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Magnesium-protoporphyrin IX chelatase (Mg-chelatase) is lo-
cated at the branchpoint of tetrapyrrole biosynthesis, at which point
protoporphyrin IX is distributed for the synthesis of chlorophyll and
heme. We investigated the regulatory contribution of Mg-chelatase
to the flow of metabolites. In plants, the enzyme complex consists
of three subunits, designated CHL D, CHL I, and CHL H. Transgenic
tobacco (Nicotiana tabacum) plants expressing antisense RNA for
the Mg-chelatase subunit CHL H were analyzed to elucidate further
the role of Mg-chelatase in the distribution of protoporphyrin IX
into the branched tetrapyrrolic pathway. The transgenic plants
displayed a reduced growth rate and chlorophyll deficiency. Both
phenotypical properties were correlated with lower Mg-chelatase
activity. Unexpectedly, less protoporphyrin IX and heme accumu-
lated, and a decrease in 5-aminolevulinate (ALA)-synthesizing ca-
pacity and ALA dehydratase activity paralleled the progressive re-
duction in Mg-chelatase activity in the transformants compared
with control plants. The reduced activities of the early enzymatic
steps corresponded with lower levels of transcripts encoding
glutamyl-tRNA reductase and ALA-dehydratase. The decreased ex-
pression and activities of early enzymes in the pathway could be
explained by a feedback-controlled mechanism in response to lower
Mg-chelatase activity. We discuss intercompartmental signaling
that synchronizes the activities of the first steps in tetrapyrrolic
metabolism with the late steps for the synthesis of end products.

Photosynthetic organisms synthesize (bacterio-) chlo-
rophyll, heme, and phycobilines, the major tetrapyrroles
in nature (von Wettstein et al., 1995; Grimm, 1998).
The stepwise formation of protoporphyrin IX from
5-aminolevulinic acid is in principle identical in bacteria
and plants. Two chelating enzymes compete subsequently
for protoporphyrin IX. Ferrochelatase (Fe-chelatase) directs
the substrate toward heme, which serves as a cofactor in
different cellular processes. In cyanobacteria, protoheme is
mainly metabolized to phycobiline, and in plants it is me-
tabolized (to a lower extent) to the light-perceptive phy-
tochromobiline. The first step unique in (bacterio-) chloro-
phyll formation is the insertion of Mg21 into protoporphyrin
IX. This step is catalyzed by magnesium-protoporphyrin
IX-chelatase (Mg-chelatase). This enzyme consists of three
subunits (in parentheses are the molecular masses of the

proteins from Rhodobacter capsulatus and tobacco [Nicotiana
tabacum], respectively) BchI/CHL I (40 and 42 kD), CHL D
(60 and 83 kD), and CHL H (140 and 154 kD) (Zsebo and
Hearst, 1984; Kruse et al., 1997; Papenbrock et al., 1997).
The same subunits are structurally related in prokaryotes
and eukaryotes. The first identified plant-coding sequence
involved in Mg chelation was the T-DNA-tagged cs-
sequence, which was equivalent to Chl I, although a func-
tion in chlorophyll synthesis had not been assigned at that
time (Koncz et al., 1990). The first plant Chl H sequence was
found by transposon-tagged gene inactivation (Hudson et
al., 1993). The third subunit, CHL D, showed significant
similarity to the cyanobacterial counterpart and was
proven to be essential for the formation of an active en-
zyme complex of recombinant tobacco subunits (Papen-
brock et al., 1997).

