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Abstract

Hydroperoxide lyases (HPL E.C. 4.1.2.) are part of the lipoxygenase pathway in plants and catalyze the conversion of fatty acid hydroperoxides
into oxo acids and short chain aldehydes. These aldehydes have desirable properties for the food and agricultural industry. HPL activity can be
modulated by salts and surfactants, but the mechanisms governing the modulation are not fully understood. Recombinant HPL activity was evaluated
by use of factorial experimental design investigating the effects of KCl and Triton X-100 on HPL activity with 13-hydroperoxy-octadecadienoic
acid (LA-OOH) and 13-hydroperoxy-octadienoyl sulfate (LS-OOH) as substrates. To investigate solubility issues of the two different substrates, an
aqueous and a two-phase micro-aqueous reaction medium was used. The highest HPL activity (8.7 wmol min~! mg~!) was achieved under aqueous
conditions with high salt (1.5 M) and low surfactant (0%, v/v) concentrations and LA-OOH as a substrate. Maximal activity (2.4 umol min—! mg™")
under micro-aqueous conditions was achieved with high salt (1.5 M) and high surfactant (0.01%, v/v) concentrations and LS-OOH as a substrate.
A significant interaction between salt and surfactant as well as salt and substrate could be identified and a hypothesis for the interaction phenomena

is presented.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydroperoxide lyases (HPL) are part of the cytochrome P450
family and catalyze the conversion of fatty acid hydroperox-
ides to oxo acids and volatile short chain aldehydes. HPL is
a constituent of the octadecanoic acid or lipoxygenase path-
way. This pathway is one of the most important inducible
defense mechanisms in plants. Fatty acids, namely linoleic
and linolenic acid, are released as a wound response by the
plant and are subsequently converted to their correspond-
ing 9- or 13-hydroperoxides by lipoxygenases of respective
regio-selectivity. HPL then catalyzes the reaction to C6 or C9
short chain aldehydes and corresponding oxo acids (Fig. 1)
[1].

HPL has received considerable attention since its first
description by Vick et al. [2]. Much HPL research was hampered
by tedious extraction procedures of HPL from plant sources.
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Since 2000, recombinantly expressed versions of the enzyme
from various sources have been described, resulting in much
easier preparation and higher quantities of pure HPL [3.4].
There are several reasons why there is considerable interest in
the enzyme. The enzyme represents a target for fundamental
research because it is part of a multi-enzyme cascade in vivo
and has a variety of interesting characteristics in terms of reac-
tion mechanism, catalytic properties and activation phenomena.
From a biotechnology perspective, the products of this enzyme,
such as hexanal or (3Z)-hexenal, possess desirable organoleptic
properties, which make them valuable for use as food flavor addi-
tives [1]. Additionally, these aldehydes were shown to increase
pest resistance in plants, being potential natural, environmen-
tally friendly agrichemicals [1].

Factors which modulate HPL activity and its spectroscopic
properties have been described in the literature. HPL activity
has been shown to be enhanced in the presence of non-ionic
surfactants, such as Triton X-100, or monovalent salts, such as
KCl [5]. Additionally, it was found that Triton X-100 caused
a slight conformational change and a spin state transition of
the catalytic iron centre of the enzyme [6]. These phenomena
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Fig. 1. Schematic representation of the lipoxygenase pathway.

are believed to in part cause enhancement in enzymatic activity
although this has not been fully elucidated.

The objective of this study was to garner a better under-
standing of HPL activation phenomena and to identify optimal
conditions for HPL activity. To achieve this objective, a recom-
binant HPL from bell pepper expressed in Escherichia coli was
studied under aqueous and micro-aqueous conditions. Substrate
effects were also probed by using a fatty acid hydroperoxide
and a novel, water soluble fatty sulfate hydroperoxide. Salt and
surfactant effects as well as their interactions were evaluated by
means of appropriate experimental design.

