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Abstract

Effect of exogenous iron on the enzymatic activity of soybean lipoxygenase (LOX) in aerobic catalysis is investigated in this paper. It is
found that a certain level of exogenous k&€ or linoleic acid hydroperoxide (LA-HPOD) could speed up the oxidation process of linoleic
acid catalyzed by soybean LOX. Absorbency band between 300 and 400 nm in UV spectrum of soybean LOX was strengthened once upon
adding of F&" but only changed slightly with adding of Peor other ions. Therefore, E&is much more affinitive to the catalytic site of LOX
than other ions, although the previous experimental results have indicated that the iron inside native enzyme mainly exists as a more stable
Fe?*-LOX state. The potential function of exogenousF&e* or LA-HPOD in aerobic catalysis mechanism of soybean LOX is proposed as
electron transfer from the intrinsic electron donor to the extrinsic electron acceptor, which speeds up the conversidti fooReTen situ
inside the active site of LOX. Since the above exogenous matters can accelerate the initial rate and thus the overall rate of aerobic catalysis
of linoleic acid catalyzed by LOX, it becomes evident from our study that the conversion frénioFee’™ in situ is the control step in the
above aerobic reaction.
© 2004 Published by Elsevier B.V.
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1. Introduction plays a redox role in the catalyzed reaction, with the for-
mation of FE*-LOX it accepts an electron from the specific
Lipoxygenase (LOX) is widely distributed in all plantsand  3-methylene of 1,4-pentadiene moiety in the polyunsaturated
catalyzes the oxidation of polyunsaturated fatty acids con- fatty acid. LOX-1 was isolated from soybean seeds, which
taining thecis,cis-1,4-pentadiene moiety to the correspond- referred to as the native enzyme mainly containd'fe a
ing hydroperoxides (HPOD) of conjugated dienes. LOXs are nonheme environment. FeLOX is essentially colorless and
monomeric and contain one nonheme, nonsulfur iron atom shows no EPR spectroscopic features. Treatment &f-Fe
per molecule, which is thought to be essential for their cat- LOX with equimolar hydroperoxide results in oxidation of
alytic behaviord1-4]. Soybean LOX-1, used to be consid- the cofactor to F&, the latter has been thought as the active
ered as a model, has been the most thoroughly characterizedorm to catalyze aerobic oxidation. It is this form of the en-
LOX. The iron in LOX-1 is generally believed to be in an zyme that has a characteristic pale yellow color and an EPR
octahedral ligand environmeft,6], whose properties and  signalinthe g-6 region, which can be reversibly reducedto the

microenvironment have been most intensely examined. Fe#*-LOX upon addition of some substrate such as linoleic
The role of the iron has become the focus of recent stud- acid to the enzyme under anaerobic conditifn$2].
ies on the catalytic mechanism of LOX—11] The iron Fig. 1shows a documentally proposed scheme of the aer-

obic catalysis of LOX2]. The active LOX-1 functions by a
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Fig. 1. Scheme of aerobic oxidation of linoleic acid by LOX. Fatty acid structures are abbreviated to show only C-8[#].C-14

is responsible for oxidizingis,cis-1,4-pentadiene moiety of HPOD) was synthesized in our laboratory. All other reagents
the fatty acid to the pentadienyl radical, and the latter reducesare of analytical grade.
Fe** to F&* in turn.
Kinetic models for LOX catalysis fall into two classes 2.2. Enzymatic oxidation
[12,13] In the fist model, the inherent Feform of the en-
zyme is considered catalytically inactive. Full catalytic ac-  |natypical procedure, a given amount of linoleic acid (7.8
tivity of the enzyme is acquired only when the iron cofactor or 100 mM) was dissolved in 20 ml of borate buffer (0.2 M,
of the enzyme is oxidized from the state’Fdgo Fe** by pH 9.0), and air at atmospheric pressure was used as oxygen
HPOD[14,15] In another model, F&- and Fé*-LOX are source. The reaction was started upon the addition of a given
thought both catalytically active but in different levels. dosage of enzyme at room temperature df@ONo antifoam
Although both of these models have been independently supreagent was added. After 2 h, the reaction was terminated by
ported by a variety of experimental data, no convincing evi- addition of 2 M HSOy to pH 3.5. Extracted twice with ether,
dence has yet been presented in favor of one model versus thénhe organic phases were combined and washed with water,
other. then dried over sodium sulfate. The ether was vaporized un-
Importance of intrinsic iron inside of LOX to its aero- der N, stream and the LA-HPOD oily liquid residue was
bic catalysis has been widely studied. But further research gbtained.
about the function of exogenous iron in the mechanism of
LOX catalysis has been scarcely reporited]. When we in- 2.3. Analysis
vestigate the LOX aerobic catalytic reaction using different

