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Expression of a bacterial lysine decarboxylase gene and transport of the
protein into chloroplasts of transgenic tobacco
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Abstract

A possible approach for altering alkaloid biosynthesis in plants is the expression of genes encoding key
enzymes of a pathway such as lysine decarboxylase (/dc) in transgenic plants. Two strategies were fol-
lowed here: one focused on expression of the gene in the cytoplasm, the other on subsequent targeting
of the protein to the chloroplasts. The ldcgene from Hafnia alvei was therefore (a) placed under the control
of the 1’ promoter of the bidirectional Tr promoter from Agrobacterium tumefaciens Ti- plasmid, and (b)
cloned behind the rbcS promoter from potato fused to the coding region of the rbcS transit peptide. Both
ldc constructs, introduced into Nicotiana tabacum with the aid of A. tumefaciens, were integrated into the
plant genome and transcribed as shown by Southern and northern hybridization. However, LDC ac-
tivity was only detectable in plants expressing mRNA under the control of the rbcS promoter directing
the LDC fusion protein into chloroplasts with the aid of the transit peptide domain. In plants expressing
the processed bacterial enzyme cadaverine levels increased from nearly zero to 0.3-19%, of dry mass.

Introduction pathway of Fabaceae, in which the tetracyclic
structure is probably formed via two enzymatic

One approach towards optimizing plant second- steps {43]. Lysine is decarboxylated to cadaver-

ary metabolite pathways is to introduce genes en-
coding enzyme activities that are rate-controlling
or could have a regulatory function in the biosyn-
thesis of a pathway. Given our presently limited
knowledge of these pathways, an attractive strat-
egy is to examine short and simple, rather than
long and branched, pathways. We accordingly
became interested in the quinolizidine alkaloid

ine which is then incorporated in a not fully un-
derstood way into the alkaloids [14]. In general,
lysine decarboxylase (LDC) activity is rather low
in higher plants. Indeed, there has been no report
of the purification and characterization of any
plant LDC. LDC activity could thus be regarded
as one limiting factor in the synthesis of
cadaverine-derived secondary metabolites. The
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integration and expression of a bacterial /dc gene
in higher plants represents one possible way of
increasing their cadaverine pools.

A bacterial Idc gene of Hafnia alvei has recently
been cloned [9]. In the present communication
we describe the construction of two different /dc
gene constructs one of which should lead to ex-
pression in the cytoplasm, and the other should
facilitate transport of the LDC protein into chlo-
roplasts, its natural compartment in Lupinus
[14, 44]. Despite the fact that transformation of
Lupinus has previously been achieved using wild-
type strains of Agrobacterium tumefaciens and
A. rhizogenes [3], Agrobacterium strains carrying
the ldc gene were first used to transform Nicotiana
tabacum.

Materials and methods
Biological materials

Sterile-grown plantlets of N. tabacum cv. Petit ha-
vana SR1 and cv. Samsum were used in trans-
formation experiments. The FEscherichia coli
strains used are commonly applied [22] or have
been described in the corresponding references.
E. coli strains were transformed according to Ha-
nahan [12], and transfers of chimaric gene con-
structs were performed by donation from E. coli
to A. tumefaciens [8] using the helper strains E.
coli GJ23 or RK2013. A. tumefaciens C58CIRif
pGV3850 [46] and LBA4404 [15] were used.

Table 1. Plasmid-constructs bearing the /dc gene.

Biochemicals, kits and vectors

Chemicals, labelled compounds and enzymes
were purchased from well known suppliers. The
following kits were used: random-primed DNA
labelling kit (Boehringer); Sequenase version
2.0 kit (USB); rabbit reticulocyte lysate N.90Y
(Amersham); in vitro transcription kit, Riboprobe
Gemini II core system P1270 (Promega). The pri-
mary vectors used for cloning of the ldc gene and
the new constructs are listed in Table 1.

Cloning, isolation and sequencing of bacterial DNA

Unless mentioned otherwise, standard proce-
dures were used as described by Maniatis et al.
[22] or Sambrook et al. [33], or as recommended
in the protocols of the commercial suppliers. Se-
quence analyses were performed using M13mp18.

