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Volatile C6- and C9-aldehydes and alcohols are widely used as food flavors to reconstitute the “fresh
green” odor of fruits and vegetables lost during processing. To meet the high demand for natural
flavors, an efficient, cheap, and versatile biocatalytic process was developed to produce C6-aldehydes
on a large scale. Vegetable oils were converted by soybean lipoxygenase and recombinant
hydroperoxide lyase into hexanal and (2E)- or (32)-hexenal. In contrast to plant extracts, generally
used as enzyme sources, high molar conversions were obtained with recombinant hydroperoxide
lyase (50% for hexanal and 26% for hexenal formation), and no side products were formed.
Furthermore, recombinant hydroperoxide lyase lacks isomerase activity, allowing production of (32)-
hexenal, which could not be obtained in previously described processes. Recombinant hydroperoxide
lyase is stable and can be stored at 4 °C for 1 month without significant loss of activity.
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INTRODUCTION or (3Z,6E)-nonadienal. The (32)-aldehydes easily isomerize to
their (2E)-enal isomers and can be reduced to their correspond-
ing alcohols by alcohol dehydrogenase.

Until now, plant extracts or cell cultures are the most common
enzyme sources for biocatalytic production of C6- and C9-

Volatile C6- and C9-aldehydes and alcohols, such as hexanal
(32)- and (E)-hexenal, (32)- and &)-nonenal, and @ 62)-
and (2E,6Z)-nonadienal, are the main contributors to the

characteristic odo_r of plantf. They are ’)Nidely used as food aldehydes and alcohols. Large-scale conversion of fatty acids
flavors to reconstitute the fres_h green” odor of fruits and by lipoxygenase has successfully been accompliskie6)( The
vegetables, lost during processing. These compounds can besubsequent conversion of hydroperoxy fatty acids by hydrop-

extracted from plants or synthesized. Chemical synthesis is not roxide lyase, however, caused problems. HPL in plant extracts
favored because consumers have a strong preference for nature}i very unstar)le and rrllolar conversion rates were oftéfi

food additives. Extraction is very expensive because of the low (7—10). Screening of different vegetables resulted in yields of
abundance of these short-chain aldehydes and alcohols in plant%B% for hexanal and 24% for E}-hexenal (11). With hydro-
Therefore, development of a biocatalytic process is required to peroxide lyase from mung bean seedlings and linseed oil, molar

produce these compounds on a large scale. conversions of 39% for @-hexenal and 21% for hexanal could

In plants, C6- and C9-aldehydes and alcohols are producedhe obtained (12). However, no (3Z)-hexenal was formed due
by the lipoxygenase pathwayigure 1) and are involved in {6 rapid isomerization to @)-hexenal. Furthermore, the crude
wound healing and pest resistande 2). Linoleic (OD) and  extracts contained other enzymes that used hydroperoxy fatty
a-linolenic acids (OT) are dioxygenated by lipoxygenase (LOX) gacids as substrates, such as allene oxide synthase and peroxy-
to form 13- or 9-hydroperoxy-linole(n)ic acids (HPOD/T). The  genase, leading to formation of undesired side products.
13-hydroperoxy fatty acids can subsequently be cleaved by = Recombinant expression would be an excellent method to
hydroperoxide lyase (HPL) into 12-oxo4pdodecenoic acid  jncrease the availability of hydroperoxide lyase for a biocatalytic
and hexanal or @)-hexenal, whereas the 9-hydroperoxy fatty process. The expression system we described bef@eh@as
acids can be cleaved into 9-oxononanoic acid a@)-(@®nenal made it possible to obtain large quantities of stable hydroper-
oxide lyase with a high specificity for 13-hydroperoxylinoleic

* Author to whom correspondence should be addressed (e-mail ando-linolenic acids. Furthermore, the recombinant HPL forms
g-%\g}ﬂg\;@aﬁg-lflcl’lr-né:ict)il]eoﬁfggﬂgrl ggggﬁﬁﬁlz fax-31 30 2540980). (BZ)-hexengl, a compp_und that has been very difficul_t to prpduce

