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Abstract

The §-aminolevulinic acid synthase (ALA-S) is an enzyme which catalyzes the synthesis of §-aminolevulinic acid
(ALA). The Bradyrhizobium japonicum ALA-S coding sequence lacking plastidal transit sequence was introduced into
the rice genome (C line). The transgenic lines, C4 and C5, were compared with the transgenic lines expressing TALA-S
gene with plastidal transit sequence (P line) to investigate whether the plastidal sequence affects the targeting capacity
of B. japonicum ALA-S gene and the ALA-synthesizing capacity in rice plants. The B. japonicum ALA-S mRNA was
expressed efficiently in C lines and the protein was localized in the stroma of chloroplasts regardless of the transit
sequence as in P lines. The resulting transgenic plants, C line, had similar levels of ALA-S activity, ALA,
protoporphyrin IX and chlorophylls, compared to those of P lines. In response to irradiance of 350 pmol m? s™,
transgenic lines C4 and C5 displayed the characteristic phenotypes of photodynamic damage, i.e., decreases in
photosynthetic parameter F,/F,,, as in P5 and P14 lines, whereas wild type did not. These results indicate that the lack of
the plastidal transit sequence influences neither chloroplast translocation of B. japonicum ALA-S nor ALA-synthesizing
capacity in the transgenic rice.
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Introduction

Porphyrin compounds play vital roles in various
biological processes, including photosynthesis and
respiration (Beale 1978, Papenbrock et al. 1999).
d-aminolevulinic acid (ALA) is a key precursor in the
biosynthesis of porphyrins, such as chlorophyll and
heme. Higher plants synthesize ALA from the five-
carbon skeleton of glutamate in a process known as the
Cs pathway, in which glutamyl-tRNA synthetase,
glutamyl-tRNA hydrogenase, and glutamate-1-semi-
aldehyde aminotransferase carry out three sequential
enzymatic reactions to produce ALA from glutamate
(Beale 1978, Kruse et al. 1997, Tanaka and Tanaka
2007). Eight ALA molecules are fused into porphyrins
which are then modified to protoporphyrin IX (Proto IX).
The chelation of Proto IX with Mg®" or Fe*' and
subsequent modifications lead to chlorophyll or heme
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formation.

When plants are treated with high concentrations of
ALA, excess tetrapyrroles absorb energy that is utilized
in photochemical reactions leading to production of
singlet oxygen ('0,) (Hopf and Whitten 1978, Tripathy
and Chakraborty 1991). The 'O, oxidizes unsaturated
membrane lipids, generating free radicals that damage the
membrane system, leading to the death of the plant.
Rebeiz et al. (1984) reported that ALA can be utilized as
a selective and biodegradable herbicide. However, ALA
has some beneficial effects on crops at low concen-
trations, such as improvements in dry matter yield,
promotive effects on photosynthetic activity and
inhibitory effects on respiration. The treatment with low
concentrations of ALA was found to increase the growth
and yield of radish, kidney bean, barley, potato, and

Abbreviations: ALA - 3-aminolevulinic acid; ALA-S - §-aminolevulinic acid synthase without additional plastidal transit sequence;
Proto IX - protoporphyrin IX; TALA-S - §-aminolevulinic acid synthase with additional plastidal transit sequence.
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garlic by 10 - 60 % (Hotta et al. 1997). The ALA-forming
activity correlates well with the steady-state levels of
mRNAs that encode light-harvesting chlorophyll-binding
proteins, LHC (Kruse et al. 1997). ALA also has a variety
of other agricultural applications, including inducing salt
and cold tolerance in plants (Hotta and Watanabe 1999,
Watanabe et al. 2000). These studies suggest that a low
concentration of ALA has a potential of increasing yield
and multi-stress tolerance of crops.