Plant transformation

Leaf protoplasts of sterile-grown plantlets (MSO
medium [25]) of N. tabacum cv. Samsum and cv.
SR1 were essentially isolated as described by
Medgyesy et al. [24] using for Samsum 0.25%
Driselase, and for SR1 1%, Cellulase R10 Ono-
zuka, 0.259%, Macerozyme R10 in K3 medium
with 0.4 M sucrose. Transformation by co-
cultivation [11, 23] and imbedding of the proto-
plasts in 0.89, sea-plaque-LMT-agarose [36]

Primary plasmid vector Ref. Name of /dc construct Procaryotic antibiotic resistances
of ldc plasmids

pBR322 [4] pLD1-101(9) amp

pLD2-19 (9) amp

pLD2-101 amp

p322.154 amp
pJLAS05 [34] p5.154 amp
pAP2036 [39] p6.154 spec/strep/carb
pGV3850 [46] p50.154 rif/spec/strep/carb
pSP72 [18] p72.154 amp
pLS1 (PGS, Ghent) pl.154 amp
pLX222 [21] p22.154 amp/tet




were performed as described. Microcalli growing
under selective conditions (100-1000 mg kana-
mycin per litre K3 medium with 500 mg Claforan)
were stepwise adapted to growth on MSO agar
with 1 mg/l NAA and 0.2 mg/1 kinetin.

Transformation by the leaf disc method was
performed according to Horsch et al. [16]. The
shoots obtained on MS9 medium (0.5 mg/l IAA,
1 mg/l BAP) were rooted on MSO medium in the
presence of 100-300 mg/l kanamycin. All analy-
ses of transgenic plants were performed with first-
generation plants.

Nucleic acid isolation from plant material

Isolation of DNA was performed according to
Dellaporta et al. [6], but additionally purified by
RNAse and proteinase-K digestion. RNA isola-
tion has been described by Verwoerd ez al. [40].

Hybridization

Southern hybridizations were performed as de-
scribed by Maniatis et al. [22]. In the case of
bacterial DNA the probe was labelled by nick
translation [32]. Hybridization conditions were:
4 x SSC, 5x Denhardt’s solution, 0.1%, SDS,
100 pg/ml herring sperm DNA at 65 °C over-
night. The filters were washed with 2 x SSC and
0.1 x SSC, 0.1% SDS (24 times).

Plant DNA was applied at 20 pg/slot. Probes
were labelled by the random-primed DNA
method (Boehringer). Hybridization conditions
were: 3 x SSC, 10 x Denhardt’s solution, 50 mM
phosphate buffer, 50% formamide, 100 pg/ml
herring sperm DNA; preincubation at 42 °C for
2-4 h, hybridization for 40-48 h. Washings were
done as described above at 42 °C.

RNA was separated on 19, agarose gels in
formaldehyde running buffer ( MEN) pH 7.0 [33].
For denaturation, RNA (20 ug/20 ul) was incu-
bated with 5 ul 10 x MEN buffer, 6 ul formalde-
hyde and 20 pul formamide for 15 min at 60 °C.
The blotting and hybridization conditions were as
for Southern blotting of plant DNA.
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In vitro transcription and translation

The DNA was cloned in vector pSP72 [18], lin-
earized and transcribed with 5’-capping of RNA
according to the protocol of the transcription kit.
The RNA (1 ug/ul) was kept at 67 °C for 10 min
and used in the rabbit reticulocyte translation sys-
tem with *>S-methionine as recommended. 1 ul
was fixed on a filter paper by putting it in 109,
TCA at 65 °C and allowing it to incubate for
5 min (2 x ). The filter was washed several times
with EtOH before determination of the radioac-
tivity. The translation products were analysed
after SDS-PAA electrophoresis by fluorography.