* Present address: Shell Global Solutions, Amsterdam, The Netherlands.because of its instability. Here, we describe the optimization of

8 Agrotechnological Research Institute. this expression system. The optimal reaction conditions of the
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Figure 1. C6-Aldehyde-forming system in plants. C9-Aldehydes are formed similarly from 9-hydroperoxy fatty acids.

recombinant HPL were determined, as well as the kinetic source in 50 mM potassium phosphate buffer, pH 8.25, &20rhe
parameters. A versatile biocatalytic process has been developedH was automatically maintained by the addition of 3 M NaOH.
in which vegetable oils are converted by soybean Iipoxygenasesafﬂower or linseed oil was linearly added ové h to afinal

and recombinant hydroperoxide lyase to hexanal a&g- (8r
(2E)-hexenal.

MATERIALS AND METHODS

Expression and Isolation of HPL Alfalfa HPL was expressed in
M15 Escherichia colicells containing the pQE32 vector (Qiagen) with
the CYP74B4vIgene without N-terminal sequence coding for the first
22 amino acids [EMBL Database, accession no. AJ24928%.(For
optimal expression, cells were grown at 32 with maximal stirring
and Q flow, in 1.5x LB medium supplemented with 0.5% glucose,
1x minimal medium buffer, 25xg mL* kanamycin, and 5@g mL™*
ampicillin. Expression of HPL was induced at &gy of 0.7 by the
addition of 1 mM isopropyp-p-thiogalactoside (IPTG), and the cells
were further grown for 22 h at 25C to prevent sequestering of HPL

concentration of 40 mM linole(n)ic acid. Oxygen saturation was kept
at 100% by the addition of pure oxygen or air. Stirring speed was 400
rpm. When the lipoxygenase reaction was finished angd did not
increase anymore, the oxygen flow was stopped and 115 U of HPL/
mmol of formed 13-hydroperoxylinoleic acid or 400 U/mmol of 13-
hydroperoxylinolenic acid was added. The HPL reaction was performed
in a closed vessel with a small headspace volume &Cl@ith slow
stirring. If the hydroperoxy fatty acids were extracted from the LOX
mixture prior to incubation with HPL, the LOX mixture was acidified
with HCI to pH 4. The extraction was performed twice with diethyl
ether, and the combined ether fractions were frozen to remove water
and concentrated by evaporation. In the combined LOX/HPL system,
HPL was added to the lipoxygenase reaction mixture in a ratio of 115
U/mmol of linoleic acid added.

Product Analysis. The amount of hydroperoxy fatty acids was

in inclusion bodies. Cells were harvested by centrifugation, and the determined by HPLC (Cosmosil 5C18-AR column, Waters; MeOH/
supernatant was discarded. The cell pellets were resuspended in 5H,O/THF/HAc, 35/35/30/0.1, 1 mL mirt) with detection aAzz. To

mM potassium phosphate buffer, pH 8, and sonicated on ice. Triton quantify the amount of volatiles formed, samples were diluted 1:1 with
X-100 from a 10% solution (w/v) was added to a final concentration 2-propanol containing 20 mM octanal as internal standard and analyzed
of 0.5% after sonication, and the suspension was recentrifuged. HPLby GC-FID (HP-Innowax column, 30 nx 0.32 mm, 0.25m film

was present in the supernatant. All steps were carried out@t &or
the determination of the initial turnover raté&, andVma, HPL was

purified by immobilized metal affinity chromatography as described

(13).

HPL Activity Measurements. HPL activity was determined in 50
mM potassium phosphate buffer, pH 8.25, containing/AMGubstrate,
at 25°C. The decrease 0f34 due to cleavage of the substrate was

followed spectrophotometrically. One unit of activity (U) corresponds

to the amount of enzyme that convertarhol of substrate per minute.

The maximal turnover number was determined by measuring the

substrate conversion at various enzyme/substrate ratios. Appgarent

thickness; temperature gradient,~200 °C, 10 °C min~%; injection
temperature, 200C). Nonvolatile products were extracted from the
reaction mixture, reduced, methylated, trimethylsilylated, and analyzed
by GC-MS as described before (13).

