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Abstract A PCR-based approach was used to isolate cDNAs
for cinnamate 4-hydroxylase (C4H) from Catharanthus roseus
cell cultures. The protein shared 75.9% identity with C4H from
other plants, and the transcription was induced under various
stress conditions. The cloned protein was used to investigate the
functional expression of plant P, /P,-reductase fusions in
E. coli. Fusions containing a modified N-terminal membrane
anchor were located in the membrane and possessed C4H activity
without solubilization or addition of other factors. The results
indicate that the fusion protein strategy provides a useful tool to
analyze the activities encoded in the rapidly increasing number
of plant P, sequences of uncertain or unknown function. We also
discuss critical elements of the strategy: the choice of the E. coli
host strain, the N-terminal membrane anchor, and the conditions
for protein expression.
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Fusion protein; Heterologous expression; Membrane anchor;
Cytochrome P,4); Cytochrome P, reductase

1. Introduction

Cinnamate 4-hydroxylase (C4H), a cytochrome P,s,~depend-
ent enzyme (P,5,) catalyzing the hydroxylation of cinnamate to
4-coumarate, is the second enzyme in the common branch of
the phenylpropanoid pathway that leads to a large number of
biologically important molecules, e.g. lignins, pigments and
phytoalexins. The enzyme was completely purified some years
ago [2], and cDNA clones were reported for a few plants (He-
lianthus tuberosus [3], Medicago sativa [4], Phaseolus aureus [5],
and Zinnia elegans (AC U19922). In the first part of this work
we describe the molecular characterization of C4H from Ma-
dagascar periwinkle (Catharanthus roseus) and studies on the
regulation in cell cultures.

The second part addresses a problem of growing importance
in view of the rapidly increasing number of sequences that are
described as P,5, on the basis of sequence similarities. Consider-
ing the difficulties with the purification of P, from plants, the
functional identification represents a challenging task. One of
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the methods of choice is the heterologous expression followed
by functional assays. Plant cells are useful as hosts if mutants
are available [6], but in many cases the distinction from resident
activities may present a problem. Expression of functionally
identified plant Py, in other cells has been reported (e.g. yeast
[4,7] and animal cells [8,9]), but each of the available systems
suffer from certain limitations including ease of use or expense.

E. coli had apparently not been used for plant Py, although
it represents one of the simplest systems for cloning and expres-
sion. One of the reasons may be that these bacteria lack P,s,
activities [1] and thus also the characteristic cytochrome P,s,
reductase (P,5,-RED) that is necessary for P,5, function. Results
with some animal P,s, suggested that it may be replaced by the
combined action of two soluble E. coli flavoproteins [10,11], but
a high efficiency required purified proteins [12], and the general
applicability was not investigated. The obtaining of active P,s,
then requires the reconstitution with purified plant P,s, reduc-
tase, but that is technically tedious and difficult. Experiments
with a few animal steroid hydroxylases, however, suggested
that the reductase problem could be avoided by fusing the P,s,
proteins translationally with the P,,-RED [13-15], an ap-
proach that imitated a naturally occurring protein in Bacillus
megaterium [16]. Another problem could be that some plant
P, (including C4H) and P,-RED have been shown to be
glycoproteins [17-19], and that different glycosylation patterns
in E. coli might result in inactive proteins.

The interest in a simple expression system for the functional
identification and characterization of cloned plant P,s, led us
to investigate whether the fusion protein strategy can be applied
to plant P,g,. The results indicate that this strategy provides a
useful tool, and we discuss some critical points of the approach.

2. Experimental

2.1. Plant material, induction, and isolation of membrane fractions
The cell suspension culture of Madagascar periwinkle (Catharanthus
roseus L.G. Don, line CP3a), its maintenance on MX growth medium
with subcultures every week, and the nutritional down-shift by transfer
into a 8% sucrose solution have been described [20]. The PMG elicitor
was a preparation from the cell walls of Phyrophthora megasperma f.
sp. glycinea [21]; it was used at a concentration of 1.2 mg/40 ml culture.
The isolation of the membrane fractions has been published [20,22].