Immunodetection

Transfer of protein in western blots from the PAA
gel to nitrocellulose was performed according to
the semi-dry method of Kyhse-Andersen {19].
The membrane was washed with 0.85% Na Cl
(3 x) for 5 min and then saturated overnight with
non-fat dry milk powder buffer (0.01 M Tris,
0.85%, NaCl, 29, Triton X-100, 5%, milk pow-
der) [17]. The membrane was then incubated for
2 hin the same buffer with the LDC-specific an-
tibodies from rabbit [2], washed with 0.85%
NaCl (7 x ), and again incubated in the buffer for
30 min before being incubated with an anti-rabbit
IgG alkaline phosphatase conjugate for 2 h. After
washing with 0.85% NaCl (2 x) the nitrotetra-
zolium blue reaction was performed as described
by Sambrook et al. [33].

Enzyme preparations and tests

For determination of NPTII activity the radioac-
tive assay [30] was used as modified by Schreier
et al. [35]. For measurement of LDC activity, 4 g
plant cells were homogenized in 4 ml extraction
buffer (0.1 M Tris-HCI pH 6.0, 0.1% MSH,
10 uM PLP) with quartz sand and buffered Poly-
clar AT. After centrifugation, 809, (NH,),SO,
precipitation and desalting on a PD10 column
(Pharmacia), the extract was used in a radioactive
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assay (2 x 10° cpm lysine per test) based on the
photometric assay described for ornithine decar-
boxylase by Ngo et al. [26]. Labelled cadaverine
was extracted with 2 ml pentanol using repeated
vortexing. Protein was determined by a modified
Bradford assay [28].

Isolation of chloroplasts

Intact chloroplasts were isolated in a Percoll gra-
dient as described by Cline eral. [5] using an
Ultraturrax (1 s, medium speed). The chloroplast
pellet was finally suspended in 50 mM Tris-
acetate buffer pH 6.0 and used for the LDC mea-
surements. Chlorophyll was determined accord-
ing to Arnon [1].

Determination of cadaverine

100 mg freeze-dried plant material was extracted
twice with 5 ml MeOH CHCl; H,O 12:5:3 at
70 °C. For removing lipids, CHCl, and H,O were
added to the combined extracts. The CHCl,
phase was discarded or analysed for alkaloids.
The MeOH H,O phase was evaporated and taken
up in 1 ml H,O. An aliquot was benzoylated,
extracted with ether and chromatographed on a
Licrosorb RP18 column as described by Red-
mond and Tseng [29]. The identity of cadaverine
isolated from the transformed plants was estab-
lished by means of GC/MS analysis of the ben-
zoylated compound.

Results

Construction of A. tumefaciens strain 50.154 car-
rying a bacterial Idc gene under the control of the Tr
promotor

Cloning of ldc from H. alvei in pBR322 has pro-
vided previously two full-length clones: pLD1-
101 and pLD2-19 [9]. After cleavage of both
plasmids with Hind IIT (restriction site in
pBR322) and Eco RI (site in /dc) and religation,

anew clone pLD2-101 (Fecker, unpublished) was
obtained carrying as unique restriction sites the
Hpal-site of pLD1-101 before and the BglII-site
of pLD2-19 behind the ldc-coding region (L.F.
Fecker, unpublished). As an ATG in a different
reading frame 56 bp before the known coding re-
gion might have been recognized as a transla-
tional start codon in plant cells, it was removed
by Bal 31 digestion after cleavage with Hpal. A
Bam HI linker was ligated onto the ‘filled-in’ ends.
The insert of clone 154 starting 2 bp before the ldc
open reading frame was chosen for further sub-
cloning and expression work. The ldc (Bam HI-
Bgl 11 fragment) of this clone (p322.154) was in-
tegrated into the Bam HI site of the E. coli
expression vector pJLAS505 [34] carrying the atpE
TIR of the E. coli ATPase operon, the Pg/P; pro-
moters and the temperature-sensitive CIts857 re-
pressor of lambda. The identity of the induced
protein bands of 78 and 65 kD was verified by
PAGE and immunodetection (Fig.1). Both
bands are typical for LDC of H. Alvei [2]. The

L,

Fig. 1. Detection of LDC induced in E. coli p5.154 with the
expression vector pLJASOS. Left: 15% PAA gel with
Coomassie detection; right: immunodetection on nitrocellu-
lose. 1, purified LDC from H. alvei; 2, protein extracts of
E. coli p5.154 cells after 240 min at 42 °C; 3, E. coli extracts
without the plasmid. Molecular weight: M, x 10~ 2.