The catalytic insertion of Mg21 into protoporphyrin IX is
apparently a complex mechanism that differs from the
insertion of ferrous iron into protoporphyrin IX by Fe-
chelatase (Castelfranco et al., 1994). Mg chelation is cata-
lyzed in an ATP-dependent, two-step reaction, and is still
not entirely understood (Walker and Willows, 1997; Jensen
et al., 1998; Gräfe et al., 1999). An initial activation step
includes CHL I and CHL D (Gibson et al., 1995; Willows et
al., 1996). An ATPase function was assigned to this protein
complex (Hansson and Kannangara, 1997). The protopor-
phyrin IX-binding CHL H subunit subsequently interacts
with the activation complex for the Mg-insertion into pro-
toporphyrin IX, and then transfers Mg-protoporphyrin IX
to Mg-protoporphyrin IX-methyltransferase (Gorchein,
1972; Hinchigeri et al., 1997).

In plants, tetrapyrrole metabolism is located in the chlo-
roplasts. All enzymes involved are nuclear encoded. It is
expected that a regulatory mechanism controls the genetic
information of the nuclear-encoded enzymes to coordinate
them with the required activities of the pathway in the
plastids. The rate-limiting step of tetrapyrrole metabolism
is ALA synthesis at the beginning of the pathway. After the
conversion of eight ALA molecules into a cyclic porphyrin,
protoporphyrin IX is directed into the chlorophyll- and
heme-synthesizing branch. In angiosperms, chlorophyll is
exclusively formed in the light. We address the question of
how the metabolic flow and the distribution of protopor-
phyrin IX, which is light and developmentally dependent,
adjusted to the requirements of varying amounts of chlo-
rophyll and heme. A spatial separation of the heme- and
chlorophyll-synthesizing pathway in plastids could play a
role (Matringe et al., 1994), as could varying affinities of the
two enzymes to the substrate and a difference in ATP
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requirement for the two chelation reactions (Guo et al.,
1998; Jensen et al., 1998). Moreover, the antagonistic rhyth-
micity of Mg-chelatase and Fe-chelatase activities and ALA
synthesis could contribute in light-/dark-grown tobacco
plants to the distribution of protoporphyrin IX (Papen-
brock et al., 1999). We describe the role of Mg-chelatase in
the control of metabolic flow. Activities of Mg-chelatase
and the early enzymes of the pathway are apparently
matched to guarantee a balanced flow of tetrapyrrole pre-
cursors in the pathway and to avoid accumulation of harm-
ful photosensitizing porphyrin intermediates. We obtained
evidence for the intracellular interdependence of gene ex-
pression for enzymes of the early steps of the pathway and
the metabolic activities in the Mg-porphyrin branch.

MATERIALS AND METHODS

Growth of Plants

Tobacco (Nicotiana tabacum) plants were grown in the
greenhouse for 5 weeks before harvest. Unless stated oth-
erwise, supplemental illumination was provided by 400-W
high-pressure sodium vapor lamps to ensure a light inten-
sity of 300 mmol m22 s21 over a 16-h photoperiod. All
experiments were done with primary transformants.

Construction of the Transgene

A partial cDNA fragment encoding the tobacco CHL H
subunit of Mg-chelatase (Kruse et al., 1997) was ligated into
the SmaI-digested plant binary vector BinAR (Höfgen and
Willmitzer, 1992). The Agrobacterium tumefaciens strain GV
2260 was transformed with the plasmid harboring the Chl
H coding sequence in inverted orientation behind the cau-
liflower mosaic virus 35S promoter. The Chl H antisense
gene construct was introduced into the tobacco genome (N.
tabacum cv Samsun NN) by leaf disc transformation
(Horsch et al., 1985).

RNA and DNA Analysis

Total RNA was extracted essentially as described previ-
ously (Chomczinsky and Sacchi, 1987). The methods for
DNA extraction and for Southern- and northern-blot hy-
bridization were carried out according to standard proce-
dures (Sambrook et al., 1989). Aliquots of 15 mg of RNA
and 20 mg of DNA were analyzed. After blotting, filters
were probed with different cDNA fragments and labeled
by random priming using [32P]dCTP (Gibco-BRL, Eggen-
stein, Germany).

