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Abstract—Incubation of free, but not of peptide-bound methionine in an iron/ascorbate system resulted
in ethylene generation, which was inhibited by glutathione. Leucine and isoleucine, however, when
incubated in an iron/ascorbate/GSH system, released small amounts of propane and ethane, respect-
ively. Peptide-bound leucine additionally yielded butane, as did bovine serum albumin or casein.
Hydrocarbon generation from amino acids was inhibited by hydroxyl radical scavengers, but catalase
and superoxide dismutase were more efficient. Additionally, ethane and propane generation in this
system was optimal at pH 6.2 suggesting the involvement of protonated superoxide besides OH-radicals
which attack the side chains of Leu and Ile and very probably produce carbon-centered radicals, which
should abstract a hydrogen atom from the thiol group of GSH resulting in the formation of saturated

hydrocarbons.

Animals regularly exhale small amounts of the vol-
atile hydrocarbons ethane, ethylene, propane,
butane and pentane [1, 2]. The amount of these gases
produced is higher than that detectable in the expired
air because of their partial oxidation by a cytochrome
P-450 isoenzyme [2-4]. Although some investigators
believe that these gases are generated by intestinal
bacteria [5], this could not be confirmed in experi-
ments in our laboratory. Various non-absorbable
antibiotics and sulfonamides did not diminish the
exhalation of alkanes [6].

In model experiments with erythrocytes, which
were peroxidized by H,O,, the same hydrocarbons
are generated as are exhaled in vivo [7], indicating
that their origin in the organism might be related to
similar reactions. In these tests ethane and pentane
are formed during peroxidation of unsaturated fatty
acids, whereas ethylene, propane and butane are
released from hemoglobin by radical attack. Several
reports dealing with such reactions on proteins and
amino acids [8-11] encouraged us to develop a model
system, that could imitate situations in vivo and
release hydrocarbons from proteins and amino acids
in the absences of unphysiologically high con-
centrations of H,O,.

Reactive oxygen species were generated by iron-
catalysed autoxidation of ascorbate, a well known
reaction that might occur in vivo [12]. Iron was used
in minute amounts complexed with citrate, which is
assumed to be a physiological iron chelator [13].
Glutathione is oxidized by autoxidizing ascorbate
[14] and transfers hydrogen atoms to carbon-cen-
tered radicals [15]. The following experiments were
therefore performed with and without addition of
GSH to iron/ascorbate. The effect of inhibitors and
the pH dependence of these model reactions were
investigated in order to obtain information about the
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oxygen species involved in the release of volatile
hydrocarbons from amino acids.

MATERIALS AND METHODS

Chemicals. GSH was from Boehringer
(Mannheim, F.R.G.); superoxide dismutase from
bovine erythrocytes (3200 units per mg protein),
catalase from bovine liver (thymol-free, 17,500 units
per mg protein), k-casein, bovine serum albumin
(essentially fatty acid free), and all other chemicals
of analytical grade were from the Sigma Chemical
Co. (Miinchen, F.R.G.).

Incubation conditions. Reaction mixtures were
incubated under hydrocarbon-free air in 12.5mL
headspace vials sealed with a rubber septum and
containing 3 mL of Chelex-treated 0.1 M sodium
phosphate buffer, pH 7.4. If not mentioned other-
wise, final concentrations of added reagents were:
ascorbate 0.5 mM; GSH 7.5 mM; FeCl; 5 uM; citrate
1mM; amino acids 1 mM or proteins 10 mg/mL.
Vials were shaken in the dark at 37° for 2 hr, and the
headspace was subsequently analysed for hydro-
carbons.

Analysis of hydrocarbons. After incubation
0.95mL of the gas phase was removed with a gas-
tight syringe and analysed for hydrocarbons by GLC
according to Frank ef al. [2]. A calibration mixture
of hydrocarbons, obtained from Messer Griesheim
(Frankfurt, F.R.G.), was used to estimate con-
centrations from peak heights. Amounts were cal-
culated as nmol/L liquid phase. Each value (Tables
1 and 2) represents the mean of three different
experiments.