LDC activity in E. coli extracts increased from
zero to 70 nkat/mg protein within 4 h.

Having shown that the shortened fragment
coded for an active LDC, the Ildc insert of
p322.154 was cloned into the Bam HI site in the
polylinker of pAP2036, a derivative of pAP2022
[39]. The ldc was thus under the control of the 1
promoter of the bidirectional Tr-promoter while
the marker gene nptII was under the control of
the 2’ promoter. Sequence and restriction anal-
yses of the resulting plasmid p6.154 demonstrated
that the ldc gene was correctly fused to the pro-
moter and integrated into the vector (data not
shown). The ldc gene of p6.154 was integrated
into A./ tumefaciens CS8CIRif pGV3850 [46] by
conjugation and yielded A. tumefaciens strain
50.154 for plant transformation. The complete
and correct integration of the /dc gene in the co-
integrative vector was proven by Southern tests
using 5 probes covering all decisive areas of the
construct (data not shown).

Transformation of tobacco cells with A. tumefaciens
strain 50.154

Co-cultivation of tobacco protoplasts and bacte-
ria yielded 15 kanamycin-tolerant transformants
with NPTII activity (data not shown). Nine of the
transformed calli were regenerated to intact
plants. While all calli grew on 1 mg/ml kanamy-
cin, growth and root formation of the plantlets
remained unaffected up to 0.3 mg/ml.

Southern hybridization clearly demonstrated
the presence of the complete ldc gene in 14 of
the transformants obtained by co-cultivation
(Fig. 2a). By using the H23 fragment [7] as probe
it was shown that the T-DNA containing the /dc
gene was integrated 1-3 times into the genome of
the various calli (data not shown). As the Tr pro-
moter should be especially effective in root cells
[38], mRNA was isolated from roots. All of the
14 50.154 transformants expressed ldc mRNA
with a size of above 3000 bases (Fig. 2b). This
correlated well with an expected minimal size of
310G bases, the size of the /dc insert including the
polyadenylation region in pAP2036 [39]. Despite
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Fig. 2. a. Southern hybridizations of Bam Hl/Eco Rl re-
stricted DNA of untransformed callus (1) and calli of N. ta-
bacum cv. Samsum 50.154 (2-5) transformed with A. tume-
Jaciens 50.154 (6). The hybridization probes S3 (7) and S4 (8)
are Idc fragments of 1.8 and 1.1 kb respectively covering the
whole coding region. b. Northern hybridization of total RNA
from the roots of the transformed N. tabacum plants using S3
as LDC probe. 1, Samsum untransformed; 24, Samsum
50.154 transformants. Fragment lengths in kb.

the co-transcriptional activity of the Tr promoter
for the nptII and ldc genes, LDC activity was not
detected in any protein extract of the NPTII-
positive transformants. In spite of a detection
limit for LDC of 0.004%, of total protein, LDC
could also not be detected in western blot exper-
iments.

In vitro transcription and translation of the 1dc gene
in a eucaryotic vector system

Given the absence of detectable LDC in the
transformants we checked whether the bacterial
ldc construct was generally translatable in a eu-
caryotic system. For this purpose, the ldc con-
struct including the polyadenylation region of
p6.154, was isolated by Eco RI (partial)/Bam HI
digestion and cloned into the corresponding sites
of the transcription vector pSP72. After linear-
ization with Bg/ II, the resulting plasmid
(p.72.154) yielded ‘run-off transcripts of about
3300 bases as estimated by comparison with
BMYV (brome mosaic virus) markers (not shown).
In the in vitro translation system this mRNA di-
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rected the synthesis of two proteins of 78 and
65 kDa, respectively, corresponding to the ex-
pected LDC bands [2, 9] (Fig. 3). In an overnight
LDC assay the protein, which was synthesized
in vitro as the result of translation of 1.5 ug in vitro
transcribed /dc mRNA, catalysed the formation
of 46 nmol cadaverine. The lack of detectable ex-
pression of the LDC protein was thus not attrib-
utable to the intrinsic non-translatability of the
bacterial ldc mRNA coding sequence in a eucary-
otic system.