2.2. Vectors and E. coli strains

The vector pTZ19R {23} and the expression vector pQE-6 [24] as well
as its modification by the introduction of a No/ site in the polylinker
(pQE-6(NotI)) have been published [25]. The E. coli strains JM109,
DH5a [26], M15 (recommended for pQE-6) [24], and the minicell pro-
ducer DS410 and its use for selective expression of plasmid-encoded
polypeptides [27] have been described. In the latter three strains, the
pQE-6 promoter driving the expression of the cloned proteins was
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repressed under non-induced conditions by the lacl¢ encoded in plasmid
pREP4[24] (DH5a[pREP4] and M15[pREP4]) or in plasmid pFDX500
[28] (DS410[pFDX500)).

2.3. ¢DNAs for C4H and P,s,-RED

2.3.1. C4H. The cDNA synthesis with poly(A)-enriched RNA was
carried out with a double-stranded primer (Fig. 1A) that incorporated
a Sall site and contained a single-stranded oligo(dT) extension for
annealing with the poly(A)-stretch in mRNA. C4H-specific sequences
were then amplified by PCR with a degenerated primer (by use of dITP)
from the conserved sequences around the heme-binding cysteine in
C4H and a primer from the sequences used for synthesis of the cDNA
(Fig. 1A). The 0.35 kbp product was cloned into pTZ19R and used for
screening cDNA libraries for full-length C4H clones.

23.2. P, -RED. We used oligonucleotides from the published
C. roseus sequence [29] to amplify the region from position 1360 to 2257
in a cDNA preparation. The resulting 0.9 kbp fragment was cloned in
vector PCR™II (Invitrogen, San Diego, USA) and used to screen for
full-length cDNA clones.

2.3.3. ¢DNA libraries. Poly(A)-rich RNA was isolated from C.
roseus cell cultures induced for 7.5 h by a change from MX medium
to 8% sucrose [20]. The construction of the libraries and the screening
techniques have been described [30].

2.4. DNA sequence analysis

The ¢cDNAs were sequenced by the dideoxy nucleotide chain termi-
nation technique. The vectors, phages, and methods were described in
detail recently [30].

2.5. Antiserum against P,,-RED immunoblots

A cDNA fragment encoding the C-terminal 210 AA of the C. roseus
P,s-RED was fused in frame with the sequence encoding the 42 kDa
maltose-binding-protein in vector pMal-c2 [31]. The fusion protein
(64.7 kDa) was purified by affinity chromatography on an amylose
resin column and directly used for immunization of a rabbit. The
cloning and purification procedures followed the protocol provided by
the manufacturer (New England Biolabs). The separation of proteins
for immunoblots was carried out in gels containing 0.1% sodium do-
decyl sulfate and 8.5% polyacrylamide. The immunoreactions were
performed with a secondary antibody coupled to alkaline phosphatase
(Sigma Biochemicals) after protein transfer to nitrocellulose sheets [20].

2.6. C4HIP,5,-RED fusion proteins

2.6.1. Modification of P,;,-RED. A Sall site was introduced at po-
sition 70 of the AA sequence by PCR using a custom-designed oligonu-
cleotide (Fig. 1B) and the reverse sequencing primer from pTZ19R. A
Sall/Asp718 fragment (the latter site from the vector polylinker) con-
taining the shortened protein coding region was then cloned into
pTZ19R. This created a translational fusion between the N-terminal of
the S-galactosidase in the vector and the P,-RED. Enzyme assays
indicated that the protein possessed P, -RED activity (measured as
cytochrome ¢ reduction), and that at least 50% was present in the
fraction of the soluble proteins. The cloning preserved the vector
polylinker HindIII site that was useful for the later insertion of the 3’
end of C4H as Sall/HindIII fragment.