2. Experimental
2.1. Materials

Lysozyme, IPTG, Triton X-100, Triton X-100 R, 8&-
aminolevulenic acid, linoleic acid and linoleyl alcohol were
purchased from Sigma (Oakville, Ont., Canada). PMSF was
obtained from Boehringer Mannheim (Mannheim, Germany)
and soybean lipoxygenase was from Fluka (Oakville, Ont.,
Canada). Ni-NTA agarose was purchased from Qiagen (Mis-
sissauga, Ont., Canada). All other chemicals were of analytical
grade or better. Transformant E. coli M 15 carrying the cDNA for
bell pepper HPL in pQE-31 (Qiagen, Mississauga, Ont., Canada)
were kindly provided by Prof. K. Matsui (Yamaguchi University,
Japan).

2.2. HPL expression and purification

HPL expression and purification was carried out accord-
ing to Delcarte et al. [7]. Briefly, cells were grown in 100 mL
TB medium containing 100mgL~!" ampicillin, 50 mgL~!
kanamycin and 2.5 mM &-aminolevulenic acid. A 5% inocu-
lum from a culture that had been grown overnight was used in

100 mL of culture media in a 500 mL shake flask at 37 °C and
250 rpm and grown to an OD of 0.9—1.1; expression was induced
by adding IPTG to a final concentration of 0.1 mM. The cultures
were incubated at 20 °C and 150 rpm for 48 h following induc-
tion.

Cells were harvested from the fermentation broth by cen-
trifugation (10,000 x g, 4°C, 15min) and the resulting pellet
was resuspended in 50 mL phosphate buffer (50 mM, pH 7) and
centrifuged (10,000 x g,4 °C, 15 min). Cell lysis was carried out
by the addition of 5 mL of lysis buffer (50 mM Tris—HCI, pH 8,
25 mg of lysozyme, 50 wL of 10 mgmL~! PMSF (in ethanol),
25 nL of 1 M MgCly, 10 pnL of DNAsel, 500 mM NaCl and 1%
(v/v) Triton X-100) and stirring for 30 min at 4 °C. Cell debris
and other solid components were separated from the lysate by
centrifugation (25,000 x g, 4°C, 15min) and the supernatant
used for HPL purification.

Ni-NTA affinity chromatography was used for HPL purifi-
cation. One millilitre of the affinity resin was packed into a
column (0.5 cm inner diameter), washed with 5 mL of deionized
water and equilibrated with 5 mL buffer 1 (50 mM Tris—HCI,
pH 8, 500 mM NaCl, 1% (v/v) Triton X-100). The crude lysate
was loaded onto the column, washed with 5 mL buffer 1, 15 mL
buffer 2 (50 mM phosphate, pH 6, 500 mM NaCl, 1% (v/v) Tri-
ton X-100) and eluted with 10 mL buffer 3 (50 mM acetate, pH
4, 500 mM NaCl, 1% (v/v) Triton X-100 R). The flow rate was
kept at about 0.5 mL min~! during the isolation. The HPL con-
taining fraction was identified visually by its brown color and
collected in a microcentrifuge tube. The concentration of HPL
was determined by the BCA method (Pierce, Rockford, IL) and
HPL purity verified by standard SDS-PAGE.

2.3. Substrate synthesis

13-Hydroperoxy-octadecadienoic acid (LA-OOH) and
13-hydroperoxy-octadecadienoyl sulfate (LS-OOH) were
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synthesized as HPL substrates. LA-OOH was prepared accord-
ing to Nunez et al. [8]. A mixture of 40mg of linoleic acid
and 50 mL borate buffer (50 mM, pH 9) were kept at 0°C in a
temperature controlled vessel and subjected to a constant flow of
air (5mL min~"). About 10 mgmL~! of soybean lipoxygenase
was added in 100 L aliquots over 30 min intervals for a total
reaction time of 2 h. The pH of the mixture was adjusted to pH
2 with 1 M HCI and the LA-OOH was extracted from the borate
buffer with 10 mL aliquots of diethyl ether three times. The
organic phase was subsequently dried over anhydrous sodium
sulphate and evaporated under nitrogen; the LA-OOH was then
reconstituted in a minimal amount of ethanol.

