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Zur Rolle freier Aminosfiuren der Hefe als Vorlfiufer 
der Weil}brotkrustenaromastoffe 2-Acetyl-l-pyrrolin 
und 2-Acetyltetr ahydropyridin 

Zusammenfassung. Wit konnten kiirzlich zeigen, dab die 
B~ickerhefe eine entscheidende Quelle von Vorl/iufern zur 
Bildung der R6staromastoffe 2-Acetyl-l-pyrrolin (AC- 
PY) und 2-Acetyltetrahydropyridin (ACTPY) in der 
Weigbrotkruste ist. Um die Rolle freier Aminos/iuren der 
Hefe ffir die Bildung beider Geruchsstoffe zu untersu- 
chert, wurden die Konzentrationen der in Hefe vorliegen- 
den Aminos/iuren bestimmt. Elf Aminos/iuren, deren 
Konzentrationen 60 mg/100 g Trockenhefe iiberstiegen, 
wurden in Modellversuchen mit 2-Oxopropanal umge- 
setzt und die freigesetzten Mengen von ACPY und 
ACTPY fiber eine Isotopenverdiinnungsanalyse be- 
stimmt. ACPY wurde sowohl aus Prolin als auch aus Or- 
nithin freigesetzt, w/ihrend ACTPY ausschlieglich aus 
Prolin entstand. Aus den fibrigen Aminos/iuren wurden 
die beiden Aromastoffe nicht gebildet. Weitere Versuche 
ergaben, dab die Bildung von ACPY aus Ornithin fiber 
4-Aminobutyraldehyd und 1-Pyrrolin als Intermediate 
erfolgt. Die Menge an freiem Ornithin in der Hefe war 
mehr als dreimal so grog wie die des freien Prolins. Wei- 
terhin erh6hten Zus/itze von Prolin bzw. Ornithin zu 
Weizenteigen die Konzentrationen von ACPY in der 
Kruste um den Faktor 2 bzw. 4. Die Daten liegen den 
Schlug zu, dag Ornithin der wichtigste Vorl/iufer zur Bil- 
dung von ACPY beim Backen ist. 

Summary. Recently we established bakers' yeast as a po- 
tent source of precursors for the roast-smelling odorants 
2-acetyl-l-pyrroline (ACPY) and 2-acetyltetrahydro- 
pyridine (ACTPY) in wheat bread crust. To reveal their 
role in the formation of both odorants, the concentra- 
tions of free amino acids occurring in baker's yeast were 
determined. The 11 amino acids present in concentrations 
above 60mg/100g dry yeast were separately reacted 
with 2-oxopropanal in model solutions and the amounts 
of ACPY and ACTPY formed, determined by a stable 
isotope dilution assay (SIDA). ACPY was formed from 

proline and ornithine, while ACPTY was exclusively lib- 
erated from proline. The remaining amino acids were in- 
effective. Further experiments revealed that the forma- 
tion of ACPY from ornithine proceeds via 4-aminobutyr- 
aldehyde and 1-pyrroline as intermediates. The amount 
of free ornithine in yeast was more than three times the 
amount of free proline. Furthermore, additions of either 
proline or ornithine to wheat doughs enhanced the 
amounts of ACPY in the bread crust by a factor of two 
or four, respectively. The data led to the conclusion that 
ornithine is the most important precursor for the forma- 
tion of ACPY during baking. 

Introduction 

In previous investigations [1-3] 2-acetyl-l-pyrroline 
(ACPY) was established as the most important roast- 
smelling odorant of wheat bread crust. Recently it was 
shown (unpublished results) that 2-acetyltetrahydro- 
pyridine (ACTPY), identified in wheat bread crust 
by Hunter et al. [4], also contributed with a somewhat 
lower odor unit (ratio of concentration to odor 
threshold) to the roasting odor of wheat bread crust. In 
the crust of a model bread prepared from a dough with- 
out yeast addition [5], the odor unit of both flavor com- 
pounds was significantly lowered compared to the crust 
from a yeasted dough. Further experiments [5] under- 
lined the important role of bakers' yeast as a source of the 
precursors in the formation of ACPY and ACTPY: boil- 
ing a fraction of water-soluble, low molecular mass com- 
pounds prepared from disrupted bakers' yeast resulted in 
significant amounts of both odorants. 