Enzyme Assays

Activity of 5-aminolevulinic acid dehydratase was as-
sayed as described previously (Smith, 1988). For assaying
Mg-chelatase 12 g of freshly harvested plant material was
homogenized in 75 mL of homogenization buffer consist-
ing of 0.5 m sorbitol, 0.1 m Tris/HCl, pH 7.5, 0.1% (w/v)
bovine serum albumin (BSA), and 1 mm dithiothreitol
(DTT), filtered through two layers of cheesecloth and two

layers of gauze, and centrifuged at 5,000g for 10 min. The
pellet of chloroplasts was resuspended in 2.5 mL of homog-
enization buffer and used for enzyme activity measure-
ments. Mg-chelatase was assayed as in Lee et al. (1992),
with some modifications. The assay mix contained 40 mm
MgCl2 and 20 mm ATP. Reactions were started by adding
dimethyl sulfoxide (DMSO)-solved protoporphyrin IX to a
final concentration of 100 mm, and stopped after 0, 15, 30,
45, and 60 min at 28°C by freezing tubes in liquid nitrogen.
Assay samples were sequentially extracted with methanol,
50 mm potassium phosphate buffer (pH 7.8), and acetone:
methanol:0.1 m NH4OH (10:9:1; v/v). Combined extracts
were subjected to HPLC analysis using authentic standards
for quantification of assay products (see below).

Determination of Porphyrins

Porphyrin extraction and HPLC analysis were done as
described by Mock and Grimm (1997). Liquid ground leaf
material (100 mg) was sequentially extracted with 50 mm
potassium phosphate buffer (pH 7.8), methanol:0.1 m
NH4OH (9:1; v/v), and acetone:0.1 m NH4OH (9:1; v/v).
Extracts were diluted with an equal volume of methanol
prior to HPLC analysis. Porphyrins were eluted with a
linear gradient of solvent B (90% [w/v] methanol and 0.1 m
ammonium acetate, pH 5.2) in solvent A (10% [w/v] meth-
anol and 0.1 m ammonium acetate, pH 5.2) as follows: 0%
to 100% over 12 min and 100% (w/v) solvent B for 13 min.
Column eluent was monitored by fluorescence detection
(lex 405/lem 625 and lex 420 nm/lem 595), and porphyrins
were identified and quantified using authentic standards
(Fluka, Milwaukee, WI; Porphyrin Products, Logan, UT).
Mg-protoporphyrin IX monomethylester was a generous
gift of Prof. W. Rüdiger (Botanical Institute of the Ludwig-
Maximillian University, Munich).

Determination of Chlorophyll and Carotenoid Contents

Chlorophyll estimation was according to the method of
Porra et al. (1989) in alkaline acetone extracts. Carotenoids
were analyzed essentially as described previously (Kruse et
al., 1995), except that an HPLC system equipped with
photo-diode array detection (996 PDA, Waters, Milford,
MA) was used. Authentic standards were used for quanti-
fication.

Determination of ALA-Synthesizing Capacity

Three leaf discs per sample were harvested from the
fourth leaf of the plant, incubated in 40 mm levulinic acid
in 20 mm phosphate buffer, pH 7.2, in the light for 6 h, and
then frozen in liquid nitrogen. Samples were homogenized,
given 1 mL of 20 mm K2HPO4/KH2PO4, pH 7.2, and cen-
trifuged. One-hundred microliters of ethylacetoacetate was
added to a 500-mL aliquot of the supernatant, which was
subsequently boiled for 10 min and cooled on ice for 5 min.
An equal volume of modified Ehrlichs reagent was added
and color development was measured at 553 nm using the
spectrophotometer (Mauzerall and Granick, 1956). Stan-
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dard curves were used for calculating amounts of accumu-
lated ALA.

Miscellaneous

Protein concentrations were determined according to the
method of Bradford (1976). Heme was extracted as de-
scribed by Hagège et al. (1992) and quantified using a
molar absorption coefficient given by Castelfranco and
Jones (1975).