In Bradyrhizobium japonicum, ALA is formed by
d-aminolevulinic acid synthase (ALA-S), which catalyzes
the first step in heme synthesis, the condensation of
glycine and succinyl-CoA, releasing carbon dioxide and
CoA. The gene that encodes the ALA-S of B. japonicum,
hemA, encodes a 409-amino-acid protein with a
molecular mass of 45 kDa (McClung et al. 1987). The
ALA-S is firstly synthesized in the cytosol as pre-enzyme
which is rapidly imported into the mitochondria and
processed to give the mature form (Urban-Grimal et al.
1986). As part of our search for alternative ways of
replacing the exogenous supply of costly ALA, we gene-
rated the rice plants expressing B. japonicum TALA-S
(P line), in which additional plastidal transit sequence

Materials and methods

Plant transformation and regeneration: Scutellum-
derived calli of rice (Oryza sativa cv. Dongjin) were
co-cultured with Agrobacterium tumefaciens LBA4404
harboring either the binary vector pGA1611:TALA-S
(with additional plastidal transit sequence; which was
designated P line) (Jung ef al. 2004) or pGA1611:ALA-S
(without plastidal transit sequence; C line) (Fig. 1). DNA
encoding the plastidal transit sequence for a tobacco
plastidal protoporphyrinogen oxidase (Lee et al. 2000)
was used to import Bradyrhizobium japonicum
d-aminolevulinic acid synthase gene into plastids of rice
(Jung et al. 2004). In the present study, the B. japonicum
ALA-S coding sequence lacking the plastidal transit
sequence was introduced into rice to obtain ALA-S
protein expression in cytosol. Cloning of the
B. japonicum ALA-S gene by PCR has been described
previously (Ha et al. 2002) and amplification was made
using the primers 5-ATCAAGCTTATGGATTA
CAGCCAGTTCTT-3" (Hindlll site underlined) and
5-ATTGGGTACCAAGAAAAACCTACTCCGCCGCC
AGCGA-3" (Kpnl site underlined). The PCR product was
digested with Hindlll and Kpnl and gel-purified. The
DNA encoding the ALA-S was ligated into pBluescript-
SK (Stratagene, La Jolla, CA, USA) predigested with
Hindlll and Kpnl. After verifying the sequence integrity,
the Hindlll-Kpnl fragments of ALA-S were cut and
religated into the same restriction sites of vector
pGA1611, in-between the maize ubiquitin promoter and
the nos 3 terminator.

A. tumefaciens LBA4404 harboring pGA1611:ALA-S
was grown overnight at 28 °C in YEP medium supple-
mented with 5 pug cm” tetracyclin and 40 pg cm”
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was used to import B. japonicum ALA-S gene into
plastids (Jung et al. 2004). The transgenic plants showed
the localization of TALA-S in stroma of chloroplasts with
increases in ALA and chlorophylls, and were more
susceptible to photoinhibition compared with wild-type
plants.

To obtain the optimal expression of B. japonicum
ALA-S gene in rice to avoid the photobleaching
symptom, the B. japonicum ALA-S coding sequence
lacking the plastidal transit sequence, under the control of
the ubiquitin promoter, was introduced into the rice
genome. We investigated whether the lack of plastidal
sequence could influence the translocation of
B. japonicum ALA-S, enhancing photosynthetic effi-
ciency and growth through synthesizing ALA to optimum
level in new transgenic rice, C line. The levels of ALA-S
activity and ALA as well as the subcellular localization of
the transgene were compared between the transgenic rice,
P and C lines, and wild-type rice. This study will
contribute to an understanding of how the flow and the
synthesis of ALA molecules are regulated at appropriate
levels by genetic modification.

hygromycin. The cultures were spun down, and pellets
were resuspended in an equal volume of AA medium
containing 100 pM acetosyringone. Calli were induced
from scutellum of rice seeds on N6 media. The calli were
transferred to a co-culture medium and cultured for 2 - 3 d
in darkness at 25 °C. After hygromycin selection for 3 to
4 weeks, the calli were transferred to regeneration
medium for shoot and root development. After the roots
had sufficiently developed, the transgenic plants were
transferred to a greenhouse and grown to maturity.

pGA1611:TALA-S (P)
—| Ubi-P |
pGA1611:ALA-S (C)
—| Ubi-P |

Fig. 1. Schematic diagram of T-DNA of the binary vectors used
for transformation. Ubi-P - maize ubiquitin promoter;
TS - tobacco plastidal transit sequence; ALA-S -
Bradyrhizobium japonicum &-aminolevulinic acid synthase;
Tnos - nopaline synthase terminator; CaMV 35S - cauliflower
mosaic  virus 35S promoter; HPT - hygromycin
phosphotransferase; TiA6-7 - TiA6-7 terminator.