RESULTS

Optimization of HPL Expression and Isolation Conditions.
The influences of expression temperature and medium on the
production of active HPL inE. coli were determined. The

andVqa values were determined from the means of six determinations Optimal expression temperature appeared to bégrigure

with concentrations of substrate ranging from 5 to 180. The data
were fitted to the standard Michaetienten kinetic equation (Graph-
pad Prism).

Biocatalytic ProcessesHydrolyzed safflower oil (73% linoleic acid)

2). At higher temperatures most of the expressed HPL was
inactive and probably located in inclusion bodies. Enriched
medium resulted in a higher cell density and an increased
amount of HPL produced. HPL expression was maximal in the

was used as linoleic acid source, and hydrolyzed linseed oil (44% |ate |og-phase and stationary phase. As cells start to die after

linolenic acid/20% linoleic acid) was used as linolenic acid source.

The reactions were performed in a 7 or Zfirred tank bioreactor (2

or 0.5 L working volumes, respectively), equipped with four baffles
and two impellers (Applikon Dependable Instruments, ADI 1035,

24 h, longer expression times will not lead to a higher expression
level. For optimal expression 1 mM IPTG had to be added at
Asoo < 0.8 (Figure 3A). However, also with lower concentra-

Schiedam, The Netherlands). The bioreactor was equipped with ations of IPTG (until 10Q:M) a reasonably good expression was
thermometer, an oxygen e|ectr0de’ and a pH electrode and Wasobta|ned. Because IPTG is I‘ather eXpenS|Ve, the Opt|ma| amount

controlled by an Applikon Bio Controller ADI 1030. The reaction
mixture contained 10 g 1! defatted soybean flour as lipoxygenase

of IPTG for industrial application may b&l mM, from an
economic point of view.
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Figure 2. Influence of medium and expression temperature on the amount

of active HPL produced. Small-scale E. coli cultures expressing HPL were reaction temperature from 10 to SC led to an increase in

grown at different temperatures in 1x LB medium or in enriched medium initial reaction velocity. However, at temperature20 °C, HPL
(1.5% LB supplemented with 0.5% glucose and 1x minimal medium buffer). was rapidly inactivated, which led to a lower conversion.
Induction occurred by addition of 1 mM IPTG at Agoo = 0.7 (t = 0) HPL The initial turnover rates with 1%\/' 13-HPOD or 13-HPOT
activity was determined with 13-HPOT as substrate. were 330 or 750 ¢, respectively. To convert Amol of 13-
. . HPOD or 1umol of 13-HPOT, at least 125 or 400 mU of HPL

The pH of the extraction buffer and percentage of Triton g needed, respectivelyFigure 4). These maximal turnover
X-100 appeared to have a great influence on the amount of HPL ,,mpers of recombinant HPL are equal to the turnover numbers
that was solubilized (Figure 3B). pH 8 was optimal for ot Hp| in a crude extract of alfalfa. From these numbers it
extraction, and the optimal amount of Triton X-100 for . qid be derived that an enzyme molecule can convars x
solubilization was 0.5% (w/v). A second extraction of the cell 1 molecules of 13-HPOD or 0.9 10F molecules of 13-HPOT
pellet resulted only in 15% higher yields of HPL. Higher pefore it is inactivated. Inactivation of HPL was independent
percentages of Triton X-100 may lead to a slightly higher yield ¢ the substrate or product concentration and of the presence of
but will also result in foqmlng during the enzymatic reaction glycerol, Triton X-100, ofE. coli membrane fragments. This
and are therefore undesirable. indicates that inactivation is caused by reaction intermediates.

