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Abstract

Fatty acid hydroperoxide lyase (HPL) is a cytochrome P450 acting on fatty acid’s hydroperoxides in many plants. The
optimisation of the expression of recombinant (His) -tagged HPLEherichia coli is described: the highest HPL
production yield were obtained with TB medium supplemented with 2V6 8raminolevulinic acid and 0.5 M IPTG. For
the first time, the time course expression of a plant P450 in a bench-scale fermentor is detailed and the amount of
recombinant HPL production is 16.3 mg/l. The UV-Visible spectrum of the recombinant,(His) -tagged HPL have been
recorded after a Ni" -based affinity chromatography (IMAC).

0 2002 Elsevier Science B.V. All rights reserved.

Keywords.: Expression; PurificationEscherichia coli; Hydroperoxide lyase; Cytochrome P450; Histidine tag

1. Introduction carbon and the one bearing the hydroperoxide func-
tion (Fig. 1) while the link between vinylic carbon
In higher plants, mushrooms and algae, fatty acid and carbon bearing the hydroperoxide function is
hydroperoxide lyase (HPL) cleaves linoleic and cleaved by heterolytic HPL [1]. HPL is involved in
linolenic acid hydroperoxides into volatile com- “the lipoxygenase pathway” in which lipoxygenase
pounds (short chain aldehyde, alcohol, or hydro-
carbon) and oxo-acids. Two categories of HPL have
been reported according to their cleavage type:

homolytic HPL cleaves the bond between a saturated .
Homolytic cleavage

Heterolytic cleavage
\ OOE/
o o L
*Corresponding author. Tel+32-81-627-158; fax:+32-81-

615-847. Fig. 1. Fatty acid hydroperoxides homolytic and heterolytic
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(LOX) peroxydizes linoleic and linolenic acids into
their 9- and 13-hydroperoxides isomers [2]. It has
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2. Material and methods

been demonstrated that HPL is a membrane bound2.1. Material

heme protein [3] belonging to the cytochrome P450
class [4]. The exact mechanism of catalysis remains
unclear but it has recently been demonstrated that
hematin has both homolytic and heterolytic HPL
activities [5]. This last result suggests that heme
prosthetic group has a key function in the catalysis.

HPL has a huge industrial issue: the biosynthesis
of “green” flavour compounds such a&3-hexenal
and hexanal. Volatile ¢ -aldehydes are main con-
tributors to the characteristic odour of plant. They
are widely used as food flavours to reconstitute the
“fresh green” smell of fruits or vegetables lost
during industrial processing. But plant tissues are
poor in short-chain aldehydes. A biocatalytic process
was needed to produce large quantities of such
compounds. Plant HPL is the only enzyme source for
a natural synthesis ofZ-3-hexenal and hexanal.
Another production strategy would be overexpres-
sing HPL in Escherichia coli as heterologous pro-
tein. Large amount of HPL could be obtained
without supplying the process with plant. Unlike
plant, E. coli would produce only one hydro-
peroxide-metabolising enzyme leading to the ex-
pected product. No allene oxide synthase, peroxy-
genase or divinyl ether synthase synthesis that would
lead to undesired by-product and loss of substrate.

Recombinant expression of HPL is a method to
increase the availability of this unstable biocatalyst.
Enzyme with high purity is required for studies on
three-dimensional structure or catalysis mechanism.
For performing a hanging drop crystallisation, large
amounts of pure HPL are needed. Recombinant
expression and affinity purification (IMAC) show,
here again, a great interest.

Lysozyme, IPTG and PMSF were purchased from
Sigma, lipoxygenase from Sigma UK, ampicilin
from Sigma Belgium and kanamycin from Sigma
Japan.. His-trap affinity resin and DNAsel were
purchased from Amersham Biosciences. Ni-NTA
agarose and Talon resin were purchased, respective-

ly, from Qiagen (Germany) and ClonTech (USA).
n-Octylpolyoxypropylene was obtained from Bach-

em (Switzerland).

2.2. Expression of (His),-tagged CYP74B HPL

E. coli M15 expressing (Hig) -tagged (N-terminal

form) recombinant CYP74B HPL from immature

bell peppers has been furnished as described previ-
ously [4]. The cDNA encoding HPL was subcloned
into the expression vector pQE-31 (Qiagen).