ACPY and ACTPY were identified as minor reaction 
products in thermally degraded proline/carbohydrate 
model mixtures [6]. In quantitative studies on ACPY and 
ACTPY formation, we recently corroborated [5, 7, 8] the 
outstanding role of proline as precursor of both flavor 
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compounds in bread crust. The data revealed that the 
reaction between proline and dihydroxyacetone phos- 
phate (or its thermal degradation product 2-oxopropanal 
[5] inside the yeast cells is a key step in the formation of 
ACPY and ACTPY during baking. ACPY was shown to 
be formed via 1-pyrroline as intermediate [8]. 

Relatively high levels of free amino acids are present 
in bakers' yeast [9]. Besides proline, the rare amino acids 
4-aminobutyric acid and ornithine were identified [9]. Re- 
cently it was shown [10] that cultivation of yeast in the 
presence of sodium chloride significantly increased the 
amounts ofintracellular free basic amino acids (e.g. orni- 
thine, citrulline, arginine). 

The following investigations were undertaken to re- 
veal the role of free amino acids present in yeast in the 
formation of ACPY and ACTPY during baking. 

Experimental procedures 

Materials. Bakers' yeast (water content 69%) and wheat flour (type 
550) were purchased from a local bakery. The following compounds 
were obtained commercially: L-ornithine HC1, L-arginine, L-lysine 
and L-proline (Sigma, Munich, FRG). 2-oxopropanal (methyl- 
glyoxal; 40% solution in water) and 4-aminobutyraldehyde diethyl- 
acetal (Aldrich, Steinheim, FRG). 4-Aminobutyraldehyde was lib- 
erated from its diethylacetal by boiling in 5% aqueous HzSO 4 and, 
after neutralization with 20% aqueous sodium hydroxide, used im- 
mediately. Deuterated 2-acetyl-l-pyrroline ([2H]-ACPY) was syn- 
thesized as described in [2]; the synthesis of deuterated 2-acetyltetra- 
hydropyridine ([2H]-ACTPY) will be reported shortly (unpublished 
results). Solvents were purified according to [11]. 

Preparation ofl-pyrroline. 1-Pyrroline was prepared as described in 
[12] using some modifications: proline (2.5 g), dissolved in 50 ml 
water, was added to 70 ml of an aqueous solution of sodium meta- 
periodate (0.3 tool/L) and the mixture stirred for 2 h in the dark at 
room temperature. The pH was adjusted to 10.5 with aqueous 
sodium hydroxide (80 g/L) and the solution, after addition of 25 g 
NaC1, extracted repeatedly with a total volume of 120 ml diethyl 
ether. The extract was washed with 50 ml of a saturated aqueous so- 
lution of NaC1 and, after drying over anhydrous NazSO4, concen- 
trated to 2 ml on a Vigreux column (60 cm • 1 cm) at 37 ~ C. The 
concentrate was placed on the top of two water-cooled glass col- 
umns (20 cmx 1 cm), packed with a slurry of neutral alumina (deac- 
tivated with 10% water, by mass) in pentane. After flushing with 
50 ml pentane, the l-pyrroline was eluted with 100 ml pentane/di- 
ethyl ether (1 + 1, by vol.). The pyrroline was characterized by its 
MS/EI [m/z (%): 41 (100); 69 (68); 42 (40); 68 (30)] which is in agree- 
ment with data reported in the literature [13]. The amount of 1-pyr- 
roline was calculated gas chromatographically using pyrimidine as 
internal standard. 

Model reactions. Each of the amino acids given in Table 1 was dis- 
solved in 100 ml phosphate buffer (0.1 mol/L; pH 7.0) containing 2- 
oxopropanal (0.1 mmol) and then boiled at backflush for 2 tl. After 
cooling, each solution was spiked with 20 p.g [2H]-2-acetyl-l-pyrro- 
line and 30 ~tg [2H]-2-acetyl-tetrahydropyridine, dissolved in 1 ml 
diethyl ether, and extracted repeatedly with a total volume of 140 ml 
diethyl ether. The organic layer was washed with 100 ml saturated 
NaC1 solution and, after drying over anhydrous Na2SO4, concen- 
trated to 250 Ixl by microdistillation [11]. In another series of experi- 
ments (cf. Table 2) 250 Ilmol l-pyrroline, 4-aminobutyraldehyde or 
4-aminobutyric acid were reacted with 250 ~tmol 2-oxopropanal, 
and the ACPY formed was isolated as described above. 