stirrers, i.e. PTFE coated iron stirrer, stainless steel stirrerand | jpoxygenase activity was determined by measuring the

iron stirrer, itis found that the one with iron stirrer proceeded jncrease in absorbance at 234 nm with a spectrophotometer

at a highest rate, while that with PTFE coated iron stirrer (Ty-1901 UV spectrophotometer) according1d].

induced the lowest rate. This phenomenon suggests that the pyplicate samples (40l for low LA concentration

micro-iron on the surface of stirrer can stimulate the LOX (7 8 mM) and 5 for high LA concentration (100 mM)) were

catalytic oxidation. In this report, we would like to discuss  taken from the reaction system and diluted with 5 ml ethanol

the state of iron in the native Ilpoxy+genase, the effect of ex- 1o stop the reaction and the absorbance was measured at

ogenous iron (including #é and F&") and conversion rate 234 nm. The reaction was terminated when the absorbance

from FE&*-LOX to Fe**-LOX on the LOX activity in aer-  pecame steady.

obic catalysis. Supplemental aerobic enzymatic mechanism  The amount of F¥-LOX in the solution is linearly related

of LOX and the external factors that can affect the enzyme o the absorbance at 330—400 fi2,13] The absorbance

activity are further elucidated. at 360 nm, a region attributable to an iron combination was
measured when extrinsic iron was added to LOX solution.

2. Experimental
3. Results and discussion
2.1. Chemicals
3.1. Role and inherent state of iron in lipoxygenase
Soybean LOX was purchased from Sigma (70,600 U/mg).
Linoleic acid (LA, 98% of purity) was purchased from Shang- Iron is the indispensable part in majority of lipoxygenase.
hai Chemicals Co., China. Linoleic acid hydroperoxide (LA- The enzyme activity would be lost if iron were removed from