The His-tagged CYP74B HPL was expressed as
follow. Cells from an overnight growth on a Petri
dish with LB agar medium (supplemented with 200
mg/l ampicilin and 50 mg/l kanamycin) atG7
were harvested and resuspended in peptoned water.

This suspension was added to 100 ml of TB medium

supplemented with 100 mg/l ampicilin, 50 mg/I

kanamycin and\2 & aminolevulinic acid in 500
ml flasks. The volume of suspension was determined
in order to have an initial OD 600 nm of 0.1. M15
cells were grown &iC3Wwith an orbital shaking at

150 rpm. Then, BL1IRTG was added when
QP reached 1-1.2 and the cultures were cooled at
°Q(0rhe cells have been incubated at this tempera-
ture for 48 h.

This study presents the optimisation of the expres- 2.3. A 2-I bench-scale fermentor

sion and the purification of the (His) —cytochrome
P450 HPL (CYP74B) expressed ig. coli. The

expression parameters of the recombinant enzyme

A 2-1 fermentor Biostat (B. Braun, Biotech Inter-
national, Germany) has been equipped with pH and

and the chromatographic step (IMAC) are detailed. pO, sensors (Ingold Messtechnik, Switzerland). The

For the first time, the cells lysis and the enzyme
extraction (and solubilisation) are performed in a
single step. Amounts of (Hig) —HPL produced are
spectrophotometrically measured. The technical
feasibility of an industrial process will be evaluated.

biomass production was followed at 600 nm (1
A  corresponds to 0.46 mg cells/ml, dry matter
according to preliminary tests). pH was automatically
regulated at 7 with 25% (y/v) H PO . The air flow
was 2 I/min. HPL activity was measured each hour
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using the “cells lysis” (1 ml medium was lysed by 1

ml lysis buffer) and “enzyme assay” procedures
described below. TB medium supplemented with
antibiotics was used.

2.4. Cdl harvesting and lysis

Cells were harvested by centrifugation (10 Gf)0

4°C, 20 min). Supernatant was discarded. The pellet
was washed (phosphate buffer pH 7) and centrifuged

in the same conditions.

The composition of the lysis buffer (5 ml) fol-
lows: 50 nM Tris—HCI pH 8, 25 mg of lysozyme,
50 pl of 10 mg/ml PMSF, 25ul of 1 M MgCl,,
10 .l of DNAsel, 500 mM NaCl and 1%n-octylpoly-
oxypropylene f-opp, detergent).

After addition of the lysis buffer, the pellet was
incubated at 4C for 30 min with vigorous shaking
(magnetic stirrer). The lysed cells were centrifuged
(250009, 4°C, 15 min). The supernatant is the
crude extract and contains heterologous HPL.

2.5. Purification of (His),-tagged recombinant HPL

The affinity resin (1 ml) was preliminary washed
with 2 ml 0.1 M NiSO, followed by 5 ml water and
equilibrated with 5 ml of buffer 1 (50 M Tris—HCI
pH 8, 500 nM NaCl and 1% n-opp). Prior to
purification pH of the crude extract was re-adjusted
to 8 with 0.1 M NaOH. Then, 5-7 ml of crude
extract (corresponding to a 100 ml culture) were
loaded on 1 ml of Ni* affinity resin (Ni-NTA
Agarose, Qiagen) in a 1-cm diameter column of 10
ml. The flow-rate was 0.5 ml/min. The column was
washed with 5 ml buffer 1 and 15 ml buffer 2 (50
mM sodium phosphate pH 6, 500MnNaCl and 1%
n-opp). (His) -tagged HPL was eluted using 10 ml
buffer 3 (50 nM sodium acetate pH 4, 500 Mh
NaCl and 1%n-opp).

2.6. Enzyme assays

The substrate of HPL (13-hydroperoXy,Z)-

9,11,15-octadecatrienoic acid, 13-HPOTE) was syn-
thesised, extracted and purified according to Ref. [6].

HPL activity was measured by following the

decrease in absorbance at 234 nm (disruption of the >
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conjugated diene in the substrate) using an Ultrospec
4000 UV-Visible spectrophotometer from Phar-
macia.