Baking experiments. A dough was prepared from 500 g wheat flour, 
30 g yeast, 20 g sucrose, 10 g NaC1 and 270 ml water using a knead- 
ing machine (type UM 12, Stephan, Hameln, FRG). Mixing time was 
60 s at 1500 rpm. After dough fermentation (60 min), additions were 
made as follows: a small piece of dough (about 80 g) was taken off, 
spiked with a solution of 1 mmol amino acid and 1 mmol fructose 
in 5 ml phosphate buffer (pH 7.0; 0.1 mol/L; cf. Table 4) and then 
extended into a thin plate. The remaining dough material was made 
up to a loaf, covered with the thin dough plate and baked for 10 min 
at 190~ followed by 20 min at 160~ (baking oven type B4; 
Wiesheu, Affalterbach, FRG). Immediately after baking, the 
amino-acid-enriched part of the crust (about 120 g) was peeled off, 
frozen in liquid nitrogen, then ground in a commercial blendor and 
extracted with dichloromethane [2]. The extract obtained was spiked 
with 25 gg [ZH]-2-acetyl-l-pyrroline and the volatile material iso- 
lated by sublimation in vacuo [2]. 

Quantitative measurements. The amounts of ACPY and ACTPY 
were determined by a stable isotope dilution assay (SIDA) using 
deuterated internal standards as detailed for ACPY in [2]. Bread ex- 
tracts were separated by column chromatography prior to mass 
chromatography [2]. The ACPY was measured in combined frac- 
tions D and E, the ACTPY was determined in fraction C. Extracts 
from model experiments were analyzed without separation by col- 
umn chromatography. 

Capillary gas chromatography (HRGC) mass spectrometry (MS). 
Mass spectrometry was performed using an ion trap detector (ITD 
800; Fa. Finnigan, Bremen, FRG) in the chemical ionization mode 
with methanol as reactant gas. The following ions were selected for 
quantification (cf. [2]): ACPY (m/z 112), [2H]-ACPY (m/z 114-118), 
ACTPY (m/z 126), [ZH]-ACTPY (m/z 128-132). The samples 
(0.5 p.1) were applied by the on-column injection technique at 35 ~ C 
on a fused silica capillary (25 cm x 0.25 ram, CP-wax-51 for amines; 
Fa. Chrompack, Miillheim, FRG) coupled to the ITD. The temper- 
ature was raised by 40 ~ C/min to 60 ~ C, 2 min isothermally, and 
then raised by 6 ~ C/min to 220 ~ C. Helium (2 ml/min) was used as 
carrier gas. 

Results 

Determination of free amino acids in yeast. A slurry of 30 g yeast, 
110 g glass powder (0.15~0.30 mm, Roth, Karlsruhe, FRG) and 
7 ml phosphate buffer (0.I mol/L; pH 7.0) was treated for 15 rnin in 
a cell mill (Biihler, Switzerland). The resulting suspension was fil- 
tered (black ribbon paper filter; Schleicher-Schiill, Dassel, FRG), 
centrifuged for 30 min (4 ~ C) at 18000 rpm (40000xg) and the 
supernatant filtered over an ultrafiltration membrane (Diaflo ultra- 
filter type YM 2:M cut off 1000; Amicon, Witten, FRG). In the fil- 
trate the amino acids were determined using post-column derivati- 
zation with ninhydrin (amino acid analyzer type 5001; Biotronic, 
Munich, FRG). Identification and calibration was performed using 
reference amino acids. 

In a yeast extract which was previously shown [5] to libe- 
rate ACPY and ACTPY after heat treatment, the concen- 
trations of free amino acids were determined. As shown 
in Table 1, 11 amino acids amounted to concentrations 
above 60 mg/100 g dry yeast. Proline was present in a 
concentration of 89 mg/100 g dry yeast. Each of the ami- 
no acids was separately reacted with 2-oxopropanal and 
the amounts of ACPY and ACTPY determined. As de- 
tailed in Table 2, the reactions of proline and ornithine 
with 2-oxopropanal resulted in nearly identical amounts 
of ACPY (cf. expts 1 and 2, Table 2): Replacement of 2- 
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Table 1. Concentrations of free amino acids in an aqueous yeast 
extract a 

Amino acid Concentration 
(mg/100 g dry yeast) 

Glutamic acid 1290 
Alanine 457 
Ornithine 318 
Histidine + 4-aminobutyric acid 277 
Aspartic acid 223 
Threonine 156 
Serine 140 
Lysine 129 
Arginine 111 
Valine 97 
Proline 89 