RESULTS

Phenotypical Changes in Transgenic Plants
Transformed with the Mg-Chelatase Subunit CHL H in
Antisense Orientation

A 3.5-kb cDNA sequence encoding the CHL H subunit of
Mg-chelatase from tobacco (Kruse et al., 1997) was inserted
in reverse orientation behind a modified cauliflower mo-
saic virus 35S promoter and introduced into the tobacco
genome by A. tumefaciens. Transformants showed a broad
variety of phenotypes with reduced green pigmentation.
Some completely bleached transformants could only be
preserved in sugar-containing tissue culture. Approxi-
mately 70 transgenic lines of Chl H antisense transformants

were cultivated in soil in the greenhouse. The transgenic
seeds of some lines germinated slowly and the seedlings
died within a few days after being transferred to soil. Four
representative lines, Pa 1/14, Pa 1/54, Pa 1/56, and Pa
1/60, were selected for detailed analysis (Fig. 1, top). Their
developmental growth and flowering were delayed, and
fewer inflorescences and seeds were produced. The older
leaves were also more bleached compared with the
younger leaves. Individual leaves of each line displayed a
characteristic pattern of lower pigmentation and showed a
descending gradient of green pigments from the bottom to
the leaf tip (Fig. 1, bottom).

Antisense Inhibition of Chl H Expression Causes a
Reduction in Mg-Chelatase Activity

Total RNA was extracted from leaves 4, 6, and 8 (count-
ing from the top of the plant) of wild-type plants and the
selected lines Pa 1/14, Pa 1/54, Pa 1/56, and Pa 1/60, and
analyzed by northern-blot hybridization. The Chl H tran-
script levels of transgenic and wild-type plants were com-
pared. Effects of the Chl H antisense inhibition on the
contents of Chl I and Chl D RNA were investigated in
parallel (Fig. 2). The transcripts encoding all three Mg-
chelatase subunits maximally accumulated in the youngest
leaf of control plants and decreased subsequently toward
older leaves. The Chl H mRNA contents were reduced in
Chl H antisense plants compared with wild-type plants.
The lower content of Chl H RNA was correlated with
increasing chlorosis of the transgenic lines. The Chl H RNA
content was close to the detection limit in the very pale
yellow-green transformant Pa 1/14, whereas the abun-
dance of Chl H mRNA of the wild-type-like transformant
Pa 1/60 was only slightly diminished. Chl I and Chl D
transcript levels were not altered in response to reduced
Chl H mRNA in the transgenic lines compared with control
plants.

In tobacco plants, Mg-chelatase activity has its maximal
activity in immature leaves. Mg-chelatase activity was de-
termined from plastids of leaves 1 to 6 of 5-week-old
wild-type and transformant plants. The Mg-chelatase ac-
tivity of transformant Pa 1/14 was lowered to 30% of
control activity and the wild-type-like transformant Pa

Figure 1. Primary tobacco transformants expressing Chl H antisense
RNA and a wild-type plant (SNN) grown in the greenhouse at 300
mmol m22 s21 for 5 weeks. Top panel, Transformants with a pro-
gressive loss of chlorophyll. Left to right, Wild-type plant SNN, Pa
1/14, Pa 1/60, Pa 1/54, and Pa 1/56. Bottom panel, Sixth leaves of the
same transformants (except of wild-type-like Pa 1/60) shown for
comparison. Transgenic plants remain slightly green along the vas-
cular bundles.

Figure 2. Northern-blot analysis of the expression of Mg-chelatase
subunits. Plants were grown for 5 weeks in the greenhouse at 300
mmol m22 s21. For the determination of steady-state RNA levels of
the three Mg-chelatase subunits in selected Chl H antisense plants,
total RNA was extracted from leaves 4, 6, and 8 of wild-type plants
and transformants. Fifteen micrograms of isolated RNA was subjected
to northern-blot hybridization and subsequently hybridized with the
Chl H, Chl D, and Chl I cDNA. The Chl H cDNA probe recognized
both the endogenous transcript and the antisense RNA.