3. Results and discussion
3.1. Expression of (His),-tagged CYP74B HPL

Preliminary tests have clearly shown that TB was
better than LB. LB is not buffered and lacks specific
carbon source. The consequence was a quick pH
increase due to the desamination of amino acids. The

high pH resulted in slow growth rate and poor HPL
expression levels in our experiments.
HPL expression was only detected when the
growth temperature wa¥C2@t 37°C, 500 times
lower expression was observed. As recently observed
by [7], plant P450 are, at this temperature, expressed
as inactive inclusion bodi&s aoli. An interesting
method for purification of recombinant proteins
expressed in inclusion bodies in denaturing con-
ditions, followed by a refolding during the chromato-
graphic step is proposed in Ref. [8]. Unfortunately,
native HPL is very unstable and we didn’t investi-
gate in that way.
The effect of increasing inductor (IPTG) con-
centrations on expression rate of active HPL was
investigated. The results are presented in Table 1.
The best HPL expressions were obtained with 0.5
MmIPTG. Unexpected high HPL activity was
recorded when IPTG was omitted. It seems that the
repression of promoter was not optimal. This result
fits with the recent publication in Ref. [9]. The

Table 1
Effect of IPTG concentration on the expression yield of recombi-
nant (His), -tagged HPL irE. coli

IPTG Activity Cells Final pH
(mM) (EU/ml) (dry weight, g/I)
0 5.1 3.8 7.4
0.001 5.6 3.9 7.3
0.01 6.4 3 7.4
0.1 7 2 7.4
0.5 7.9 18 7.3
1 7.1 1.9 7.2

7.4 1.8 6.2
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authors have obtained the best expression yields
without IPTG. Nevertheless, the reason for this
“spontaneous expression” remains unknown. We
suppose that an undetermined ingredient of the TB
medium may “mimic” IPTG and deregulate the
repression mechanism of tHac repressor protein.
The final biomass (the weight of cells, dry matter)
decreases when IPTG concentration increases. IPTG
seems to act as a growth inhibitor far coli. These
results demonstrate that the optimisation of the
expression of an active recombinant enzyme is not
simply related to biomass production. In most of the
experiments, final pH was unchanged due to the
buffering capacity of TB medium.

As mentioned above, HPL is a heme enzyme. The
effects of some heme precursors on HPL expression
have been investigate&. coli biosynthesises heme
prosthetic group according to the {C route”, direct-
ly from glutamic acid viad-aminolevulinic acid [9].

No increase of HPL activity was observed with
addition (to TB medium) of 1Q.M hematin, 0.1 or
2.5 mM Fe(lll) (central atom of heme) and 0.5%
glutamic acid. When 2.5 M &-aminolevulinic acid
was added, active HPL expression yield doubled.
The beneficial effects ob-aminolevulinic acid on
recombinant plant P450s expressionBncoli have
been noticed by some authors [7,10,11]. It is well
known that cytochromes P450 need heme prosthetic
group in their active forms [9]. Our results show that
the “natural” heme synthesis enzymatic pathway of
E. coli is insufficient to produce heme for a recombi-
nant P450 expression. They also demonstrate that the
limiting step is the bioconversion of glutamic acid to
d-aminolevulinic acid. Indeed, addition of this last
compounds has increased the expression of active
HPL while addition of glutamic acid did not [12]
have shown that the control éfaminolevulinic acid
synthesis irE. coli (and thus of the whole pathway)
resides in the glutamyl-tRNA reductase (GTR). This
last enzyme is one of the four steps between
glutamic acid and-aminolevulinic acid. As we have
noticed that the critical step resides between these
same compounds, our observations match perfectly
with the conclusion of these last authors.

Time course expression of recombinant HPL was
investigated using a bench-scale 2-1 fermentor. The
results are presented in the Fig. 2. From 0 to 3 h, the
growing temperature was maintained at°87 No
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HPL activity was detected (expression in inclusion
bodies). Glycerol was the first carbon source used by
the cell and there was no pH variation. At the end of
this periody@)edecreased: the cells (in logarith-

mic growth) consumed moye O 40D had reached
1 after 3 h. The growing temperature was decreased
to°@and 0.1 MM IPTG was added. Obviously,

this temperature shift caused a break in the growing

rate. The © consumption decreased updl,
reached 100%. As soon & ®@s reached

(around 5 h), HPL activity was detected. At this time
of the production and until its epd, H PO was

regularly added. Indeed, glycerol was entirely con-

sumed. Cells started to use amino acids as a new
carbon source and the desamination of this substrate
caused an increase of the pH. The production was
stopped after 20 h. The HPL activity maxima was
not reached. Additional 500-ml flasks experiments
were performed (data not presented) and demon-
strated that the optimal production time was 40 h.