Cloning of the 1dc gene into vector pLS1

There are several possible reasons for the lack of
LDC protein accumulation in the transformants
obtained from A. tumefaciens 50.154. A low
translational activity of the mRNA and/or rapid
degradation of the protein in the cytoplasm, for
example, would easily explain the absence of the
LDC protein. As the quinolizidine alkaloid bio-
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Fig. 3. Fluorogram of the invitro translation products of
p72.154 separated on a 12.5% PAA gel. 1, proteins of the in
vitro RNA transcript of p72.154; 2, control without the RNA-
transcript; 3, proteins of E. coi DHS5 p5.154 labelled with
35S-methionine. Molecular weight: M, x 10~ 2.

synthesis pathway of Fabaceae, the original tar-
get for the ldc gene transformation experiments,
seems to be localized in chloroplasts, we chose a
new vector which would allow not only a very
high expression but would also facilitate trans-
port of the LDC protein into these organelles. A
suitable vector for this purpose was the plasmid
pLS1, which carries the promoter of the small
subunit of Rubisco from rbcS! from potato to-
gether with the coding sequence of the transit
peptide [10, 45].

The Idc gene together with the polyadenylation
and the transcription termination site was iso-
lated from p6.154 by Eco RI (partial)/Bam HI di-
gestion. The ends were filled and the fragment
was cloned into the filled Bam HI site of pLS1
directly behind the transit peptide. In pLS1 the
sequence of the rbeS1 gene at the coding sequence
of the transit peptide processing site TGC, ATG,
CAG was changed to TGC, ATG, GAT, CC
forming a Bam HI site. The fill-in reactions at the
Bam HI sites of pLS1 and the cloned ldc frag-
ment created a translational gene fusion of the
sequence TGC, ATG, GAT, CGA, TCC, CGC,
ATG, thus adding 5 additional amino acids to the
mature LDC protein, if processing would occur at
the site as in the genuine small subunit protein
precursor, i.e. between Cys and Met encoded by
codons 1 and 2 of the sequence mentioned above.
This cloning strategy was verified by sequence
analysis of a 360 bp Pst I-SstI fragment contain-
ing the transition of the transit peptide and the ldc
gene. The resulting plasmid pl1.154 was cleaved
with Hind III and cloned into the corresponding
site of the binary plant transformation vector
pLX222 [21]. E. coli DHS cells carrying the plas-
mid with the insert in either of the two orienta-
tions were selected according to the restriction
patterns. The new plasmids, named p22.154 B1
and B2, were introduced into A. tumefaciens
LBA4404 via triparental mating. Southern and
restriction pattern analyses confirmed the pres-
ence of p22.154 B1 and B2 in the transformed
Agrobacterium strains termed 04.154 Bl and
04.154 B2.



Characterization of tobacco cells transformed with
A. tumefaciens 04.154 B1 and B2

Transformation of tobacco was performed by the
leaf disc method. A total of 742 shoots was ob-
tained from 240 infected leaf discs (509, from cv.
SR1, 50% from cv. Samsum) on MS9 medium
containing kanamycin and claforan. A total of
103 shoots (mostly variety Samsum) showed good
root formation in the presence of 100-300 mg/1
kanamycin. All of them were analysed for NPTII
activity. Twenty-two of the seemingly kanamycin-
tolerant plants showed no detectable NPTII ac-
tivity and most of the 22 NPTII-negative plants
died within the next 2 weeks.

The DNA of the leaves of 51 of the 81 NPTII-
positive plants were analysed by Southern hy-
bridization. Twenty-seven contained the expected
DNA fragments of 3.6 and 4.8 kb (Fig. 4a), which
indicated that promoter, transit peptide, the ldc
gene, and the polyadenylation site were correctly
integrated into the plant DNA and not rear-
ranged.