Linoleyl sulfate was prepared from linoleyl alcohol accord-
ing to Mogul et al. [9]. 0.5 g linoleyl alcohol and 0.35 g sulfamic
acid were dissolved in 3mL dry pyridine. The reaction was
carried out at 95 °C for 1.5h under nitrogen and the reaction
stopped by the addition of 15 mL methanol and 1 mL of sat-
urated sodium carbonate. After filtering off waste solids, the
methanol was removed in vacuo and the residue recrystalized
from hot methanol to yield purified linoleyl sulfate. LS-OOH
was prepared in the same manner as LA-OOH, using linoleyl
sulfate as the substrate for the lipoxygenase reaction.

Substrates were analyzed by TLC (aluminum sheets, silica
gel 60 Fas4, Merck, Darmstadt, Germany) developed in hex-
ane:diethyl ether:acetic acid (60:39:1) mobile phase with iodine
detection. Substrate quantification was carried out spectropho-
tometrically (Cary Bio 1, Varian, Mississauga, Ont., Canada)
at a wavelength of 234 nm according to Lambert—Beer with a
molar extinction coefficient of 25,000 M~! ecm™1 [10].

2.4. Enzyme assay

HPL activity was monitored spectrophotometrically (Cary
Bio 1, Varian, Mississauga, Ont., Canada) at a wavelength of
234 nm, corresponding to the conjugated double bond of the
substrates. Assays were carried out under temperature con-
trolled conditions at 25°C with mixing. A typical reaction
mixture consisted of phosphate buffer (50 mM, pH 7) or hex-
ane, 0-0.01% (w/w) Triton X-100 R, 0—1.5M KClI (in the case
of phosphate buffer), 24 uM LA-OOH or LS-OOH and X g
of purified HPL. The enzyme was added in 20 pL aliquots,
containing the appropriate concentration of KCIl, resulting in
a two-phase system when hexane was used. The total reac-
tion volume was 3 mL. The rate of decrease in absorbance at
234 nm was used to calculate the specific enzymatic activity A in

pwmol min~! mg~!.

2.5. Experimental design

A full factorial design [11] was used for both aqueous and
micro-aqueous conditions. The effects of the numerical factors
(surfactant and salt concentration) as well as the categorical
factor (substrate type) were assessed. Triton X-100 R concen-
trations ranged from 0 (—) to 0.01% (w/w) (+) and KCI concen-
trations from O (—) to 1.5M (+). Design points were assayed
in triplicate, center points were replicated twice for each sub-
strate, resulting in 28 runs for each design and 56 runs in total.
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Fig. 2. Schematic representation of the experimental design. Two full factorial
designs were used for aqueous and micro-aqueous conditions. Triton X-100 R
concentration ranged from 0 to 0.1% (w/w) and KCI concentration from 0 to
1.5M. LA-OOH and LS-OOH were used as substrates. Design points (black)
were assayed in triplicate; center points (grey) in duplicate.

The order of experiments was randomized. A schematic of the
experimental design is shown in Fig. 2.

3. Results and discussion
3.1. HPL expression and purification

Expression and purification procedures for HPL from bell
pepper, recombinantly expressed in E. coli, were used as
described by Delcarte et al. [7] without further modification.
Results in terms of yield and purity were in accord with the
literature. Shake flask cultures (100 mL) yielded 20 mgL~! of
purified HPL. HPL purity was assessed by SDS-PAGE (Fig. 3).

200 kDa

116 kDa

97 kDa

45 kDa

Fig.3. SDS-PAGE of HPL. Molecular weight standards are shown in the left lane
and the HPL preparation (right lane) shows a single band at about 50-55 kDa.
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Under denaturing conditions, the gel showed a single band at
about 50 kDa, which is expected for a single HPL subunit. Other
protein impurities were below detection limits. The integrity of
the heme centre of the enzyme was verified by UV-vis spec-
troscopy, yielding a strong Soret peak with a maximum at 390 nm
(data not shown).

3.2. Substrate synthesis

To date HPL activity has been assayed with two different
classes of substrates: fatty acid hydroperoxides (e.g. LA-OOH)
[1] and hydroperoxy fatty acid(ethanol)amides (e.g. LA-OOH
ethanol amide) [12]. Both classes of substrate have little to no
water solubility and so the influence of substrate dispersion and
effect of surfactants on enzyme activity has not been studied
and is not clearly understood. To gain a better understanding
of the fundamentals governing HPL activity, and the role that
the substrate plays in HPL activity, an alternative, water solu-
ble substrate, as well as enzyme activity under micro-aqueous
conditions was investigated.