" Concentrations >60 rag/100 g dry yeast are 

Table 2. Amounts of 2-acetyl-l-pyrroline and 
pyridine formed in amino acid/2-oxopropanal 

reported 

2-acetyltetrahydro- 
model solutions 

Expt Amino acid 2-Acetyl-1-  2-Acetyltetra- 
pyrroline (~g) hydropyridine (l~g) 

1 Ornithine 43 < 0.3 
2 Proline 41 160 
3 Ornithine 53 < 0.3 
4 Proline < 0.3 478 
5 Ornithine 0.5 < 0.3 
6 Lysine < 0.3 < 0.3 

In expts 1, 2, and 6, the amino acid (4mmol), dissolved in 100ml 
phosphate buffer (0.1 mol/L; pH 7.0), was reacted with 2-oxo- 
propanal (0.1 mmol). In expts 3, 4, and 5, 2-oxopropanal was 
replaced by fructose (2 mmol); in expt 5, the phosphate buffer was 
replaced by malonate buffer (0.1 mol/L, pH 7.0) 

Table 3. Amounts of 2-acetyl-l-pyrroline formed from 4-amino- 
butyraldehyde, 1-pyrroline or 4-aminobutyric acid in the presence 
of 2-oxopropanal 

Expt Nitrogen compound 2-Acetyl-l-pyrroline (gg) 

1 4-Aminobutyraldehyde 125 
2 1-Pyrroline 562 
3 4-Aminobutyric acid < 0.3 

The nitrogen compound (0.25 mmol), dissolved in 100 ml phosphate 
buffer (0.1 mol/L; pH 7.0), was boiled for 2 h after addition of 2- 
oxopropanal (0.25 mmol) 

oxopropanal by fructose slightly enhanced the amounts 
of  ACPY formed from ornithine (cf. expts 1 and 3). 
In contrast, in the proline/fructose solution, no ACPY 
was formed (expt4). The presence of  phosphate was 
essential for ACPY formation in the ornithine/fructose 
solution. Replacement of  phosphate by malonate drasti- 
cally lowered the amounts of  ACPY to 1% (cf. expts 3 
and 5, Table 2). 

F rom proline ACTPY also was formed (expts 2 and 
4, Table 2). Its concentration was four times that of  AC- 
PY when proline was reacted with 2-oxopropanal 
(expt 2, Table 2), In contrast, ornithine/2-oxopropanal 
did not produce ACTPY (cf. expts 1 and 2, Table 2). The 
formation of  ACTPY from proline was enhanced by a 

K'" 
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Fig. l A, B. HRGC chromatograms of the volatile fractions isolated 
from aqueous mixtures of ornithine/fructose (A) and proline/ 
fructose (B) boiled for 2 h in the presence of phosphate ions 

factor of  three when 2-oxopropanal was replaced by fruc- 
tose (cf. expts 2 and 4, Table 2). 

The reaction of  lysine and 2-oxopropanal produced 
neither ACPY nor ACTPY (cf. expt 6, Table 2). The re- 
maining yeast amino acids (cf. Table 1) were also ineffec- 
tive in forming ACPY or ACTPY (data not shown). 

Volatile fractions isolated from either the boiled orni- 
thine/fructose or proline/fructose solutions showed a 
very pleasant, roasting odor. H R G C  separation revealed 
ACPY as the main volatile reaction product  from orni- 
thine (Fig. lA) ,  while both tautomers of  ACTPY 
(Fig. 1 B) predominated in the volatile fraction from the 
proline/2-oxopropanal solution. Sniffing of  the eluates 
revealed no further primary odorants in either extract. 
Strecker degradation [14] of  ornithine would lead to 4- 
aminobutyraldehyde. To test whether this aldehyde was 
an intermediate in ACPY formation from ornithine, 4- 
aminobutyraldehyde was reacted in the presence of  2- 
oxopropanal. As shown in Table3  (expt 1), large 
amounts of  this flavor compound were formed. Substitu- 
tion of  4-aminobutyraldehyde by 1-pyrroline enhanced 
the amounts of  ACPY by a factor of  four (cf. expts 1 und 
2, Table 3). In contrast, 4-aminobutyric acid did not pro- 
duce ACPY (expt 3, Table 3). 