TS:ALA-S | Tnos | CaMV 35S-HPT-TiA6-7 |—

ALA-S | Tnos | CaMV 355-HPT-TiA6-7 I—

Growth of transgenic lines and effect of irradiance:
The T, generation of homozygous transgenic rice lines
including P5, P14, C2, C4, C5 and C6 was used for
experiments. Seeds of untransformed and transgenic lines
were put for 3 d at 25 °C in darkness on Murashige and
Skoog (MS) medium, and then exposed to low or high
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irradiance (150 or 350 umol m™ s, respectively) with
16-h photoperiod for 7 d.

Isolation and analysis of RNA: Total RNA (10 pg) was
isolated from leaf tissues of wild-type or transgenic rice
plants using TRI (total RNA isolation) reagent (Sigma,
St. Louis, MO, USA) and was fractionated on a 1 %
agarose gel containing formaldehyde, using 20 mM
3-(N-morpholino)propanesulfuric acid (pH 7.0) as a
running buffer. RNA samples were stained with ethidium
bromide prior to blotting to a nylon membrane, and the
blots were hybridized with a **P-labeled gene-specific
probe for the B. japonicum ALA-S cDNA clone at 60 °C
in 250 mM sodium phosphate buffer (pH 7.5), 7 %
sodium dodecyl sulfate (SDS), 1 % bovine serum
albumin (BSA), and 1 mM ethylenediamine tetrachloro-
acetic acid (EDTA). After hybridization, the RNA blot
was washed twice with 2x sodium chloride-sodium
citrate (SSC)/0.1 % SDS and twice with 0.2x SSC/0.1 %
SDS at 55 °C. The radioactive signals of hybridized
membranes were detected with a phosphor imaging
system (Fuji, Tokyo, Japan).

Protein gel blot analysis: Leaves were homogenized for
10 s in homogenization buffer [330 mM sorbitol, 50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2 mM
EDTA, 0.1 % BSA, 4 mM dithiothreitol (DTT), pH 8.0]
and filtered through Miracloth. The plastids were
collected by centrifugation at 6 000 g for 2 min. Intact
chloroplasts were separated on a Percoll® gradient and
pelleted for B. japonicum ALA-S protein gel blot
analysis. Purified chloroplasts were lysed in 1 cm’® of
240 mM NaCl and incubated for 10 min on ice. Stroma
and thylakoid protein fractions were obtained by centri-
fugation at 15 000 g. For cytosol fraction, an aliquot of
the homogenate was centrifuged twice at 4 000 g for
5 min and then at 12 000 g for 15 min. The supernatant
was saved for cytosol fraction. The protein was separated
using 11 % SDS-PAGE for B. japonicum ALA-S,
respectively, and electroblotted to polyvinylidene fluoride
membranes. Immunodetection was performed using
standard procedures (Boehringer, Mannheim, Germany).
The polyclonal mouse antiserum was raised against
purified B. japonicum ALA-S protein (Ha et al. 2002).

ALA-S enzyme assay and ALA measurement: Plastids
were prepared as described by Zavgorodnyaya et al.

Results and discussion

Gene expression and activities of the rate-determining
ALA synthesis are controlled to synthesize tetrapyrrole
and to balance the metabolic flow with the cellular
requirements (Alawady and Grimm 2005). Rice plants
expressing B. japonicum TALA-S gene comprising the
plastidal transit sequence (P line) showed the greater
contents of ALA and chlorophylls than wild-type rice
plants, but no difference in seedling growth (Jung et al.

(1997). Crude plastid preparations were resuspended in
20 mM phosphate buffer (pH 7.6). For measurements of
ALA-S activity, aliquots of the suspension were added to
0.025 cm’ of an assay mixture containing 100 mM
glycine, 25 uM pyridoxal phosphate, I mM DTT, 10 mM
levulinate, and 150 pM succinyl CoA. Reactions were
carried out for 30 min at 30 °C and stopped by the
addition of 0.006 cm’ of 100 % trichloroacetic acid.
Modified Ehrlich’s reagent was added, and the
chromophore was detected at 553 nm by spectrophoto-
meter (Urata and Granick 1963).