3.2. Cdl lysis and HPL solubilisation

After M15 cells harvesting, chemical lysis (lyso-
zyme) was performed. At 10 mg/ml lysozyme,

fluorescent microscopy observations have shown that

the lysis yield was nearly 100% (data not shown). No
“mechanical” lysis (sonication or French press) was
required.
To avoid a too viscous crude extract, DNAsel and
its co-factor {fMg ) were added to the lysis buffer.
A PMFS/EDTA antiproteases inhibitor cocktail is
generally recommendet.fooli. Only PMSF was
used in our experiments because EDTA is not
suitable with Ni  -based IMAC.
HPL is a membrane bound enzyme and thus
requires a detergent for its extraction and its solubili-
sation. The choice of the most suitable detergent is
one of the critical aspect in any study of membrane
bound protei@ctylpolyoxypropylene r-OPP)
gave the best solubilisation after a screening includ-
niagtylglucoside (1©-n-octyl-B-p-glucopyrano-
side), CHAPS (3-[(cholamidopropyl)dimethyl-am-
monio]-1-propanesulfonate) and Triton X-100. Al-
though it gave nearly the same resoHSPd%
Triton X-100 was avoided due to its strong ab-
sorbance at 234 nm (HPL assays) and at 280 nm

(protein).
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Fig. 2. Time course expression of recombinant (Kis) -tagged HPE. icoli.

Gycerol is often used to increase solubility of 3.3.2. Chromatographic parameters

P450 [13]. In our conditions, addition of 20% Various resin bed volumes and flow-rates were
glycerol to crude extract was ineffective. investigated. Results are presented in Table 2. The
best HPL recovery yields were obtained with a 5:1
ratio between crude extract and IMAC resin and a
0.5 ml/min flow-rate. The importance of the flow-

rate on recovery yields was more important at a 10:1
ratio: a two times higher yield was obtained by

dividing the flow-rate by 2.

3.3. Purification of His-tagged HPL

3.3.1. Choice of the affinity resin

Three IMAC resins were evaluated. The metal ion
was NF* for both Ni-NTA agarose (Qiagen) and
HisTrap (Pharmacia), and €o for Talon resin
(Clontech). The binding capacities of N-terminal |,
(His)s-tagged HPL were the same on théNi  -based Chromatographic parameters related to IMAC purification yields
resins and greater than €o -based resin. The poorof recombinant (Hig) -tagged HPL
N-terminal His-tagged P450 binding capacities of the \oume crude

Volume resin Flow m 7,
Talon resin was also observed in Ref. [14]. These extract (ml) (ml) (ml/min) (%) (%)
authors obtained better results with the C-terminal ¢, 05 1 21 o5
His-tagged form of their recombinant P450. The 7. 05 05 45 55
C-terminal form of (Hisy -tagged HPL have not been 5.0 1 1 76 -
investigated because good results were obtained with6-4 1 0.5 80 70

Ni**-based IMAC.

7, andn, are two recovery yields (see text for details).
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Two recovery yields were determined to estimate
the loss of activity during the chromatographic step:
n, and n, were calculated by dividing the HPL
activity of the HPL-containing fractions (see Fig. 3)
by, respectively, the sum of HPL activity in all
fraction and the HPL activity in the crude extract. As
it can be seen in Table 2), andn, are very closed.
Thus we have considered that both the denaturation
of HPL during the IMAC step and its quantities
irreversibly bound on the resin were negligible.

Fig. 3 shows the chromatogram of a typical
purification. The volume of the fractions were 4 ml.
The collection of the HPL-containing fractions has
been performed manually when a significa®tN
variation was observedj, was approximately 1 ml.
ContaminantE. coli proteins were eliminated by
washing the resin at pH 8 and 6. Elution of (His) -
tagged HPL was performed at pH 4, without any
imidazole or histidine gradient. The major 280-nm
protein peak (30 ml) matches exactly with a maxi-
mum of HPL activity.