The total RNA of the leaves of 20 of the 27
plants was analysed using the northern blotting
technique. The mRNA of 15 of the plants hybrid-
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Fig. 4. a. Southern hybridization of Hind HI/Sal I-restricted
DNA of untransformed leaves (1) and leaves of N. tabacum
SR1-plants (2-4) transformed with 4. wumefaciens 04.154 B1/
B2 (5). Hybridization with probes S3 and S4 (Fig.2).
b. Northern hybridization of leaf RNA of transformed N. ta-
bacum cv. Samsum plants. Untransformed control (1), Sam-
sum transformed with 4. tumefaciens 50.154 (root RNA) (2)
and with 4. tumefaciens 04.154 B1/B2 3-6). Fragment lengths
in kb.
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ized with LDC probes, and their size (Fig. 4b)
was in good agreement with the mRNA detected
in plants transformed with the plasmid p50.154
(Fig. 2b).

The latter plants were chosen for the determi-
nation of LDC-activity (Fig.5). Three of the
transformed plants, all derivatives of cv. SR1,
had in two independent experiments distinctly
higher LDC activity than all of the others (Ta-
ble 2). In several plants the activity was 3-5 fold
above the background level, whereas in other
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Fig. 5. Measurement of LDC activity in N. tabacum 04.154
Bl and 04.154 B2 transformants. The enzyme assays with
2 x 10° cpm (U-'*C)-lysine were run overnight. As only 1/4 of
the pentanol phase was counted, the plant 14-16 had con-
verted all lysine to cadaverine. 1: control Samsum and SR1.
Extracted radioactivity of the controls corresponded to the
background of the test. Transformed SR1 plants were plants
8, 12, 14-16, while the other ones were transformed Samsum
plants. Plants 14 and 16 contain the LDC in B2, plant 15 in
B1 orientation.
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Table 2. Measurement of specific LDC activity and cadaverine in N. tabacum 04.154 transformants. Enzyme activity was deter-
mined in two experiments at 8-week intervals. L means growth of plantlets in the presence of 0.2 mM lysine. Under the condi-
tions used here, neither LDC activity nor cadaverine was detected in untransformed Samsum (Ss) and SR1 plants.

Transformant SR1 Srl Sr1 Ss Srl Ss Ss
B1b B2g B2c B2hL B2f B2e B2jL
LDC activity a) 144 126 83 23 18 11 8
pkat/mg protein b) 143 68 124 28 29 21 27
Cadaverine mg/g dry mass 5.7 7.5 104 33 4.9 7.9 3.5

cases LDC activity was hardly distinguishable
from the background level (Fig. 5). The LDC ac-
tivity of untransformed plants never exceeded the
background activity. Up to now, the highest spe-
cific LDC activity measured in the transformed
plants was 144 pkat/mg protein (Table 2). Even
in plants containing high LDC activity, the LDC
protein was not detectable in western blots. No
LDC activity was detected in enzyme extracts
prepared from root and callus of transformed
plants, since the ldc gene was under the control
of the leaf-specific rbcS1 promoter. Accordingly,
northern hybridizations performed with RNA ex-
tracted from roots and callus tissue were also
negative.

In order to test whether the LDC protein was
transported into chloroplasts, intact chloroplasts
were separated in a Percoll gradient from soluble
proteins and broken chloroplasts. The sharp band
of intact chloroplasts contained a 9-fold higher
LDC activity than the broad, diffuse band of bro-
ken chloroplasts (Table 3). Since during chloro-
plast preparation large portions of the chloro-

Table 3. LDC activity in isolated and broken chloroplasts of
N. tabacum 04.154 transformants. Leaves of SR1 B1b/B2¢/
B2f and B2g (Table 2) were pooled and used for chloroplast
preparation. The  background  radioactivity  was
5000 + 200 cpm.