2.6.2. Modification of C4H and fusion with P;,RED. The C4H
modifications and the fusion of the coding regions were carried out in
several steps. The first eliminated by oligonucleotide-directed PCR
mutagenesis the C4H stop codon and simultaneously introduced a Sall
site (Fig. 1B). The Sall site and an internal HindIlI site in the C4H
¢DNA were then used to insert a 0.37 kbp C4H fragment into the
P,s-RED construct digested with Sall and HindIII; this created a
translational fusion with the P,,-RED. The addition of an internal
1 kbp HindIII fragment from the C4H ¢cDNA added most of the C4H
coding region, except for the N-terminal residues (32 AA). These were
modified separately at different positions by PCR-directed mutagenesis
to introduce Ncol sites and various AA exchanges (Fig. 1C, and section
3). The fragments were then combined with the previously constructed
C4H/P,,-RED fusion. The completed constructs were recloned as
Ncol/Notl fragments (the latter from the 3" end of P,-RED) into
expression vector pQE-6(Notl). This positioned the protein-coding re-
gion via the Ncol site in optimal distance to the promoter-translation
configuration of the vector.
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All mutations were confirmed by sequence analysis, and sequences
generated by PCR were exchanged against fragments from the original
cDNAs as far as possible. The remaining PCR fragments were se-
quenced to establish the identity with the cDNA.

2.7. Protein expression in E. coli DS410 and membrane preparation
Strain DS410 was sequentially transformed with plasmid pFDX500
and the pQE-6 derivatives for expression of the fusion proteins. Precul-
tures (2 ml) were grown overnight at 37°C in LB medium with ampi-
cillin (0.1 mg/ml) and kanamycin (25 ug/ml). They were diluted 1:100
with fresh TB medium [26] and allowed to grow to Ay, = 0.6. Protein
expression was induced with 2 mM isopropyl-f-p-thiogalactopyra-
noside, and the cultures (100 ml) were shaken vigorously at 25°C for
24 h before harvest by centrifugation. The bacteria were washed twice
with 50 ml of 10 mM potassium phosphate (pH 7.5) containing 0.15 M
NaCl, and the pellets were stored at —20°C. All further steps were
performed at 4°C. The cells were resuspended in 5-30 ml buffer A (75
mM Tris-HCl, pH 7.5, 0.25 M sucrose, 0.25 mM EDTA, 1 mM phen-
ylmethylsulfonyl fluoride), sonicated for 10 s, and lysed in a French
pressure cell. The lysate was centrifuged for 10 min at 10,000 x g, and
the membrane fraction was obtained from the supernatant fluid by a
1 h centrifugation at 100.000 x g. The pellet was resuspended in 0.1-0.2

A. C4H cloning and amplification

Strategy for cDNA synthesis

RNA 5' =--------mmmmmmmm- gi?------—)-\n‘ 3
EDNA 3' <------m-mmsomoomeooooe EEE 5°
Primer for cDNA synthesis:

rsalI-|
5'-GTCGACAAAGGTGGAGTCTTGGAGCGGCCGCAAA-3!
3'-(T18) CAGCTGTTTCCACCTCAGAACCTCGCCGGCGTTT-5"

PCR amplification:

Primer A: 3'-CTGTTTCCACCTCAGAACCT-5'
Primer B: 5'-TTTGGIGTIGGIAGIAGIAGITGCCCIGG-3'

B. Introduction of Sa/l sites

In stop codon of C4H:

original: CCTAGGACTTTTTAGATTCATTTTATC
ProArgThrPhe***
,—Sal I-|
mutated: CCTAGGACTTTGTCGACTCATTTTATC
ProArgThrTrpSerThr

In P450-RED:

original: GATATGGCGGCGATCTTCCGGATCGGGT
IleTrpArgArgSerSerGlySerGly

rSal I-‘
mutated: GATATGGTCGACATCTTCCGGATCGGGT

IleTrpSerThrSerSerGlySerGly

C. N-terminal Ncol sites and modified amino acids

Membrane anchor deleted:
5! -TGTGGCCTCCATGGCTTCAAAGCTACG-3"’

Original C4H anchor:
5'-CGACCATGG (A/C) TCTTCTCCTCTTAG (A/C)G- 3!

Shortened membrane anchor:
5'-TCTCCTCTCCATGGCGA {C/T) CCTTTTGG (G/C) CTTATTT-3!