Intracellular Coordination of Tetrapyrrole Biosynthesis 1163



1/60 Mg-chelatase had nearly 100% of the control activity
(100% was about 250 nkat kg21 protein) (Fig. 3). The re-
duction in Mg-chelatase activity corresponds to the reduc-
tion of Chl H RNA contents and reflects the low-green
pigmentation of the leaves.

Antisense Inactivation of Chl H Expression Leads to Lower
Contents of Chlorophyll, Heme, and Carotenoids

The total amount of chlorophyll, non-covalently bound
heme, and carotenoids was determined in leaf 4 of control
and transgenic plants (Table I). The chlorophyll contents of
the transformants declined in parallel with the deficiency
in Mg-chelatase activity. Line Pa 1/14 contained only 5% of
the control chlorophyll. The carotenoid levels were low-
ered to similar extent as the chlorophyll contents in the
transgenic plants compared with the wild-type values,
which is consistent with the parallel degradation of pig-
ments and pigment binding proteins of the photosynthetic
apparatus. In spite of the tremendous reduction of chloro-
phyll levels, the relative amounts of the carotenoid species
analyzed did not significantly change either in low-light-
grown or greenhouse-grown transformants relative to con-
trol plants. It could be expected that a block of the
chlorophyll-synthesizing pathway would direct more pro-
toporphyrin IX toward the heme pathway. However, the
heme contents of the transgenic plants were also already
lowered in young leaves (only 25% and 60% of the wild-
type content in line Pa 1/14 and Pa 1/54, respectively)
(Table I), which would be inconsistent with a feed-

back suppression in response to early transient heme
accumulation.

Reduced Mg-Chelatase Activity Does Not Result in
Accumulation of the Substrate Protoporphyrin IX

We previously characterized transgenic plants with de-
ficiency in coproporphyrinogen oxidase and uroporphy-
rinogen decarboxylase, two preceding enzymes in the met-
abolic pathway. These plants accumulated their respective
substrate, uroporphyrin(ogen) and coproporphyrin(ogen),
in young leaves up to several hundred-fold compared with
control plants and exhibited necrotic lesions (Kruse et al.,
1995; Mock and Grimm, 1997). Accumulating protoporphy-
rin IX leads to light-dependent damage of plant cells, as is
demonstrated upon application of diphenyl-ether-type her-
bicides, which inhibit protoporphyrinogen IX oxidase, the
enzyme preceding Mg-chelatase (Matringe and Scalla,
1988; Witkowski and Halling, 1988). It was initially as-
sumed that the transgenic plants with deficient Mg-
chelatase activity accumulate protoporphyrin IX. However,
less protoporphyrin IX was found in the extracts of trans-
genic lines than in control plants (Fig. 4A). The contents of
Mg-protoporphyrin IX and Mg-protoporphyrin IX monom-
ethylester were also reduced in the transgenic plants (Fig.
4, B and C). The uroporphyrin(ogen) and the coproporphy-
rin(ogen) contents were not increased (data not shown).
The reduced steady-state level of protoporphyrin IX could
be explained with a block at an earlier enzymatic step and
a delayed supply of early precursors. ALA steady-state
levels were below the detection limits.

The site of inactivation in the pathway was identified by
ALA incubation of discs from leaf 4 of Chl H antisense and
control plants and subsequent determination of the content
of accumulating protoporphyrin IX. ALA feeding led to
higher accumulation of protoporphyrin IX in transgenic
than in wild-type tissue (Fig. 4D), which can be explained
by the corresponding Mg-chelatase deficiency in Chl H
antisense plants. Mg-protoporphyrin IX contents were sim-
ilar in leaf discs of all plants analyzed (Fig. 4E). Other
metabolites between ALA and protoporphyrin IX did not
accumulate, indicating that ALA synthesis is the limiting
step for the formation of protoporphyrin IX and is appar-
ently confined in response to Mg-chelatase deficiency.

