derivations are given as bars.

with a 2 h interval for the period 0—1200 min. SIM, selected ion monitoring.

between the peptide (PTHIKWGD) and the pentanal in relation
to the concentration of pentanal. The linear dependence on the
pentanal with either of the two model peptides PTHIKWGD or concentration of pentanal illustrates that fluorescence spectros-
VHFFKNIVTARTP in the presence of 10% ethanol at pH 6.8. copy is a suitable method for the detection of modification of
These findings are in agreement with earlier reported results peptides with pentanal or pentanal-derived products. The
after reaction betweegtamino groups of lysines and pentanal fluorescence spectroscopy is, however, unspecific, and the
in 80% methanol at pH 7.A.8). The fluorescence spectroscopy particular reaction products should therefore be identified by
measurements revealed first-order kinetics for the reaction other means, e.g., by comparison of fluorescence spectroscopy
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A H,0 strongly modified, and it is believed that the observed 2-alkenal-
2 o~~~ 1L o (2-propyl-2-heptenal) and the-amino group of lysine react
through the formation of a Schiff base.

As mentioned, Schiff base formation between the formed
2-alkenal would be expected to yield an increase in mass of
B H,0 136. The predominant ion mass corresponds, however, to an
e S ! . increase of 134m/z, hence suggesting elimination of two
: Ny - 2H hydrogen atoms. Schiff base formation between 2-alkenal,
A/\§¥ 2-propyl-2-heptenal, and amino groups was suggested to be the
initial reaction followed by an oxidation with the formation of
the ring structure and loss of two protons9§. Pyridinium
adducts were further suggested to be the primary ring structure
in modification of primary amines with 2-alkenals in the ratio
1:3 (19), which agrees with the higher stability of a ring structure
as compared with an aliphatic chain. Formation of pyridinium
salt was, however, not identified as fluorophore in a system
including butanal and methylamine (13). In this study, still two
hydrogen atoms were eliminated according to the MS results.

. o We propose the elimination of two hydrogen atoms to be due
data with MS results. The MALDI TOF analysis indicated that to introduction of a double bond, when 2-propyl-2-heptenal was

the reaction between the amino-terminal proline of PTHIKWGD bound to the--amino group of lysine. The molecule will obtain

and one pentanal molecule was obtained almost mstantaneouslyt.he highest structural stability if a double bond was introduced

The observed ion mass was in agreement with a condensatior}n conjugation with the other two; therefore, a possible structure
reaction with increments of 681/z, and thus, a Schiff base is Jug ' ap

suggested to have been formed between the amino-terminalOf the dlalkylate_d Iysme_ IS s_uggested to t_)e as showrgure
8B. It would be interesting, in future studies, to solve the exact

proline of PTHIKWGD and the one pentanal molecule. Binding structures of these adducts with additions of either three or four

of pentanal to the amino terminus prior to binding to4keamino entanal molecules by, e.a. NMR. This would require prenara-
group at the lysine residue is in agreement with the findings of pent . Y, €.9., : q prepa
Stapelfeldt and Skibstedi?). No appreciable changes were tive isolation of the different adducts. An attempt of separation
observed in the fluorescence intensities during the first 200 min; of PTHIKWGD + three molecules of pentanal and.PTHIK\.NGD.
+ four molecules of pentanal by HPLC was carried out in this

therefore, binding of one pentanal molecule at the amino wdv. butit i Dle | hands. to achi i
terminal proline is not believed to contribute to the increase in study, but it was not possiblé, in our hands, o achieve separation
of these adducts (results not shown).