LA-OOH synthesis was conducted according to the litera-
ture producing the anticipated yields, purity and level of con-
version. LS-OOH was synthesized enzymatically from linoleyl
sulfate. Both substrates were analyzed by UV-vis spectroscopy
as reported in Fig. 4 and TLC. The sharp peak centered at
234 nm for both substrates in Fig. 4 verifies the presence of
the conjugated double bond introduced through the lipoxyge-
nase reaction. Single spots in the TLC were observed for both
substrates at Rg=0.73 for LA-OOH and Rs=0.37 for LS-OOH
indicating the difference in substrate properties and their purity.

3.3. HPL activity assay and solvent selection

HPL activity was assayed spectrophotometrically therefore
the choice of solvent for the micro-aqueous conditions was lim-
ited to solvents with a UV-cutoff of about 220 nm or lower to
avoid interference problems with the signal of the conjugated
double bond. Another key parameter in the selection of solvents
for enzymatic conversions is the octanol/water partition coeffi-
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Fig. 4. UV-vis spectra of (A) LA-OOH and (B) LS-OOH.
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Fig. 5. Activity of HPL in various solvents; the time course of absorbance at
234 nm of LA-OOH in hexane (A), fert-methyl butyl ether (CJ) and acetonitrile
(O). In all cases the LA-OOH concentration was 24 uM and HPL was added in
20 p.L of phosphate buffer.

cient or log P-value. Generally, solvents with a log P-value of
4 or larger are considered to be suitable media for enzymatic
conversions [13]. The selection of a solvent for any given sys-
tem, however, depends largely on the properties of the specific
enzyme and substrate and is, therefore, often made on an empir-
ical basis. In this study, three different solvents were evaluated:
hexane (log P, 3.944), methyl tert-butyl ether (1.147) and ace-
tonitrile (—0.447), resulting in a two-phase system for hexane
and methyl fert-butyl ether and a one-phase system for acetoni-
trile. HPL activity was observed in hexane and methyl tert-butyl
ether but not in acetonitrile (Fig. 5). The lack of activity in the
acetonitrile may be attributed to the removal of bound water
from the enzyme resulting in its inactivation. To our knowl-
edge this is the first report on HPL activity under micro-aqueous
conditions in solvents. For practical purposes, the remaining
experiments for micro-aqueous conditions were carried out in
hexane.

3.4. Experimental design for HPL activity

A factorial experimental design was used to quantify the
effects of salt concentration, surfactant concentration, solvent
and substrate on HPL activity. In addition to optimizing the num-
ber of required experiments, experimental design also reveals
possible interactions between the selected factors, which to date
with HPL has not been investigated. A Box Cox transformation
of the activity data was performed [11]. The data of the aqueous
design was transformed using the inverse square root, while the
data of the micro-aqueous system was logjo transformed. For
both cases, a factorial model was set-up, using a half-normal
probability plot to identify significant main effects and interac-
tions. ANOVA showed the factorial model to be significant in
both cases. Also, surfactant, salt, surfactant/salt interaction and
salt/substrate interaction were identified as significant effects in
both cases. The ANOVA results are summarized in Table 1.
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Table 1

ANOVA table for HPL activity model under aqueous and micro-aqueous conditions

Source Aqueous Micro-aqueous
df. MS P>F df. MS P>F

Model 5 0.2558 <0.0001 s 5 0.5860 <0.0001 s
Surf. 1 0.0043 0.0319 S 1 1.7522 <0.0001 S
Salt 1 0.3065 <0.0001 s 1 0.0850 0.0002 s
Substr. 1 0.7313 <0.0001 S 1 0.9478 <0.0001 S
Surf. x Salt 1 0.0687 <0.0001 s 1 0.0229 0.0288 S
Salt x Substr. 1 0.1594 <0.0001 S 1 0.1220 <0.0001 S
Curvature 1 0.0089 0.0036 s 1 0.0118 0.1063 ns
Residual 20 0.0008 21 0.0042
Lack of fit 3 0.0015 0.1250 ns 3 0.0025 0.6505 ns
Pure error 17 0.0007 18 0.0044
Total 26 27
s, significant; ns, not significant; surf., surfactant; substr., substrate.