Table I. Influence of reduced Chl H mRNA levels on chlorophyll,
heme, and carotenoid contents

Chlorophyll and heme were photometrically measured as de-
scribed in “Materials and Methods.” Carotenoids were separated by
HPLC but finally the total amount of carotenoids was calculated.
Values represent means 6 SD from three separate extractions.

Plants Chlorophyll Heme Carotenoids

nmol g21 FW

SNN 1,163.3 6 72.3 35.6 6 2.1 151.8 6 13.9
Pa 1/14 51.2 6 7.9 8.4 6 0.4 17.1 6 0.2
Pa 1/54 253.5 6 16.8 21.1 6 1.5 61.3 6 9.2
Pa 1/56 801.4 6 66.3 30.1 6 3.3 104.9 6 12.7
Pa 1/60 1,090.9 6 9.3 35.2 6 2.6 149.2 6 2.3

Figure 3. Analysis of Mg-chelatase activity in chloroplasts of se-
lected Chl H antisense transformants and control plants. Mg-
chelatase activity was determined in chloroplasts isolated from
5-week-old plants. Values represent means 6 SD from three separate
preparations.
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Reduced Mg-Chelatase Activity Affects the
Activity and Expression of Enzymes Involved in
Early Steps of the Pathway

We examined activities and expression of enzymes of the
early steps in the pathway. We assayed for ALA-
synthesizing activity, which comprises mainly the
glutamyl-tRNA reductase and the Glu 1-semialdehyde
aminotransferase, and also for ALA-dehydratase. Discs of
the fourth leaf of wild-type and transformant plants were
incubated in 20 mm levulinic acid in the light (100 mmol
photons m22 s21) to determine the accumulation of ALA
(Fig. 5, top). The ALA-synthesizing capacity of Pa 1/14
yielded 40% of the control capacity. The rate of ALA syn-
thesis of the other transformants was between the lowest
and the control value (100%). The ALA-dehydratase assay
of total leaf extracts revealed lower activities compared
with control plants. The values were approximately re-
duced to the same extent as the ALA-synthesizing capaci-
ties in the same transgenic lines. ALA dehydratase activity
of line Pa 1/14 gave rise to 40% of the wild-type activity.
Both reduced activities of the early metabolic steps corre-
lated with the reduced Mg-chelatase activities in the same
transgenic line. Activities of uroporphyrinogen decarbox-
ylase, coproporphyrinogen oxidase, and Fe-chelatase were
not significantly altered in transgenic plants compared
with wild-type plants (data not shown).

We also addressed the question of whether the loss of
ALA synthesis and ALA-dehydratase activity could be
explained by reduced transcriptional activities of the cor-
responding genes or by induced inactivation or degrada-
tion of the enzymes. Steady-state levels of RNA encoding
glutamyl-tRNA reductase (Hem A), Glu 1-semialdehyde
transferase (Gsa), and ALA-dehydratase (Ala) were mea-
sured from leaves 3, 5, and 7 of wild-type and transgenic
plants (Fig. 6). As an example of a complex-regulated pho-
tosynthetic gene, transcript levels were also determined for
light-harvesting chlorophyll-binding proteins of photosys-
tem II (Lhc) (Fig. 6). As previously shown, chloroplast
function affects Lhc gene expression (Oelmüller, 1989; Rapp
and Mullet, 1991). Comparison of the transcript levels of
each leaf analyzed from the selected transgenic lines and
control plants revealed that Hem A and Ala RNA levels
were reduced in the transgenic plants. Also, the Lhc tran-
script levels were highly reduced in response to antisense
Chl H RNA expression. The Gsa RNA content was not
reduced in transformants. The variation of its RNA levels
did not affect the overall ALA-synthesizing capacity.
Therefore, lower activities in ALA synthesis and of ALA-
dehydratase can be attributed to the lower transcript levels
for glutamyl-tRNA reductase and ALA-dehydratase, re-
spectively. Steady-state levels of RNA encoding other en-
zymes in the pathway, such as uroporphyrinogen decar-