D. Scheme of C4H/P450-RED fusions
Ngl:'oI S?JI N?tI

[----- C4H ----|--- P450-RED ---->

membrane anchor

Fig. 1. Oligonucleotides for cDNA synthesis and amplification, for
introduction of restriction sites and AA exchanges, and schematic
drawing of the cassette used for protein expression. (B) *** = stop
codon of C4H; underlined = mutated bases and Ser/Thr residues cre-
ated by the Sall site. (C) Underlined = introduced Ncol sites; (X/Y),
bases incorporated at a 1:1 ratio during synthesis of the oligonucleo-
tides.
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Fig. 2. Genomic Southern blot for C4H in C. roseus. (Top) Position of
the sites in the cDNA (1713 bp), if present. Enzyme abbreviations (the
positions of the sites are given in brackets): E1 = EcoRI; ES = EcoRV
(376,1361); H3 = HindIllI (146,1202); B = BamHI; P = Pst1 (1626). The
numbers at the right side of the blot indicate the size markers in kbp.
Each lane contained 7.5 ug DNA.

ml buffer B (75 mM Tris-HCl, pH 7.5, 10% glycerol, 0.25 mM EDTA)
and stored at —70°C until use for the enzyme assays.

2.8. Enzyme assays
The activities of C4H (with "*C-labelled cinnamic acid) and of the

P,s-RED (cytochrome ¢ reduction) were determined as described [20].

2.9. Standard techniques
Standard cloning techniques, RNA blots with total RNA, and
genomic blots were performed according to published procedures [26).

3. Results

3.1. C4H from C. roseus: molecular characterization and
expression in cell cultures

We used a PCR strategy to obtain a partial sequence which
was then used to isolate cDNAs from a cDNA library. The
screening identified four clones of 1 kbp and one of 1.7 kbp,
and the sequence analysis indicated that all were derived from
the same gene. Hybridizations with genomic DNA were per-
formed with the complete cDNA as probe, under hybridization
and washing conditions which result in strong signals at more
than 70% sequence identity [32]. The small number of hybridiz-
ing bands and the distribution of restriction sites in the cDNA
(Fig. 2) suggested that the C. roseus culture contained either
one gene with additional sites in introns or two closely related
genes. The protein sequence translated from the cDNA re-
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vealed a close relationship with the four other C4H available
from the databases (75.9% overall identity) (Fig. 3). There were
also a number of positions in which all C4H contained con-
served hydrophobic, acidic, or basic AA. The data suggested
that the C. roseus clones encoded C4H, and that these enzymes
are highly conserved proteins.

The expression in the cell cultures was investigated by North-
ern blots and enzyme activity determinations. Transcripts and
C4H activity were detectable under all conditions. A nutritional
downshift from MX medium to an aqueous solution of 8%
sucrose had been shown to induce several P, activities in
C. roseus [20], and Fig. 4A shows a slow increase of the C4H
transcripts during the 24 h of the experiments. The treatment
with an elicitor preparation from Phytophthora megasperma
induced a transient transcript increase (Fig. 4A). The changes
correlated with the transcripts, taking into account the high
basic enzyme activities prior to induction. The expression dur-
ing the growth of the cell culture was also investigated with the
P.5-RED, and Fig. 4B shows that both transcripts followed a
similar time course.

3.2. Strategy for functional expression of plant P, in E. coli
We investigated the expression of translational fusions of P,
with a cloned P,5-RED, because this promised to avoid the
technically complex reconstitution of enzyme activity by addi-
tion of purified P,s;-RED. All cloning steps were designed to
utilize the cassette principle as much as possible. Full-length

|---- membrane ----- |
a) C. ros. MDLLLLEKTLLGLFAAIIVASIVSKLRGKKFKLPPGPIPV
co) 11118l |b.blajh.h. .Bh| [} |+k][]]]]hih