fluorescence intensities observed later in the kinetic study. A _ i : » _
more likely fluorophore includes the aldol condensation product _ The relative ratio of the intensities obtained from the MALDI
of two pentanal molecules, 2-propyl-2-heptenal, due to the TOFin the present study, however, illustrates that the only ion
presence of conjugated double bondSig(re 8A). This increasing in intensity during the entire incubation period was
condensation product formed in the pentanal solution was the one related to the peptide modified with four pentanal
identified by headspace GC-MS. Thus, the formation of the molecules: three pentanal molecules bound to the lysine residue
oligopeptide species with two or three pentanal molecules boundand one at the amino terminal proline, hence indicating this
to the lysine residue results in formation of potential fluoro- could be the adduct responsible for the fluorescence detected.
phores. An aldol condensation reaction has earlier been observed\n earlier study described that both Phel and Lys29 of the B
in a study with 1-butanal and polylysine)(&nd it was reported  chain of insulin were dialkylated by hexanal adducts (20). The
that the reaction between the polylysine and the aldol condensa-dialkylation of the lysine residue of insulin B chain in that study
tion product 2-ethyl-2-hexenal yielded higher fluorescence agrees with the binding of 2-propyl-2-heptenal representing a
intensities than the reaction between polylysine and butanal. dialkylation of the lysine residue. The amino terminal proline
Cross-linkages in protein structures have been proposed to beof PTHIKWGD was, however, only modified with one pentanal
due to reactions between the protein amino groups and themolecule and the lysine with up to three pentanal molecules.
butanal and its aldol condensation product, 2-ethyl-2-hexenal Besides binding of the aldol condensation product, one ad-
(9). ditional pentanal was found to bind to the lysine residue. Apart
The finding that the pentanal solution can undergo aldol from condensation of two molecules of pentanal, as shown by
condensation reaction, resulting in the formation of 2-propyl- GC-MS, no higher pentanal condensation adducts were detected
2-heptenal, makes more reactions in the polypeptide side chaindy additional investigations using GC-MS with liquid injection
possible, due to the presence of both an aldehyde group as wellresults not shown). This indicates that the third pentanal
as of a double bond in the condensation product. Michael molecule binds either to the unmodified lysia@mino group,
addition was found after lysine reaction with 2-pentenal and followed by binding to the aldol condensation adduct, or to the
2-hexenal (18), and as mentioned above, Schiff base formationalready formed 2-propyl-2-heptenal-modified lysine residue. The
is possible between lysine and any aldehyde. Michael addition loss of two hydrogen atoms was observed for both the ion
should, however, yield an increase in ion mass of 154 as masses corresponding to binding of three and of four pentanal
compared with an increase in the ion mass of 136 in Schiff molecules. These results indicate that the third pentanal is able
base formation due to the loss of water (b®&) in the Schiff to bind thee-amino group, which already has been modified
base formation, which is not lost by Michael addition. No peaks by the 2-alkenal. As the mass peak, which corresponds to
were seen corresponding to a mass increase ofda4and as  binding of one pentanal molecule at the lysine resic@ {089,
no further cross-linking was detected by MALDI TOF, Michael assuming that one is already bound at the amino terminal
addition is not believed to give a rise to fluorescence in the proline), was almost nonexistent, the following reaction mech-
system applied in this study. The lysine residue was, however, anism is suggested

Figure 8. (A) Schematic representation of reaction product formed by
aldol condensation of two pentanal molecules. (B) Suggested structure
of the peptide species formed as a result of Schiff base formation between
the lysine and the product obtained from the aldol condensation reaction
in A. The elimination of two protons is suggested to occur and being
introduced in conjugation with the others to obtain the highest structural
stability of the molecule.
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k_
A+ Pk=:*11 PA (1)
ko,
A+A==A )
2 ks 2
A+ PA=—=A’PA (3)
A+ AZPAT A’PA (4)

2A A2 A

AZ+PA AZPA —>— AIPA

P+A

PA

where A is pentanal, P is the peptide, PA is the amino terminal
bound to one pentanal molecule? & the aldol condensation
product, ZPA is the peptide modified with the aldol condensa-
tion product at the lysine residue and one pentanal molecule
bound to the amino terminal proline, andPA is the peptide
modified with a third pentanal molecule at the lysine residue.
Taken together, it is suggested that the specigRAA(the

peptide modified with three pentanal molecules bound at the
lysine residue and one at the amino terminal proline) is the
fluorophore of the model systems applied in this study.
Application of fluorescence spectroscopy for the detection of
Schiff bases in food systems may therefore not reflect a direct

reaction between saturated aldehydes and proteins/peptides but

rather be due to products as a result of a combination of aldol
condensation and Schiff base formation.

ABBREVIATIONS USED

GC, gas chromatography; MALDI TOF, matrix-assisted laser
desorption/ionization time-of-flight; MS, mass spectrometry;
PTHIKWGD, NH,-proline-threonine-histidine-isoleucine-lysine-
tryptophan-glycine-aspartic acid-OH; SPME, solid phase mi-
croextraction; TFA, trifluoroacetic acid; VHFFKNIVTARTP,
NH,-valine-histidine-phenylalanine-phenylalanine-lysine-aspar-
agine-isoleucine-valine-threonine-alanine-arginine-threonine-
proline-OH.
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