Samsum control Buffer
chloroplasts

Transformant
chloroplasts

intact broken intact broken

LDC activity 76000 8600 0 0 0

(cpm extracted)

plasts were destroyed and their contents were
mixed with the soluble enzyme fractions, it was
not possible to exclude that some LDC activity
was present in the cytoplasm. However, further
indirect evidence suggests that the chimeric LDC
protein has to be processed to yield an active
enzyme. In order to examine this problem, two
different fragments were excised from p1.154 for
cloning into the invitro transcription vector
pSP72. When a Eco RI (partial digestion)/Sma I
fragment of pl.154 was cloned into the corre-
sponding sites of pSP72, the resulting plasmid
p72.154 ES carried the complete sequence of the
transit peptide fused to the ldc gene. After linear-
ization of p72.154 ES with Hind III and ‘run-off’
experiments, 1.5 uyg mRNA directed in the in vitro
translation system the synthesis of protein that
was capable of catalysing the formation of merely
3.6 nmol cadaverine. When pl.154 was digested
with Pst 1/Sma 1, a fragment was obtained coding
for a truncated transit peptide lacking 20 bp from
the 5'-coding region. This fragment was also
cloned into pSP72 (named pSP72.154 PS), lin-
earized with Bg/ I and transcribed. 1.5 ug of the
mRNA transcribed from this fragment produced
protein that catalyzed the formation of 221 nmol
cadaverine. The observation that the complete
chimeric precursor protein was almost enzymat-
ically inactive, whereas the truncated version
yielded a 50-fold higher LDC activity, is consis-
tent with the hypothesis that processing during or
after transport of the chimeric protein into the
chloroplasts has occurred. It is less likely that
unspecific processing in the cytoplasm prior to
protein transport is responsible for the observed
LDC activity since removal of the first 3 codons
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of the transit peptide coding sequence severely
impaired binding of the precursor and transport
in vitro [31].

The expression and transport of the bacterial
LDC into the chloroplasts of the transformed to-
bacco plants resulted in a dramatic increase in the
amount of cadaverine in the leaves (Fig. 6). While
in untransformed or transformed plants lacking
the LDC protein cadaverine was hardly detect-
able the LDC-active plants contained an amount
between 0.3 and 19 of dry mass (Table 2). A
close correlation between the LDC activity and
the cadaverine levels has not yet been established,
as this requires detailed physiological and meta-
bolic studies of the factors controlling LDC ex-
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Fig. 6. Polyamine determination in leaf extracts of N. ta-

bacum by reversed-phase chromatography. a, SR1 control;

b, Samsum 50.154W; ¢, SR1 04.154 B2c; d, putrescine (1),

cadaverine (2). As internal standard 1,6-diaminohexane (3)
was added to plant extracts.
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pression and the cadaverine accumulation pat-
tern. As expected from the lack of LDC activity
in roots and calli, cadaverine pools were not en-
hanced in these tissues. This fact indicates that
transport of cadaverine from the leaves into the
roots is low. Preliminary experiments have so far
provided no indication that the enlarged cadav-
erine pool in the leaves affects alkaloid synthesis
in the roots.

Discussion

An important first step towards altering biosyn-
thetic pathways in higher plants by means of ge-
netic transformation is to demonstrate not only
that an appropriate gene is expressed, but also
that the corresponding product is enzymatically
active. If the compartment where the synthesis of
the substrate is localized is known, one should
direct the foreign protein to that site, or one should
transport the foreign protein to compartments to
which the substrate is transported for further
metabolic reactions. Evidence is available that
lysine biosynthesis is located in the chloroplasts
[41]. The large accumulation of cadaverine in the
transgenic plants in which LDC was directed into
the chloroplasts is a clear demonstration of the
importance of this strategy. Indeed, to the best of
our knowledge, synthesis of such high levels of
cadaverine have not previously been reported for
any higher plant. The high LDC activity found in
these transgenic plants might be related both to
the high transcriptional activity of the rbcS! pro-
moter [ 10, 45] and the import of the protein into
the chloroplasts. However, it was unexpected that
the LDC protein levels remained too low to be
detectable in western blots. In the light of this
observation, the failure to detect the LDC protein
by western blotting in transgenic plants or calli
bearing the ldc gene under the control of the
weaker Tr promoter, is not surprising. Since in
the case of the latter plants neither LDC activity
nor enhanced cadaverine levels were measured,
one has to assume that any LDC protein formed
was immediately degraded or inactivated in the
cytoplasm, while the chimaeric protein due to its
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routing into chloroplasts might be less vulnerable
after successful transport.