a) PVFGNWLQVGDDLNHRNLSDYAKKFGEIFLLRMGORNLVVVSSPELAKE

co} [BIE-TEPTHEETEEETY - BET+ L -RRECTTHTTEEREETT- T

a) VLHTQGVEFGSRTRNVVFDIFTGKGQDMVFTVYGEHWRKMRRIMTVPFF

co) LHELE PR TEEE TR TR PRV T T

a) TNKVVQQOYRYGWEEEAARVVEDVKKNPESATNGIVLRRRLOLMMYNNMY
S R N N N 1 N I R O 0 R [alai+{ 1118

a) RIMFDRRFESEDDPLFVKLKALNGERSRLAQGFEYNYGDFIPILRPFLR

co) A LTHITEEEET = FEe e+ IRETETEETELU T TR TL T g+

a) GYLRICKEVKERRLQLFKDYFVDERKKFGSTKSMXDNNSLKCAIDHILE
co) | [+m|.-bI-- BT TI B s FEPEETTT -

a) AQQKGEINEDNVLYIVENINVAAIETTLWSIEWGIAELVNHPEIQKKLR

cod | LT =PEEEEEEE T P - P -k 1B

a) DELETVLGPGVQITEPDTYKLPYLQAVIKETLRLRMAIPLFLPHMNLHD
co) fhe LT B HEHEE BT TR IR FETTT

a) AKLGGYDIPAESKILVNAWFLANNPEHWKKPEEFRPERFLEEESKVEAN

co) L TRITEEETEELTERIRETH - PR IR T

4+ heme
a) GNDFRYLPFGVGRRSCPGIILALPILGITIGRLVQNFELLPPPGKSKID

co) [HLELRELETE LR CE e i R - - 2B

a) TSEKGGQFSLHILKHSTIVLKPRTF 505

co) f L EITEETEE- AR

Fig. 3. C4H from C. roseus (a) and consensus (co) established from five
different plants (the accession numbers are given in brackets): C. roseus
(Z32563); Helianthus tuberosus (Z17369); Phaseolus aureus (L07634);
Medicago sativa (L11046); Zinnia elegans (U19922). The predicted
membrane spanning a-helix and the heme-binding Cys are marked. The
Xin the C. roseus sequence indicates a residue present only in M. sativa.
In co (consensus): | = identical AA; — and + = acidic or basic residues,
respectively; h = hydrophobic AA in all proteins. Dots indicate variable
AA.
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A. C4H expression after stress

1. Medium downshift

0O 2 4 6 8 1012 14 24 time (h)

RNA
18 15 23 25 23 28 28 30 49 pkat/mg

2. PMG elicitor

O 2 4 6 8 10 12 14 24 time (h)

RNA
32 38 36 43 39 35 33 33 27 pkat/mg

B. RNA during growth of the culture
(time in d after inoculation)

1. C4H
0 1 23 45678 91011

R -

2. P450-RED

RNA

Fig. 4. Regulation of C4H. All experiments started with 7-day-old cell
cultures. (A) C4H after exposure to stress (10 ug RNA per lane).
1 = medium downshift from MX medium to a solution of 8% aqueous
sucrose; 2 = treatment with PMG elicitor. (B) Northern blots of of C4H
and P,-RED expression during growth of the cell culture (7.5 ug RNA
per lane). The transcript sizes are 1.7 kb (C4H) and 2.8 kb (P,s-
RED).

c¢DNAs for the reductase from C. roseus were obtained by a
PCR-based approach (see section 2). The sequences were iden-
tical with those previously reported [29], except for a few differ-
ences.

The key elements of the strategy may be summarized as
follows. The C4H N-terminal sequence was mutated at various
positions to exchange certain AA and to introduce Ncol sites
that incorporated protein start codons (CCATGG). This facil-
itated the insertion of the protein-coding regions in optimal
distance to the promoter of the expression vector, and it al-
lowed the precise definition of the critical N-terminal mem-
brane anchor sequences of the fusions. The junction of C4H
and P,;,-RED was via a Sa/l site introduced into the stop codon
of C4H and at AA residue 70 of the reductase. A Sall site
encoding the dipeptide Ser-Thr was chosen because it created
at the protein junction a Ser-Thr-Ser-Ser-Gly-Ser-Gly linker
(Fig. 1B) that was unlikely to form extensive secondary struc-
tures possibly affecting the interaction of P,s and P,-RED.
The position 70 in P,5,-RED was chosen because comparable
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experiments with animal reductases have shown that the N-
terminal 50-70 residues could be deleted in such fusion proteins
without loss of function [33,34]. Fig. 1D shows a schematic
drawing of the completed cassette for expression of the fusion
proteins.