K. Cai et al. / Journal of Molecular Catalysis B: Enzymatic 32 (2004) 21-26 23

the enzymd18]. The original demonstration that lipoxyge- that electron transfer between exogenou¥'Fad intrinsic
nases contain iron was based on the extraction of the metal byFe?*, in which the latter acts as the electron donor, causes
o-phenanthroline in the presence of reducing agents. Reconthese phenomena and the former performs as the electron
stitution of the apoenzyme was not achieved under a variety of acceptor.
conditions. In our experimentssphenanthroline was used to Similarly, when enzyme solution was titrated with’Fe
take iron away from the native enzyme, no obvious change of absorbance at 360 nm increased litthég( 2b), which in-
enzyme activity could be found in the beginning once upon dicated that interaction between exogenou$'Fead LOX
o-phenanthroline was added to the enzyme solution underwas much weaker than that in the3fease. A plateau was
aerobic conditions at room temperature. Whereas there ob-observed irFig. 2b, which could be explained as follows: ex-
served a 30% loss of enzyme activity after 36 h. The iron- ogenous F& in LOX solution was more easily oxidized to
phenanthroline complex could be separated from the pro- Fe** compared with intrinsic & and then electron transfer
tein by dialysis. Our experimental results indicated that the effect occurred between the intrinsic¥end the neonatal
subsequent direct addition of excess iron, i.e. ferric ammo- Fe**. While other ions including calcium and sodium ions had
nium sulfate, to the enzyme solution (in 0.2 M, pH 9.0 borate no effect on the UV spectrum of LOX at 360 niig. 2b).
buffer) would not restore enzyme activity under aerobic con-  As shown inFig. 3, when the native enzyme was titrated
ditions at room temperature. But Kariapper and co-workers directly with LA-HPOD, the absorbance at 360 nm also in-
reported the discovery of conditions for successful extrac- creased. But a plateau was reached when aboytrid? of
tion of iron from soybean LOX-3 with Chelex-100 (aresin of LA-HPOD had been added into the 3.5 ml of lipoxygenase
sodium form) and reconstitution of catalytic activity from the solution. As mentioned before, the pre-oxidized product LA-
soluble apoenzyme with ferric ammonium sulfate in sodium HPOD could specifically oxidize F&LOX, which led to
bicarbonate buffer. They reported that LOX activity was re- the formation of F&"-LOX. This phenomenon can also be
stored from 1 to 9& 10% of the original activity19]. Thus successfully explained by the above electron transfer effect
we think, for LOX-1, the reconstitution of catalytic activity —because in this case the exogenous LA-HPOD replaces the
from apoenzyme may be feasible only when the appropriaterole of the exogenous Béas the electron acceptor. When the
conditions were found. conversion of F&-LOX to Fe**-LOX approached equilib-
Fe*-LOX has been stated in literatures to be the main rium, no more increase in absorbance at 360 nm was observed
form of LOX in native state. Effects of exogenous factors on with ever-increasing amount of LA-HPOD.
UV spectrum of LOX were studied here to determine whether ~ The above experimental results indicated that the iron in-
the structure of LOX could be affected. When the enzyme so- side of native enzyme mainly exists as’Fstate. Exoge-
lution was titrated with F&" a series of UV spectrumin0.2 M,  nous Fé*, Fe#* or LA-HPOD leads more F&-LOX quickly
pH 9.0 borate buffer were recorded. Two phenomena could formed from Fé*-LOX by virtue of the electron transfer. But
be observed from the recorded UV spectrum. Firstly, the ab- the influence of exogenous #eon UV spectrum of LOX is
sorbency band between 300 and 400 nm was strengtheneanuch weaker than both exogenous¥and LA-HPOD.
when Fé* increasedFig. 2a), which showed that there was
an interaction between the exogenoud'fand the enzyme.  3.2. Effect of exogenous LA-HPOD on LOX catalysis
Secondly, the 360 nm absorbency touch the top and then re-
mained constant when exogenous FiacreasedFig. 2b), Based on the above result, LA-HPOD has influence on
which implied that more F&-LOX might have been formed,  the conversion from Fé-LOX to Fe**-LOX; it is there-
i.e. intrinsic F&* was converted to P& in situ in the active fore necessary to further study the possible effect of LA-
center inside of LOX. It is therefore reasonable to believe HPOD on LOX catalysigrig. 4shows the effect of exogenous
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Fig. 2. Effect of exogenous Beand other ions on the spectrum of LOX. (a) Spectrum of LOX incubated with exogendusiier aerobic conditions. (I)

Native lipoxygenase in borate buffer (0.2 M, pH 9.0) at room temperature. (Il) Conditions as for curve a, but wjithvzs.Be3*. (111) Conditions as for curve

a, but with 42.8.M of Fe3*. (b) Effect of exogenous ions on the absorbance of lipoxygenase at 360 nm. Native lipoxygenase in borate buffer (0.2 M, pH 9.0)
at room temperature.
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) ) i Fig. 5. Effect of exogenous ions on LOX catalysis. LA of 7.8 mM in 20 ml
LA-HPOD level onthe LOX catalyzed oxidation. Addition of  of pH 9.0 borate buffer at 1GC, with 0.5.M of NH4Fe(SQ), or FeC} but

LA-HPOD abolished the lag phase in the hydroperoxidation 1.5uM of NaCl.

of linoleic acid, which implied a direct interaction between

LA-HPOD and the F&-LOX. Thus Fé*-LOX was quickly phase in the initiation state consequently accelerates overall
converted to F&-LOX with the incubation of exogenous speed of LOX catalysis.