Only the aqueous scenario showed significant curvature but ~ log,, A = —0.4 + 47.87 - Surf. — 0.21 - Salt
the lack of fit was not significant in either case. To further val-
. S8 +8.23 - Salt - Surf. (©)
idate the model, predicted and actual values were plotted for
both scenarios (Fig. 6). The predicted values were calculated
from the model equations and show good correlation with the logjg A = —0.18 +47.87 - Surf. —0.03 - Salt
experimental values in both cases. The models that were devel- +8.23 . Salt - Surf. (D)

oped can therefore be considered valid in describing the activity
modulation of hydroperoxide lyase by salt, surfactant and sub-
strate under aqueous and micro-aqueous conditions.

To visualize and interpret the results, the data was split into
four sets for the creation of response surface graphs: LA-OOH
as substrate under aqueous conditions (A), LS-OOH under aque-
ous conditions (B), LA-OOH under micro-aqueous conditions
(C) and LS-OOH under micro-aqueous conditions (D) (Fig. 7).
The equations describing the four different scenarios are given
below:

-1
(\/Z) = 0.52 — 13.75 - Surf. — 0.12 - Salt
+ 14.65 - Salt - Surf. (A)

(ﬂ) —1.02 — 13.75 - Surf. — 0.34 - Salt
+14.65 - Salt - Surf. (B)

1.2+
1.04
0.8

0.6

Apct. ((umol min-! mg-1)0:5)

0.2 014 0{6 0?8 1T0 1:2
(A) Apreq. ((umol min-t mg-1)-0-5)

(A)—(D) show that salt concentration is the predominant effect in
the aqueous system ((A) and (B)), whereas surfactant concen-
tration is the predominant effect in the micro-aqueous system
((C) and (D)). Fig. 7A depicts the scenario that has been pre-
viously described in the literature [5,6]. With increasing salt
concentration from 0 to 1.5M, HPL activity increases from
3.7 to 8.7 umol min~! mg~!. Upon increasing the surfactant
concentration (0-0.01%) HPL activity increases from 3.7 to
6.8 pmol min~! mg’]. Both effects are, therefore, somewhat
comparable in magnitude within the observed range of concen-
trations. However, due to the interaction of both phenomena,
HPL activity is only 5.6 umol min~! mg~"! at high salt and sur-
factant concentrations. This interaction has not been previously
described in the literature and is contradictory to the assumption
that the salt and surfactant effects would be additive.

Fig. 7B shows the HPL activity with the novel substrate LS-
OOH under aqueous conditions. In the absence of Triton X-100
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Fig. 6. Model predictions for aqueous and micro-aqueous conditions; predicted and actual values are plotted for aqueous (A, ) and micro-aqueous (B, O) conditions.

The solid line () represents the ideal prediction.
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Fig. 7. Response surface plots for HPL activity under various conditions. The plots show HPL activity as calculated by the experimental design model under aqueous
conditions with LA-OOH (A) and LS-OOH (B) as a substrate and under micro-aqueous conditions with LA-OOH (C) and LS-OOH (D) as a substrate.

R, HPL activity increases from 0.96 to 3.8 pumol min~! mg~!

over the range of KCl concentrations studied. The surfactant
effects on the other hand, show only a slight effect on activity
and only at higher salt concentrations.

Fig. 7C and D show the activity response for HPL under
micro-aqueous conditions. It can be clearly seen, that for both
substrates, Triton X-100 R has the largest influence on enzyme
activity. For LA-OOH activity increases from 0.39 to 1.2,
for LS-OOH from 0.66 to 1.99 wmol min~!' mg~!. A contrary
salt-effect is visible for LA-OOH under micro-aqueous con-
ditions. HPL activity decreases with increasing salt concen-
tration (e.g. from 0.4 to 0.19 wmol min~! mg~! at low Triton
X-100 R concentrations) throughout the whole range of sur-
factant concentrations tested. For LS-OOH, the salt effect is
only visible at higher surfactant concentrations and is consis-
tent with the observations for LS-OOH under aqueous con-
ditions, but much smaller: HPL activity increases from 1.99
to 2.38 wmolmin~! mg~! at high Triton X-100 R concen-
trations. Maximal activity (8.7 wmol min~! mg~!) is achieved
under aqueous conditions with high salt and low surfactant
concentrations and LA-OOH as a substrate. Maximal activ-
ity (2.4 wumolmin~! mg~!) under micro-aqueous conditions
is achieved with high salt and surfactant concentrations and
LS-OOH as a substrate.