3.3. Functional expression of C4H[P;5-RED fusions in E. coli:
importance of host strain and membrane anchor

The first experiments were performed with a fusion in which
the N-terminal P,5, membrane anchor was completely deleted
(Fig. 5A, construct 2). Immunoblots with the P,;,-RED antise-
rum failed to detect the expected 129 kDa protein in any of the
tested E. coli strains (JM109, DHSa, M15), even after extensive
variations of the induction conditions. The results suggested
that a hydrophobic membrane anchor was necessary for pro-
tein stability, and therefore we tested the N-terminal sequence
of the original C4H, a shortened anchor, and its variations in
certain residues (Fig. 5A). In the course of these experiments
we also used an additional E. coli strain, DS410, because its
property to produce minicells [27] provided a simple means to
confirm the integrity of the protein coding regions in the fusion
constructs. Surprisingly, the immunoblots revealed that this
strain, when compared with the others, delivered the best pro-
tein yields. This was later confirmed with all constructs (not
shown), and the experiments described below were carried out
with this strain.

With the construct containing the original membrane anchor
of C4H, the major product was a membrane-bound protein of
116 kDa, not the expected 129 kDa protein (Fig. 5, C4H), and
C4H activity was not detected. Construct 6, containing a
shorter N-terminal hydrophobic sequence (17 AA) than the
original C4H, produced the 129 kDa protein, but the 116 kDa
polypeptide was also present. The constructs 3 to 5 tested
whether exchanges in AA representing potential breakers of the
membrane-bound a-helix led to increased protein amounts
and/or to a reduction of the smaller kDa protein, but no signif-
icant effect was observed (Fig. 5B, lanes 3-6). Fractionation

A. N-terminal sequences of C4H constructs

[----- membrane ----|
C4H MDLLLLEKTLLGLFAAIIVASIVS
2 MA.
3 MA...A............
4 MAT..A............
5 MAT...............
6 MA............. ...
| --- membrane --
B. Immunoblots
1 2 3 4 5 &6 C4H (kDa)

<-128
<-116

Fig. 5. N-Terminal sequences of the C4H/P,,,-RED fusions (A) and
immunoblots after protein expression in E. coli (B) with antiserum
against P,;-RED. The lanes correspond to the constructs. C4H, origi-
nal C4H membrane anchor. Lane 1 in B is the E. coli control (vector).
Each slot contained 0.1 mg membrane protein.
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Fig. 6. C4H activity in E. coli membranes. (A) C4H/P,;-RED fusion
{construct 3). (B) Membranes from control E. coli cells (vector). The
figure shows the radioactivity scans obtained after thin-layer chromat-
ographic separation of the substrate cinnamic acid (1) and the product
4-coumaric acid (2) in the solvent ethylether/petrol ether (b.p. 40—
60°C)/formic acid (70:30:1, v/v/v). The incubations were performed
for 20 min at 30°C with “C-labelled cinnamic acid and 50 ug protein.
The numbers at the ordinate represent cpm x 107°.

experiments revealed that the majority of the 129 kDa protein
was located in the peliet of centrifugations at 100,000 x g, sug-
gesting that the protein had been inserted in the membranes.
We also reinvestigated in DS410 the fusion lacking any mem-
brane anchor, but never detected the expected protein (Fig. 5B,
lane 2).

Enzyme assays showed that the membranes containing the
129 kDa protein possessed C4H activity (see Fig. 6 for an
example with construct 3), and no solubilization step or addi-
tion of lipids was necessary. The enzyme activities of the four
constructs ranged from 1.5 to 7 pkat/mg protein. The variabil-
ity was most likely due to the fact that the fusion proteins were
to some extent harmful to the E. coli cells, leading to reduced
growth of the cultures and to a variable extent of cell lysis in
the course of the protein induction (see also section 4). This
could also explain the finding that the specific activity was
about 4- to 7-fold lower than in microsomes from induced
C. roseus cell cultures which contain very high C4H activities
[20]. Antiserum against the C4H was not available, and there-
fore a direct comparison of the specific activities based on the
amounts of immunoreactive protein was not possible.