LA-HPOD. When exogenous LA-HPOD level in the reaction Under the same conditions, ferric ammonium sulfate,
mixture being 0.8 nM, the highest reaction rate was reached.sodium chloride or ferric chloride was added to the reac-
Furthermore, excessive exogenous LA-HPOD had a negativetion, and the results are shownfiyg. 5 With same iron level
effect on the reaction, maybe due to the product inhibition to (0.5uM), ferric ammonium sulfate and ferric chloride pro-

the enzyme. moted the reaction markedly. With same chloride anion level
(1.51M), the rate increment with ferric chloride was higher
3.3. Effect of exogenous¥eon LOX activity and than that with sodium chloride. So, it was¥ehat played

an essential role in the increase of reaction rate. As shown in
Fig. 5, the initial rate of enzymatic reaction with exogenous

Fe¥*-LOX has been proven to be the active form of LOX F€’" was markedly higher compared to that without exoge-
while F&*-LOX is the main form in native state. Initiation of ~Nous F&" and the time to reach reaction equilibrium was
LOX catalysis can be divided into two steps, i.eFimside shorteneq obviously. This indicated that thg total activity of
of LOX catalytic site is oxidized to & and then F&-LOX LOX was increased when Pewas added. It is thought that
combines with linoleic acid. The time course for converting the LOX catalysis is initiated by the binding of appropriate
substrate to product is much shorter than that for the conver-Unsaturated substrates at active catalytic[3i, so exoge-
sion of F&*-LOX to Fe¥*-LOX because the latter process NOUS F_é+ qccelerated the initiation state because |t§hortened
involves a pronounced lag phakks]. Effect of exogenous the activation course of LOX by electron transfer. This agreed
Fe** on LOX catalysis was explored in this paper to illus- 0 the fact of exogenous Feeffect on the UV spectrum of
trate whether the process convertingFeOX to Fe**-LOX LOX (Fig. ).

is the control step. Optimizing this step may abolish the lag ~ AS for eénhancement of reaction rate by sodium chloride
(seeFig. 5), it may be explained as follows: ions occupies

the inhibitory binding site of enzyme for substrate, which
osh makes the concentration of substrate relative to the active
site enhancefR0]. This can be called as salt effects, which
is not fit for the explanation for exogenous iron effect.

catalysis

o6 Fig. 6 shows effect of exogenous eon LOX catalytic
. reactions under low (7.8 mM)-{g. 6a) and high (100 mM)
< oaf (Fig. 8b) LA levels. The initial rate was improved to some

extent in both cases. At low LA level, enhancement of reac-
tion rate was more notable than that at high LA level. When

—e—0 —=—08

ozr e 2 exogenous F¥ in the reaction mixture reached WM, the
curves started with a burst vertical line instead of a lag phase
0 : s s and the highest reaction rate reached. Further increasing the
0 e 60 amount of F&*, the effect of exogenous Febecame incon-

spicuous. It shows that excessivéFis not still beneficial for
Fig. 4. Effect of exogenous LA-HPOD on LOX catalysis. LA of 7.8mM, the enzymatic reaction and there is an optimal level of exoge-
0—20 nM of exogenous LA-HPOD, @ and pH 9.0. nous Fé* for LOX catalysis Fig. 6a). We think this is because
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Fig. 6. Effect of exogenous Peon LOX catalysis. (a) Lower LA concentration (7.8 mMX5L0® U/l of LOX, 0-100p.m of exogenous F& under pH 9.0 at
10°C. (b) Higher LA concentration (100 mM) $@/I of LOX, 1 pm of exogenous F& under pH 9.0 at 10C

excessive exogenousHewill also damage the protein struc-  ously. In our experiments, 2,8V of exogenous F& made
ture besides the above promotion effect. In our experiment thethe catalysis rate slow down whereas the concentration of
positive effect of F&" was dominant and no obvious inhibi- Fe?* between 5nM and 2,GM did not affect LOX catalysis
tion was observed with exogenous’Ferig. 6b showed at LA obviously. Thus, exogenous Fewould promote the LOX
concentration of 100 mM the inhibition of substrate became catalysis if an appropriate amount were used.