Presently, one can only speculate about the
reasons why LDC protein levels driven by the
rbeS1 or the Tr promoter were so low, or even
lacking, in the transgenic plants despite the fact
that seemingly good levels of the corresponding
mRNA were formed. The primary or secondary
structure of the resulting mRNA could inhibit
translation or impair its efficiency. A correlation
between the levels of the mRNA and the trans-
lation product has often not been apparent in
transgenic plants, especially when protein trans-
port and processing is involved. For example,
overexpression of an acetolactate synthase in Ar-
abidopsis led to a 25-fold increase in the specified
mRNA level while the enzyme activity increased
only 2-fold [27]. One assumption was that the
untransported unprocessed protein was rapidly
turned over in the cytoplasm [27]. Given that
protein import into chloroplasts depends not only
on a functional transit peptide, but also on fea-
tures of the fusion protein [42], it is possible that
the chimaeric transit peptide/LDC protein was
not efficiently transported and/or processed.
Most of the chimaeric protein might therefore
have been degraded in the cytoplasm while only
reduced amounts of LDC entered the chloro-
plasts. However, until we have data relating to
protein turnover in this system, it will remain un-
clear to what extent poor translation and/or pro-
tein instability contribute to the failure to detect
the LDC in western blots. Another possibility is
that post-translational modifications of the LDC
protein caused the loss of antigenic determinants
recognized by the specific antibodies raised
against the bacterial LDC. This possibility will be
tested as soon as sufficient LDC protein can be
purified from LDC-expressing plants.

Despite the fact that LDC activity was only
detected when the protein was transported into
chloroplasts, it would be premature to conclude
that the lack of activity of this bacterial enzyme
in the cytoplasm is attributable to specific degra-
dative processes located in this cellular compart-
ment. Two other amino acid decarboxylases have
recently been expressed in the cytoplasm of to-

bacco. The gene of the tryptophan decarboxylase
of Catharanthus roseus under the control of the
CaMV 358 promoter was expressed in tobacco
plants [37]. The enzyme activity of TDC was
increased up to 40-fold, and tryptamine levels
reached up to 1% of dry mass in young leaves
[37]. Whether the overexpression of the tdc gene
led to dramatic changes of TDC activity and
tryptamine levels in roots was not mentioned. The
metabolic effects reported for the expression of an
ornithine decarboxylase (ODC) of yeast, driven
by the CaMYV 358 promoter, in tobacco root cul-
tures were not as dramatic [13]. The authors
found the levels of putrescine and compounds
derived therefrom increased in the order of 2-fold,
despite distinctly enhanced ODC activity (2-20-
fold depending upon the culture period), which
indicates that overexpression of a biosynthetic
gene might not be sufficient to increase the meta-
bolic flux in the desired magnitude. The enzyme
activities of the overexpressed foreign proteins
(ODC in roots 40 pkat/mg protein, TDC and
LDC in leaves 20 and 30-140 pkat/mg, respec-
tively) were not sufficiently different to explain the
much larger differences in product accumulation
between roots (up to 0.15% putrescine and de-
rived metabolites) and leaves (up to 1%
tryptamine and cadaverine). In order to get more
insight into this problem, we are presently study-
ing the metabolic effects of ldc gene expression
under the control of other promoters and signal
peptides. The results should provide information
about the importance of the site of expression and
the final destination of the synthesized protein in
relation to the metabolic consequences. Direction
of the protein to the natural compartment of the
targeted biosynthetic chain may be of particular
importance, since the overproduction of one
pathway enzyme is likely only to have significant
effects when the product of the corresponding
reaction is immediately available to the next en-
zyme of a pathway.
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