4. Discussion

The extensive sequence similarity of the protein cloned from
C. roseus with four other proteins suggested C4H as most likely
candidate for the function. In particular with P,,, however, this
could not be taken for granted because even a single AA differ-
ence can lead to drastic changes in the substrate specificity of
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P,s, (reviewed in [1]). The heterologous expression was essential
to confirm the tentative identification, and it also was an excel-
lent possibility to investigate whether the fusion protein strat-
egy can be used for the functional expression of plant P, in
E. coli. The positive results are to our knowledge the first
demonstration for plant P,s,, and the presence of C4H activity
moreover demonstrated that plant-specific glycosylation steps
are not necessary for C4H activity. It remains to be tested
whether this applies to other glycosylated plant P, as well.

The experiments with the C4H/P4,-RED fusions indicated
a few parameters that may have to be tested for each fusion
protein.

(a) E. coli host strain. We detected little or no protein in strain
M15 which is recommended for pQE-6 derivatives, or in the
strains DH5a and JM109 which have been used successfully for
the expression of animal P, alone or as P,5,/P,s,-RED fusions
(see [11,13] for some examples). Those experiments revealed
unexplained differences between DHSa and JM 109 as well, and
we have no simple explanation for the finding that the C4H/
P,s,-RED expression was successful in DS410, but not in the
others.

(b) N-Terminal of the fusion proteins. Our experiments failed
after complete deletion of the membrane binding domain, and
the original sequence led to an inactive, truncated protein. They
were successful with a shortened version of the original se-
quence, and a further modification by elimination of AA sus-
pected as helix breakers (T > I, G > A; Fig. 5A) did not signif-
icantly improve the expression or stability. It is not excluded
that other modifications may result in higher yields. The impor-
tance of the membrane anchor has been investigated to some
extent with animal P, (see [35] for a recent paper, and refer-
ences therein). The original N-terminals were only rarely suita-
ble, but otherwise no generalization seems to be possible. Suc-
cessful expression was reported after deleting much or all of the
N-terminal hydrophobic sequences (e.g. [10]), but other exper-
iments succeeded only with modifications of the original an-
chor, and these followed the example of a once established
successful sequence (M-A-L-L-L-A-V-F-L-F-C-L-V-F-W-V-
L) [11] that bears no more than a superficial similarity to the
shortened anchor used in our experiments (Fig. 5).

(¢) Regulation and conditions of protein expression. The in-
duction of the proteins led to a significant reduction in the
growth of the cultures, suggesting that the fusion proteins were
harmful to E. coli. It is therefore recommended to use a tightly
regulated promoter in order to avoid the selection of mutants.
We also observed that a variable percentage of the cells was
lysed during the induction period, and this may well account
for the observed variabilities of the enzyme activities in inde-
pendent expression experiments. Extensive trials with the C4H/
P,s-RED fusions in DS410 showed that expression for 24 h at
low temperatures (25°C to 28°C) was a reasonable compromise
to obtain active protein without extensive cell lysis. Under these
conditions, the enzyme activity obtained in E. coli was more
than sufficient to identify the C4H function. Experiments with
other P, fusions in the same expression vector suggested that
the induction conditions may have to be optimized for each
P,so/P45o-RED fusion (unpublished observations).

Our experiments tested a homologous P,5/P,50-RED combi-
nation, but it seems very likely that a once established P,5-RED
cassette can also be used with P, from other plants, and recent
experiments with the flavonoid-3’,5-hydroxylase from Petunia



350

hybrida support this suggestion (unpublished results). A low
specificity in the interaction is suggested by the successful re-
constitution of plant activities in vitro with heterologous plant
combinations (e.g. [17]), and by the finding that a plant P,
RED was able to support reactions of animal P, [19]. It has
also been shown that yeast reductase interacted successfully
with plant P, [4,7,36].

We conclude that the fusion protein strategy has the poten-
tial to provide a useful and simple technique to investigate
cloned plant P, functions in those cases where little or no
other information is available. The cloning steps present no
difficulties in laboratories that clone and analyze cDNA or
genes, and no additional equipment is necessary.
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