ALA-synthesizing capacity was measured as
described by Papenbrock et al. (1999). Leaf disks were
harvested for each sample, incubated in 20 mM
phosphate buffer containing 40 mM levulinic acid in the
light for 6 h, and frozen in liquid nitrogen. Samples were
homogenized, resuspended in 1 cm® of 20 mM K,HPO,/
KH,PO, (pH 6.9), and centrifuged at 10 000 g. The
0.5 cm® supernatant was mixed with 0.1 cm® ethylaceto-
acetate, boiled for 10 min, and cooled for 5 min. ALA
was quantified as described above.

Determination of Proto IX: To measure the Proto IX
content, plant tissue (0.1 g) was ground in 2 cm® of
methanol:acetone:0.1 M NaOH (9:10:1, v/v/v), and the
homogenate was centrifuged at 10 000 g for 10 min to
remove cell debris and proteins. Porphyrins were
separated by HPLC, using a Novapak C;g column
(Waters, Milford, MA, USA) at a flow rate of 1 em’ min™.
Porphyrins were eluted using a solvent system of 0.1 M
ammonium phosphate (pH 5.8) and methanol. The
column eluate was monitored using a fluorescence
detector (474, Waters) at excitation and emission
wavelengths of 400 and 630 nm, respectively.

Photosynthetic activity: Chlorophyll a fluorescence was
measured in vivo, using a pulse amplitude modulation
fluorometer (Handy PEA, Hansatech Instruments,
Norfolk, England), after dark adaptation for 10 min. The
initial fluorescence yield, F,, was obtained upon
excitation with a weak irradiance from a pulse light-
emitting diode. Maximal fluorescence yield, F,, was
obtained by application of 1-s pulse of 3 000 pmol m™ s
when all reaction centers were transiently close (Krause
et al. 1983). The ratio of F, to F,, representing the
activity of photosystem 2, was used to assess the
functional damage to plants.

2004). Under irradiance of 350 pmol m™ s, however, the
photobleaching of shoot was observed only in the
transgenic plants (Jung et al. 2004, 2008). In the present
study, the B. japonicum ALA-S synthase gene lacking the
plastidal transit sequence was introduced into rice
genome to examine whether the absence of the transit
sequence in the ALA-S coding sequence affects a
subcellular translocation of ALA-S, obtaining the optimal
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increase of ALA in transgenic rice. ALA has a variety of
agricultural applications not only as an herbicide and
growth promoting factor, but also based on its ability to
confer salt and cold temperature tolerance in plants
(Sasaki et al. 1998, Tanaka and Kuramochi 2001). New
transgenic rice plants expressing the ALA-S gene were
generated according to the Agrobacterium-mediated
transformation using the binary vector pGA1611:ALA-S
(C line) (Fig. 1) to transform wild-type rice. We
regenerated a total of eleven independent transgenic lines
(To). All the transgenic lines (T, seeds) tested with
hygromycin exhibited a single genetic locus showing a
3:1 (hygromycin resistant versus susceptible) segregation
ratio (data not shown). The ALA-S gene was successfully
transmitted to T, rice plants, as indicated by high levels
of the ALA-S mRNA in all C lines examined, but no
hybridizing band was detected in wild-type line (Fig. 2).

Fig. 2. RNA gel blot analysis of B. japonicum ALA-S. Total
RNA (10 pg) was blotted onto a nylon membrane as described
in the Materials and methods. WT - wild type; C2, C4, C5 and
C6 - T, generation of homozygous transgenic rice lines
expressing B. japonicum ALA-S gene. EtBr - ethidium bromide
staining of RNA samples.

In the P lines expressing B. japonicum TALA-S, the
ALA-S protein was expressed in the stroma of
chloroplasts (Jung et al. 2004). As the ALA-S gene did
not have the plastidal transit peptide in C line (Fig. 1), we
expected that ALA-S protein would fail to translocate
into chloroplasts and be expressed in cytosol of
transgenic rice. To verify the subcellular localization of
ALA-S protein in C lines, the location of ALA-S protein
was investigated by probing immunoblots of stroma,
thylakoid and cytosol fractions of transgenic lines C4 and
C5. Unlike our expectation, ALA-S proteins translated
from both forms of ALA-S, with (P14) or without the
plastidal transit sequence (C4 and C5), were equally
localized at the stroma of chloroplasts in the transgenic
lines, but the protein was not detected on blots of wild-
type line (Fig. 3). Neither cytosol fraction nor thylakoid
fraction detected the ALA-S protein in all lines examined