Fig. 7 reveals the complexity of effects in this system. The
influence of several factors has to be considered for interpreta-
tion. For example, the surfactant Triton X-100 R affects HPL
directly, but also has an effect on the solubility of sparsely water
soluble components such as LA-OOH. Under aqueous condi-
tions (scenarios (A) and (B)) the predominant effect of salt can
be attributed to a possible increase in HPL stability. HPL is
believed to be a multimeric enzyme in its native state [ 1] and high
salt concentrations are known to affect inter-subunit interaction
[14]. HPL could therefore be kept in a stable native conformation
resulting in a higher activity.

Under micro-aqueous conditions (scenarios (B) and (C)),
the presence of salt has less of an effect on HPL activity. Under
micro-aqueous conditions the salt would remain exclusively
in the aqueous phase; the enzyme will also likely be located
in this phase or at the interface of the phases. The limited
volume of available water could therefore be responsible for
a more rigid conformation of HPL, so the presence of the salt
would have a reduced effect on the enzyme. Another possible
explanation is that the enzyme was located at the interface
and that this interfacial positioning caused a more native and
stable/active conformation. This is known to be the case for
some membrane associated enzymes and enzymes involved in
lipid transformations [15].
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The effect of Triton X-100 R on HPL is different for scenarios
A and B. For LA-OOH, a beneficial effect can be seen, whereas
the effect of surfactant on the activity for the water soluble LS-
OOH substrate is minimal at higher salt concentrations. It is
reasonable that the predominant mode of action of surfactant in
aqueous systems is an increase in substrate solubility. The direct
activity modulation of HPL, in which the surfactant is believed
to interact with HPL, may still be in place, but does not show
the same magnitude as the salt effect or the influence of Triton
X-100 R on LA-OOH solubility.

The importance of Triton X-100 R in the two-phase system
canbe seenin Fig. 7C and D. Several modes of action could oper-
ate simultaneously. Triton X-100 R could increase the activity by
increasing the interface surface area and/or it could be involved
in facilitating mass transfer of substrate and products between
the two phases. The salt/surfactant interaction is most prominent
in scenario A (Fig. 7A). Triton X-100 R is a non-ionic surfactant
so a direct interaction of salt and surfactant molecules seems
unlikely. It may be that both factors enhance HPL activity by
non-compatible exclusive mechanisms. The salt/substrate inter-
action as identified by ANOVA (Table 1) can not be seen from
Fig. 7, because the data was blocked by substrates. However, a
direct interaction of anionic substrate molecules (carboxylates
and sulfates) with K* ions at high salt concentrations seems
likely. Polarity of the substrate head group was found to be a
crucial feature for good HPL activity [12]. High salt concen-
trations could mask the head group charge, hence diminishing
HPL activity to some extent.

4. Conclusions

The objective of the work presented here was to develop a
better understanding of the factors which modulate HPL activ-
ity by using novel reaction media and substrates. HPL activities
under micro-aqueous conditions and with the novel substrate
LS-OOH are described for the first time. The effect of salt, sur-
factant, solvent and substrate on HPL activity was assessed by
means of experimental design. It was found that HPL activity
is maximal at high salt and low surfactant concentrations under
aqueous conditions with LA-OOH as a substrate. Furthermore,
an influence of the surfactant Triton X-100 on solubility proper-
ties of the system and resulting HPL activity were identified. The
interaction of different effects was found to be significant, which

is in contrast to previously reported findings [5]. Specifically, a
salt/surfactant interaction under aqueous conditions with LA-
OOH as a substrate revealed the complexity of the investigated
effects, which do not combine additively.

This work represents a step towards the use of HPL for the
production of value added compounds. The results obtained can
aid in the choice of reaction conditions and in the design of a suit-
able immobilization supports, which will ultimately be needed
for feasible biotransformation reactions.
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