In previous studies we could show [7] that additions 
of  proline to wheat dough enhanced the amounts of  AC- 
PY formed during crust formation. To compare their ef- 
fectiveness as enhancers of  the roasty crust flavor note, 
the surface layer of  a dough piece was spiked with equi- 
molar amounts of  either protine or ornithine and the 
amounts of  ACPY formed after baking compared to a 
control bread crust without amino acid addition. As 
shown in Table 4, both amino acids led to an increase in 
the concentration of  ACPY compared to the control 
crust without amino acid addition (compare expts 2 and 
4 with expt 1). Ornithine was more effective than proli- 
he. The latter amino acid enhanced the amount  of  ACPY 
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Table 4. Influence of additions of ornithine, proline and arginine 
to wheat doughs on the amounts of 2-acetyl-l-pyrroline formed 
during baking 

Expt . Added amino acid 2-Acetyl-l-pyrroline in the 
crust (~tg/100 g) 

1 None 1.9 
2 Ornithine (1 mmol) 9.4 
3 Ornithine (10 mmol) 43 
4 Proline (1 mmol) 5.9 
5 Arginine (1 mmol) 1.7 

by a factor of  two, while in the ornithine-enriched crust 
the amount  of  the odorant  was nearly four times that in 
the control crust. 

Although arginine was not effective as a precursor of  
ACPY in the model system (data not shown), its structu- 
re suggests the possibility of  thermal degradation to 4- 
aminobutyraldehyde. Therefore, the crust from an argi- 
nine enriched dough was also analyzed. As in the model 
system, arginine was not  effective in the formation of 
ACPY during baking (expt 5, Table 4). 

Discussion 

The data revealed that yeast contained relatively large 
amounts of  the free amino acids ornithine and proline. 
Furthermore,  recent results indicated [5] that 2-oxopro- 
panal was liberated from a boiled yeast extract. The reac- 
tion of  ornithine or proline with 2-oxopropanal led to si- 
gnificant amounts of  the crust odorant  2-acetyl-l-pyrro- 
line, while the further roast-smelling odorant  2-acetylte- 
trahydropyridine was specifically formed from proline. 

As recently demonstrated [8], the key intermediate in 
the formation of  ACPY from proline and 2-oxopropanal 
was 1-pyrroline, which was formed by an oxidative de- 
carboxylation (Strecker reaction) of  proline [151.1-Pyrro- 
line may also be generated from ornithine as outlined in 
Fig. 2. An oxidative decarboxylation of  ornithine initia- 
ted by 2-oxopropanal leads to 4-aminobutyraldehyde as 
intermediate. The reaction between 4-aminobutyraldehy- 
de and 2-oxopropanal was also shown to liberate ACPY. 
Therefore it could be assumed that the aminoaldehyde 
rapidly cyclized to l-pyrroline, as proposed in Fig. 2. 

1-Pyrroline could not  be formed from 4-aminobutyric 
acid. The latter compound did not produce ACPY in the 

//0 
COOH C ~ OH 

NH2 N=/CH "~ C -CH 3 .' 
IF, ], 

H20 Q,f' co 2 

N H • 2  hl-C~"= C- CH 3 ~ 0  ~NHC 
~H ~ - HO ~ 

HzN-CH2-C-CH 3 H20 
O 

Fig. 2. Hypothetical pathway leading to the formation of 1-pyrroline 
from ornithine 

presence of  2-oxopropanal. Further details regarding 
ACPY formation from 1-pyrroline and 2-oxopropanal 
will be published elsewhere (Schieberle, P, unpublished 
results). 

The reaction between the ornithine homologue lysine 
with 2-oxopropanal did not lead to formation of  the cor- 
responding 2-acetyl-l-piperideine (2-acetyltetrahydropy- 
ridine). This was probably due to the fact that the possi- 
ble intermediate 1-piperideine was not  stable in the mo- 
nomeric form and rapidly trimerized [16]. The amount  of  
free ornithine present in yeast was more than three times 
the amount  of  free proline. In the model reactions both 
amino acids released the same molar amounts of  ACPY. 
In addition, a bread crust from an ornithine-enriched 
dough contained more ACPY than a crust from a dough 
enriched in free proline. These data allowed the conclusi- 
on that ornithine was the most important  precursor for 
the roast-smelling odorant  ACPY in wheat dough. In the 
proline/2-oxopropanal reaction ACPY and ACTPY we- 
re formed, while in the presence of  fructose ACTPY ex- 
clusively was liberated from proline. Hodge et al. [15] 
proposed a mechanism for ACTPY formation from pro- 
line and 2-oxopropanal. Our data suggest that an addi- 
tional way of  forming ACTPY from proline and fructose 
exists without the intermediate formation of  2-oxopropa- 
nal. The reaction pathway, which is governed by phos- 
phate ions, is yet unclear. 
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