RESULTS

Figure 1 demonstrates the specificity of ethylene,
propane, and ethane generation from Met, Leu and
lle, respectively, when incubated in an iron/
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Fig. 1. Volatile hydrocarbons from amino acids.

ascorbate/GSH system. Other proteinic amino acids
tested did not release these hydrocarbons. GSH,
when added to an iron/ascorbate system, inhibited
ethylene generation from Met in a concentration-
dependent manner, presumably by scavenging reac-
tive oxygen species and radicals derived from oxid-
ized Met (Fig. 2, I). GSH, however, induced the
release of propane from Leu and ethane from Ile.
Time dependence studies showed a linear increase
of propane and ethane during the first hour (Fig. 2,
IT), whereas the rate of ethylene generation
increased after a lag phase in the presence or absence
of GSH. Whereas the amount of hydrocarbons
released was proportional to the concentrations of
amino acids in the iron/ascorbate/GSH system (Fig.
2, III), Met inhibited its own ethylene generation in
the iron/ascorbate system, probably by the release
of thiyl radicals which scavenged other intermediate
radicals (Fig. 2, III). The iron/ascorbate systems
differ in their pH optima in the presence or absence
of GSH (Fig. 2, 1V). Ethylene showed a maximum
at neutral pH in both systems, but yields of propane
and ethane generation were highest at pH 6.2 in the
presence of GSH.

Results of inhibition experiments are shown in
Table 1. Catalase and hydroxyl radical scavengers
like mannitol, dimethyl sulfoxide (Me,SO), and
thiourea efficiently reduced ethylene generation
from Met in the iron/ascorbate system. Superoxide
dismutase (SOD) was a relatively weak inhibitor,
whereas BSA as a non-enzymatic protein showed

Table 1. Inhibition of hydrocarbon generation from Met, Leu and Ile (1 mmol/L each) in the presence of ascorbate (0.5 mmol/L) + Fe3* (5 umol/L) — citrate
(1 mmol/L)
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Propane
nmol )J L

Ethylene
nmol/L 2 hr

Ethane
nmol/L 2 hr

% Inhibition

2 hr

% Inhibition

% Inhibition

4.0+0.1
2.1x0.1
202 =21
184 = 15
7.7+0.2
11.1 £ 0.6

392 + 21
198 0.8

0.0
0.0
0.0

0.0
0.0

0.0
0.0
33513

+ mannitol 50 mmol/L
+ Me,SO 50 mmol/L
+ Thiourea 50 mmol/L

+ BSA 50 mg/mL
+ SOD 166 ug/mL

+

+ Catalase 100 ug/mL
+ GSH 7.5 mmol/L

49+0.2
2.3+0.1
0.8+0.0
06+00
1.2+0.1

14.5+0.7
6.4+0.3
54+02
10.1 £0.6

16.7 £ 0.5

+ mannitol 50 mmol/L
+ SOD 166 ug/mL
+ catalase 100 ug/mL

+ Me,SO 50 mmol/L
+ thiourea 50 mmol/L

3; mean = SD.

Incubation conditions as in Materials and Methods; N



Generation of volatile hydrocarbons

Table 2. Hydrocarbon generation from peptides and proteins in the presence of ascorbate 0.5 mmol/
L + Fe? 5 umol/L ~ citrate 1 mmol/L

Ethane Ethylene Propane Butane
nmol/L

+ Met 1 mmol/L 0.0 718 = 14 0.0 0.0

+ Met-peptide 1 mmol/L 0.0 0.0 0.0 0.0

+ GSH 7.5 mmol/L + Leu 10 mmol/L 0.0 0.0 422.0 +16.0 0.0
+ Leu-peptide 10 mmol/L 0.0 0.0 167.0 + 12.0 55+03

+ BSA 10 mg/mL 0.0 0.0 0.0 0.0
+ GSH 7.5 mmol/L 148+0.4 0.0 202 *0.5 2.8x0.1

+ casein 10 mg/mL 0.0 0.0 0.0 0.0
+ GSH 7.5 mmol/L 7.9+0.2 0.0 13.5+03 7.8+0.1

Incubation conditions as in Materials and Methods; N = 3; mean + SD.
Met-peptide: N-formyl-L-methionyl-L-alanine.
Leu peptide: DL-alanyl-DL-leucyl-glycine.
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Fig. 2. Hydrocarbon generation from a mixture of Met, Len and Ile: I. GSH dependence; II. Time
dependence; ITI. amino acids concentration dependence; IV. pH dependence. Incubation conditions if
not varied: 2 br at 37°; phosphate buffer pH 7.4; Met, Leu, lle 1 mmol/L; ascorbate 0.5 mmol/L; GSH
7.5 mmol/L; Fe** 5 pmol/L-citrate 1 mmol/L. Each point represents the mean of three different

experiments.
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only an unspecific inhibitory effect at a high con-
centration. In the iron/ascorbate/GSH system, how-
ever, SOD, thiourea and catalase were the most
potent inhibitors, but mannitol and dimethylsul-
foxide showed weaker potencies.