- -

(Fig. 3). These results show that transgenic plants
expressing a native bacterial ALA-S gene lacking the
plastidal transit sequence leads to its proper import into
plastids and ultimately gives rise to a functionally active
enzyme, regardless of the plastidal transit sequence. The
mature protein of ALA-S itself might have the
information to be targeted into the chloroplasts. In
addition, ALA-S activity was compared in the crude
plastids from P5, P14, C4, C5 and wild-type lines.
Similar ALA-S activities were observed in both types of
TALA-S or ALA-S-expressing rice lines, but no activity
was detected in wild-type line (Table 1). ALA, an early
precursor of the tetrapyrrole pathway, increased
approximately by 2-fold in C lines as well as P lines, as
compared to wild type (Table 1). The increased contents
of ALA and chlorophylls were consistent with the
detection of plastidal ALA-S activity in transgenic lines
C4 and C5. Proto IX, which is known as a photo-
sensitizer, also increased in all transgenic lines in
comparison to wild-type line, with the greatest increase in
P14 line (Table 1).

Under irradiance of 350 pmol m™ s™', transgenic lines
C4 and CS5 displayed a decrease in F,/F,, ratio (Fig. 4),
photobleaching of shoots and retarded shoot growth (data
not shown) similar as in P lines (Jung et al. 2004). The
transgenic line P14 suffered the greatest photoinhibition,
as indicated by the greatest decline in F,/F, the
parameter associated with the current status of
photochemical processes (Pomar and Barceld 2007) and

Table 1. Effect of ALA-S expression on ALA-synthase activity
[nmol mg'(protein) h™'], and contens of ALA [pmol g'(f.m.)],
Proto IX [nmol g'(f.m.)] and chlorophyll [pg g'(f.m.]. Seeds of
untransformed wild type and transgenic lines were grown onto
MS media in darkness at 25 °C for 3 d and then exposed to
PPED of 150 umol m™ s for 7 d. WT - wild type; P and C - T,
generation of homozygous transgenic rice lines expressing
B. japonicum TALA-S gene (PS5 and P14) or ALA-S gene
(C4 and C5); n.d. - not detected. Data represent the mean + SE
of three samples.

Plants ALA-S activity ALA Proto IX Chlorophyll
WT nd. 2.04+0.13 1.51+£0.19 183348
P5 9.74£1.06 3.58+0.42 2.80+0.54 2002%50
P14 11414125 425+033 4.09+0.71 2108 +86
C4 928+£046 3.76+£034 2471036 1971+22
C5  11.08+1.31 372+024 2931040 2026+73

Fig. 3. Protein gel blot analysis of B. japonicum ALA-S. Proteins (10 pg) from purified stroma, thylakoid and cytosol fractions were
separated on 11 % PAGE gel containing SDS and transferred onto a PVDF membrane. Immunodetection was performed with
specific antibody raised against purified B. japonicum ALA-S protein. WT - wild type; P and C - T, generation of homozygous
transgenic rice lines expressing B. japonicum TALA-S gene (P14) or ALA-S gene (C4 and C5).
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the greatest increase in Proto IX (Table 1, Fig. 4). In
plants treated with ALA at higher concentrations, i.e.
more than 10 mM, ALA induced accumulation of
chlorophyll synthesis intermediates acting as a producers
of '0,, triggering photodamage of ALA-treated plants
(Rebeiz et al. 1984). However, under low irradiance of
150 pmol m™” s, the increases of ALA did not change
photosynthetic efficiency of both transgenic lines,
resulting in the same F,/F,, as in wild type (Fig. 4). Low

1.0
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08 | 7— 7_ 7 7
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02
0
WT P5 P14 C4 C5

Fig. 4. Effect of ALA-S expression on variable to maximum
fluorescence ratio (F,/F,). Seeds of untransformed wild type
and transgenic lines were grown onto MS media in darkness at
25 °C for 3 d and then exposed to irradiance either of 150 or 350
pmol m? s for 7 d. WT - wild type; P and C - T, generation of
homozygous transgenic rice lines expressing B. japonicum
TALA-S gene (PS5 and P14) or ALA-S gene (C4 and CS5). Data

represent the mean + SE of three samples.
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