more obvious although the ratio of LOX/exogenoud'Reas
keeping with the optimal ratio (fQJ/uM) in Fig. 6a. Thus
exogenous F¥ effect was negligible due to the competition

between the substrate inhibition angerromotioén; In our experiments, some external factors affected the
Accelerating the conversion of FeLOX to F&™-LOX  gyrcture and the activity of LOX in aerobic catalysis have
can affect the dynamic course by reducing the lag phase of ini-peey found. Further explanation to the aerobic catalytic

tial reaction and accelerate the total reaction rate. Exogenousechanism of soybean LOX and the external regulation
Fe3* accepts the electron to induce the conversion frofi Fe mechanism to some extent were proposed as shoffigiis.
to Fe** in situ inside of the active center of LOX. Therefore, Exogenous F¥ has an effect on the spectrum of LOX be-

addition of an optimal amount of P& as well as LA-HPOD, _ tween 300 and 400 nm and induces the conversion &f-Fe
into the reaction system can clearly promote the enzymatic | ox 1o Fe&3+-LLOX and then abolishes the lag phase of cataly-

3.5. LOX catalytic mechanism and its control factor

reaction, especially for low LA level. sis as well as LA HPOD. Exogenous¥as a little effect on
the UV spectrum of LOX between 300 and 400 nm. But suit-
3.4. Effect of exogenous#eon LOX catalysis able exogenous Fé can promote the reaction rate clearly.

Electron transfer is the dominating factor during above pro-

As mentioned above, suitable amounts of exogenotis Fe cess. We considered that any factor that can promote the con-
can enhance the LOX catalysis markedly. It is curious if ex- version from F&*-LOX to Fe**-LOX would abolish the lag
ogenous F& has the same effect. When the concentration of phase and accelerate the reaction rate. These results provide
ferrous ammonium sulfate in reaction mixture reached 5nM, a somewhat clearer image to promote the LOX aerobic en-
the enzymatic reaction rate increased markedly as shown inzymatic reaction, which is illustrated Fig. 8.
Fig. 7. In addition, the lag phase was abolished, but when
the exogenous P& concentration was higher than 5nM, the 0.7

inhibition in initial reaction occurred. The inhibition became o6l L
more obvious with ever-increasing exogenou$‘f®ncen- osl ;
tration. The above results can be explained as follows: (1) '

Addition of a little exogenous ¢ into the reaction sys- fv o4 0

tem promotes oxidation from Féto Fe** inside of LOX, 03r ——51M
which accelerates the initial reaction rate. Consumption of 0-21 T o,
LA-HPOD by Fé&* was negligible in this case. (2) Exoge- o1 —x—2.5 M
nous F&* of 5nM was a fit concentration to abolish the lag 0 : ; ; :

0 20 40 60 80 100

phase Fig. 6b). (3) Excessive exogenous¥avill consume Time (min)

more LA-HPOD product in the system due to oxidation to
result in total rate inhibition although there is still a positive Fig, 7. Effect of exogenous Be on LOX catalysis. LA of 7.8mM,
effect of converting the exogenous?do Fe* simultane- 5 nmol/l-2.5.M of (NH4)2Fe(SQ)2 under pH 9.0 at 16C.
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Fig. 8. Modified scheme of aerobic oxidation of linoleic acid by LOX. Fatty acid structures are abbreviated to show only C-8 to C-14.

4. Conclusion

Based on the above investigations mainly with UV anal-
ysis the effect of exogenous iron on LOX aerobic catalytic
reaction was examined. Suitable amount of exogenods Fe
and Fé* can shorten the lag phase of oxidation thus en-
hance the reaction rate as well as LA-HPOD. Addition of

Fe3* makes the absorbance band between 300 and 400 nm in
UV spectrum of lipoxygenase strengthened but absorbance

changed little with F&". The possible mechanism of aerobic
catalysis of LOX and the effect of exogenous’Fen cat-
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