Expanding these findings to peptide-bound amino
acids, we tested N-formyl-L-methionyl-L-alanine as
a Met-peptide and DL-alanyl-DL-leucyl-glycine as a
Leu-peptide. Peptide-bound Met did not yield any
ethylene in the iron/ascorbate system, but peptide-
bound Leu released small amounts of butane in
addition to propane in the iron/ascorbate/GSH sys-
tem (Table 2). Proteins like BSA or k-casein, which
contain the amino acids tested, showed comparable
results, but generated more butane compared to
propane.

DISCUSSION

The mechanism of ethylene generation from Met
or Met-like substances has been discussed for 20
years [16]. Hydroxyl radical, generally believed to
be one of the most reactive oxygen species known,
may play a major role in the reaction [17]. This
radical is formed from superoxide and hydrogen
peroxide by Haber-Weiss reaction or Fenton reac-
tions [18]. Hydrogen peroxide production during
iron-catalysed autoxidation of ascorbate is generally
accepted, but there has been a long-standing contro-
versy about whether superoxide is also generated
[19,20], although such evidence has been shown
recently [21}. Our results of the inhibition of ethylene
formation in the iron/ascorbate system are in accord-
ance with superoxide generation as demonstrated
by the specificity of SOD compared to the lack of
specificity of BSA. Experiments with peptide-bound
Met, which did not release ethylene, confirmed
earlier results indicating a Strecker degradation to
methional, i.e. an oxidative decarboxylation of a-
amino acids, as a necessary intermediate of the
ethylene generation [16]. This reaction may also
explain the observed lag phase of the ethylene release
whereas the following rapid rate increase may be due
to intermediates which propagate a radical chain in
addition to the oxygen radicals.

The formation of ethane and propane as a conse-
quence of a radical attack on leucine and isoleucine
has not yet been described. Radicals were identified
after y-irradiation of polycrystallized leucine and
isoleucine. They originated from the scission of a
C—H bond [22], but a release of alkanes was not
determined. The ethane and propane generation was
not possible in the Fe’*-ascorbate system. The
addition of GSH was essential for transmitting a
hydrogen atom to the ethyl and propyl radicals.
Figure 3 shows a scheme which combines the main
reactions assumed to take place: the autoxidation
of ascorbate and glutathione, catalysed by Fe; the
reduction of oxidized ascorbate by glutathione; the
OH-radical formation probably due to a Fenton-type
reaction; and the transfer of a H-atom from GSH to
the ethyl or propyl radical which was described in
principle by Forni and Willson [15]. GSH has also
been discussed controversially in relation to superox-
ide production during its autoxidation {23, 24}, but
now it seems to be proved [21] that O35 can be
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Fig. 3. Proposed mechanism for hydrocarbon release from
Leu and Ile in the iron/ascorbate/glutathione system.

formed also by GSH. As indicated by the inhibition
experiments presented here, the same oxygen species
as in the iron/ascorbate system, being responsible
for radical attack, seems to split the C—H bond of
the y-C atom of Leu and Ile, which is in accordance
with radicals produced by y-irradiation [22]. Peptide-
bound Leu additionally yielded butane, indicating a
radical attack at the B-C atom. In contrast to the
ethylene formation from Met hydrocarbon, release
from Leu and Ile seems not to be preceded by a
Strecker degradation as indicated by the lack of a
lag phase. In addition, the constant rates of the
release of ethane and propane seem to exclude the
participation of intermediate radicals.

The components of the iron/ascorbate/GSH sys-
tem are ubiquitous in the body, indicating that similar
reactions described here take place in vivo as experi-
ments with normal rats exhaling the same alkanes
could demonstrate [25]. The examination of the rel-
evance of this system not only in regard to hydro-
carbon exhalation but also to other aspects of oxygen
radical attack on macromolecules could be important
for evaluating the consequences originating from
such a “steady-state™ generation of reactive oxygen
species. It is now possible, by measuring exhaled
alkanes, to distinguish between peroxidation of
unsaturated fatty acids, indicated by the production
of ethane and pentane, and oxygen radical attack on
amino acids, peptides and proteins, which split off
ethane, ethylene. propane and butane but not
pentane [26].
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