Expression in a 10 E. coli culture under optimal conditions  Suicide inactivation was also suggested by Matsui et al., who
gave a yield of 3x 10° or 8 x 10® U of HPL L™* of E. coli observed destruction of the heme group during the reacti)n (
culture, with 13-HPOD or 13-HPOT as substrate, respectively. Development of a Biocatalytic ProcessA process in which
The enzyme preparation could be stored aC4for at least 1 the LOX and HPL reactions take place simultaneously has the
month without significant loss of activity. advantage that there is no product inhibition of LOX, because

Optimization of Reaction Conditions. The pH optimum of all product formed by LOX is immediately converted by HPL.
the HPL reaction with 10M substrate appeared to be pH As HPL was not inhibited by soybean flour or safflower olil,
8.25. The other HPL isoenzymes [CYP74B4v2 and $3)] such a process was worthwhile to study. Although 80% of the
showed the same optimal pH. This is remarkable, because thdinoleic acid added was converted in this one-step process, the
pH optimum of HPL, isolated from alfalfa seedlings, was pH hexanal yield appeared to be quite low (17%glre 5).
5.5 (14). Although thé/nax values of recombinant HPL at pH  Besides low amounts of 9-hydroperoxylinoleic acid and the
6 and 8.25 were in the same range (650 U #fgr 13-HPOT), coproducts 12-oxo-(10E)-dodecenoic acid and 12-0x)-(9
the Ky, at pH 8.25 was much lower than at pH 6 (4&1 at pH dodecenoic acid, no other products were detected, due to the
8.25 instead of 14@M at pH 6 for 13-HPOT). An increase of  high specificity of recombinant HPL. The addition of oxygen
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Figure 5. Hexanal formation in a one-step LOX-HPL process. Hydrolyzed
safflower oil was linearly added over 1 h to a concentration of 40 mM
OD. HPL was simultaneously added in a ratio of 115 U/mmol of OD. The

Figure 7. C6-Aldehyde formation in a two-step biocatalytic process with
hydrolyzed linseed oil as substrate (linearly added over 1 h to a
concentration of 40 mM OD + OT). HPL was added in ratios of 115

U/mmol of formed 13-HPOD and 400 U/mmol of formed 13-HPOT after
the LOX reaction was finished and the oxygen flow was stopped. (Inset)

reaction mixture contained 10 g L1 soybean flour.

4 sl Enlargement of C6-aldehyde formation after addition of HPL.
s A [——HPOD
= 6 l —=—Hexanal Table 1. Starting Material Needed per Gram of Produced Aldehyde
= |—a=0D added
2 50 hexanal (32)- or (2E)-hexenal
‘§ safflower or linseed oil 829 269
210 K;HPO, 519 15¢
8 KH,PO, 03¢ 09¢g
0 - , soybe_an flour _ 5¢g 159
0 50 100 150 E. coli culture expressing HPL 0.6L 16L
Time (min) molar conversion 50% 26%

Figure 6. Hexanal formation in a two-step biocatalytic process. Hydrolyzed
safflower oil was linearly added over 1 h to a concentration of 40 mM
OD. HPL was added in a ratio of 115 U/mmol of formed13-HPOD after
the LOX reaction was finished and the oxygen flow was stopped.

the hydroperoxy fatty acids from the LOX mixture prior to

incubation with HPL did not lead to a higher hexenal yield after
2 min. The vyield could be increased only by lowering the
substrate concentration.

For the isolation of the formed aldehydes from the reaction
mixture, the following methods were compared: (1) extraction
with organic solvents, (2) steam distillation, and (3) binding to
MN-100 (Purolite), a resin that is often used for flavors.
Extraction with diethyl ether or ethyl acetate gave very high
yields and high purity, because a large fraction of the fatty acids
remained in the water phase at the used pH of 8.25. Separation
of the organic layer from the water phase, however, was difficult
because of denatured proteins on the interphase. Steam distil-
lation also gave good yields but had to be performed under
anaerobic conditions to prevent oxidation of the aldehydes to
acids. Furthermore, this method was not suitable faf){3
hexenal because the high temperature led to isomerization to
a(ZE)-hexenaI. Binding to MN-100 and elution with organic
solvent gave low yields (~50%), because the presence of

proteins in the mixture led to strongly decreased binding of the
aldehydes to the resin.