To ascertain the identification of HPL, an UV-
Visible spectrum of the HPL activity containing
fraction was recorded and presented as Fig. 4. The
typical Soret band (393 nm) of HPL can be seen.
Recombinant HPL exhibits a Soret band at the same
wavelength than green pepper bells HPL [3].
Another evidence of the identification follows )¢3-
hexenal was measured (GC—MS) after the reaction
of 13-HPOTE with recombinant HPL. This volatile
C, aldehyde is obtained with heterolytic HPL from
plants [2].

The SDS—PAGE electrophoregram is presented as
Fig. 5. The molecular mass of HPL is around 50 kDa

HPL
activity

A 280nm HPL-containing
fraction

T

pH

Activity (EU/ml)
pH

AoV OO N O ©

/

O

20

volume {ml)

30

Fig. 3. IMAC purification of (His) -tagged cytochrome P450
hydroperoxide lyase.
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hydroperoxyde lyase

0,300
0,600
0,400
0,200 |-———

600,0

4000 700,0

300,0 X 500,0
Wavelength (nm)

Fig. 4. UV—Visible absorption spectrum of recombinant (His) -
tagged cytochrome P450 hydroperoxide lyase.

and fits the calculation from the gene (54 kDa [4]).
The purity may vary between 80 and 90%.

3.3.3. Quantification of HPL
According to the molar coefficient of the Soret
band [3], purified (Hig) —HPL amount was estimated

B

A
250 k Da

150 k Da
100 k Da

75k Da

50 k Da

37 k Da

Fig. 5. SDS—polyacrylamide gel electrophoresis of purified
(His),-tagged HPL (lane B). Electrophoresis was performed on a
10% polyacrylamide gel. Proteins were stained with Coomasie
Blue.
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to 1.3 mg. This amount corresponds to 100 ml
culture and a recovery yield of 80%. Thus, enzyme
expression have been estimated (for the first time) at
16.3 mg recombinant active HPL per litre.

HPL amount were also determined using a calcu-
lated A, coefficient as described by [15]. The
numbers of Trp, Tyr and Cys residues were deduced
from the HPL gene sequence published in Ref. [4].
They are, respectively, 5, 13 and 5. HPL molecular
mass is 54 055 Da [4]. According to the formula
[15], the A,g, coefficient would be 0.84 mg HPL/
ml/AU. Chromophores (like heme) interferes at 280
nm. We propose the following correction: heme
contribution at 280 nm0.45XA,,, nm (according
to pure hematin spectrum, data not shown). Thus, for
HPL:

HPL (mg/ml)= (A, — 0.45X A ) X 0.84

235

amino acids as substrate. Another interesting way of
investigation would be a batch-fed fermentor with a
continuous flow of glycerol.
The efficiency of the lysis/extraction step has
been considerably improved: neither mechanical
lysis nor ultracentrifugation were used. Actually,
some authors centrifuge the crude extract at
100 @0prior to the purification of membrane
bound protein. Our results have demonstrated that it
is not necessary if DNAse | is added.
A total of 80—90% purity (His) -tagged HPL has
been obtained from an IMAC purification. The
binding capacity of the resin has been estimated to

1-2 mg of (Hig) -tagged protein/ml resin. The

recovery yield is 80%.

Overexpressing HPL ik. coli is a good strategy
for a “green note” aldehydes production: large
amounts of enzyme are produced (by comparison

Using that last formula, purified HPL amount was with plant), one-step purification (thanks to 6xHlis),
estimated to 1.8 mg, which correspond to a 22.5-mg recombinant HPL optimal pH closer to lipoxygenase
recombinant HPL per litre. We can see that this last optimal pH, high catalysis specificity (only hexenal
estimation is very closed to the previous one that was is produced, data not shown). Therefore, this work

based on the Soret band (16.3 mg/I).

has demonstrated the technical interest of the recom-

binant HPL.

4, Conclusions

However, before the evaluation of the profitability
of the process, one more pure economical and legal

information is needed: can a plant recombinant

From this work, we have learned thit coli is a
convenient expression vector for plant cytochrome
P450 expression, even if this microorganism does
not have any “natural” P450 sequence in its own
gene [15]. Despite this fact, active form of P450-

protein expression irE. coli

be considered as
“natural” and thus synthesised high value “natural”
products?
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