or air needed for the LOX reaction probably led to evaporation
of the volatile aldehydes formed in the HPL reaction. Therefore,
a two-step process in which the oxygen flow was stopped before
HPL addition was preferred. The yield of the lipoxygenase
reaction was again typically80%. Subsequently, up to 65%
of the formed 13-hydroperoxylinoleic acids was converted into
hexanal, indicating that evaporation was indeed one of the
reasons for the low yield of the combined procdsig(re 6).
The overall yield of the two-step process was 50%. Another
cause of product loss might be the binding of aldehydes or
hydroperoxy fatty acids to proteins in the reaction mixtulré, (
17). To reduce the protein concentration during the HPL
reaction, the hydroperoxy fatty acids were extracted from the
LOX mixture prior to addition of HPL. The hexanal yield
appeared to be independent of protein and substrate concentr
tions (ranging from 0.1 to 25 mM 13-HPOD), and extraction
of hydroperoxylinoleic acid did not lead to higher yields.
Conversion of linseed oil by soybean lipoxygenase gave
yields of ~60%. When the LOX mixture was incubated with
HPL, (32)-hexenal was formed, which slowly isomerized to
(2E)-hexenal (Figure 7). The isomerization velocity increased  The biocatalytic process described here allows rapid, efficient,
with increasing temperature. Because linseed oil contains bothand cost-effective generation of C6-aldehydes, includig-(3
linoleic and linolenic acid, hexanal was formed as well. Due to hexenal. The dioxygenation of linoleic and linolenic acids from
the preference of HPL for 13-HPOT, hexanal formation was hydrolyzed vegetable oils by soybean LOX results in high yields
much slower than hexenal formation. If the reaction was stopped of hydroperoxy fatty acids, as described bef@&e). However,
after 2 min, a high percentage offghexenal could be obtained in contrast to previously described processes with plant extracts
(~80% of the C6-aldehydes). Although 85% of 13-HPOT was or cell cultures, the use of recombinant HPL leads to higher
converted after 2 min, the hexenal yield was only 43%. The aldehyde yields and fewer side products. The total amounts of
appearance in time of a strong brown-yellow color indicated starting material for the productiorf @ g of hexanal or (3)-
the formation of Schiff bases with protei(&8). Extraction of or (2E)-hexenal are shown ifiable 1. The HPL reaction can

DISCUSSION
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easily be scaled up as it is a very simple batch process; no
extensive mixing is required, and no foaming occurs.
The process is versatile, as a range of products can be

obtained by changing the reaction conditions. Pure hexanal can

be produced from safflower oil, and the absence of isomerase
activity in recombinant HPL makes it possible to producg{3
hexenal from linseed oil. Short reaction times result in a high
percentage of @)-hexenal, whereas longer incubations give a
mixture of hexanal, (32)-hexenal, and (2E)-hexenal. (32)-
Hexenal can rapidly be isomerized td=2hexenal by heating.
Using commercial baker's yeast (Saccharomyces cerevisiae),

the formed aldehydes can easily be reduced to the corresponding

alcohols (11,19).

Although >90% of the hydroperoxy fatty acids were con-
verted by HPL, the C6-aldehyde yield was significantly lower.
Hexenal seemed to form Schiff bases with proteins, as a strong
yellow-brown color appeared in time. Extraction of the hydro-
peroxy fatty acids from the LOX mixture prior to incubation
with HPL did not lead to higher yields, indicating that not only
soybean proteins but al&o coli proteins from the HPL mixture
are causing product loss. The protein concentration can be
minimized by using purified HPL. This is, however, an
expensive and time-consuming technique, making it less suitable
for industrial purposes (13). Hexanal did not bind to proteins
to a large extent, as the hexanal yield was independent of the
substrate and protein concentrations. Products formed from C6-
aldehydes in secondary reactions could not be determined.
Polymerization of hydroperoxy fatty acids might be another
reason for product loss (20).

ABBREVIATIONS USED

HPL, hydroperoxide lyase; 13-HPOD, 13-hydroperoxylinoleic
acid; 13-HPOT, 13-hydroperoxylinolenic acid; IPTG, isopropyl
[-D-thiogalactoside; LOX, lipoxygenase; OD, linoleic acidZ9
127)-octadecadienoic acid; O%;linolenic acid, (¥,12Z,157)-
octadecatrienoic acid.
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