Figure 4. Analysis of porphyrins and Mg porphyrins in selected transgenic and wild-type plants. A through C, Contents of
protoporphyrin IX, Mg-protoporphyrin (Mg-Proto) IX, and Mg-protoporphyrin IX monomethylester (Mg-Proto IX-MME) of leaf
extracts from leaf 4 (white column) and 6 (striped column) were prepared and subjected to HPLC analysis with fluorescence
detection as described in “Materials and Methods.” D and E, Leaf discs of leaf 4 (white columns) and 6 (striped columns)
were incubated in 5 mM ALA in the dark for 4 h and analyzed for protoporphyrin IX and Mg-protoporphyrin IX accumulation.
Values represent means 6 SD from three separate extractions.
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boxylase and coproporphyrinogen oxidase, were not
influenced.

DISCUSSION

The first visible symptoms of tobacco plants with re-
duced expression of CHL H were gradually slower growth
rates and pale-green leaves. Chlorophyll deficiency (Table

I) was correlated with the reduced steady-state level of Chl
H RNA (Fig. 2) and lower Mg-chelatase activity (Fig. 3). In
spite of diminished Mg-chelatase activity, the metabolic
substrate protoporphyrin IX did not accumulate in trans-
formants compared with control plants (Fig. 4). The gene
expression for CHL I and CHL D was not affected. Inhibi-
tion of Chl H expression destabilized the Mg-chelatase
complex and decreased the enzyme activity. The stoichio-
metric amounts of each subunit and the assembly of
Mg-chelatase are still not entirely clear (Guo et al., 1998;
Jensen et al., 1998; Gräfe et al., 1999), but it is sensible to
assume that the reduced CHL H content reduces the
number of functioning enzyme complexes. Because of low
Mg-chelatase activity, non-metabolized protoporphyrin
IX could preferentially be directed into the protoheme-
synthesizing branch to give rise to excess heme. However,
the measured steady-state heme contents of immature
leaves were reduced to a similar extent as chlorophyll
(Table I).

The leaf chlorosis of Chl H antisense plants resembles
phenotypes of the xantha and chlorina barley mutants (Hen-
ningsen et al., 1993; Hansson et al., 1999) and the maize
mutants blandy 4, l13, or oy-1040 (Mascia, 1978). Genetic
and biochemical studies revealed that the barley mutants
xantha f, g, and h have genetic lesions at three distinct
mutant loci encoding the three Mg-chelatase subunits CHL
H, CHL D, and CHL I, respectively (Jensen et al., 1996;
Kannangara et al., 1997). The barley chlorina-125, -157, and
-161 mutants contain point mutations in the Chl I gene
(Hansson et al., 1999). The Arabidopsis mutant cs (Koncz et

Figure 5. Analysis of ALA-synthesizing capacity (top) and ALA-
dehydratase activity (bottom) of control plants and selected trans-
genic plants expressing Chl H antisense RNA. Top panel, Leaf discs
of the fourth leaf were incubated in the light for 6 h in levulinic acid,
an inhibitor of ALA-dehydratase. Amounts of accumulated ALA were
determined spectrophotometrically after reaction with Ehrlichs re-
agent. Values represent means 6 SD from three separate experiments.
Bottom panel, ALA-dehydratase activity was measured from total
extracts of the fourth leaf. Values represent means 6 SD from three
separate preparations.

Figure 6. Steady-state levels of RNA that encodes proteins of the
early steps of the tetrapyrrole biosynthetic pathway and the antenna
complex of photosystem II in antisense plants for CHL H (lines Pa
1/14, Pa 1/54, and Pa 1/56) and wild-type plants. Total RNA was
isolated from leaves 3, 5, and 7 (counted from the top of each plant).
Fifteen micrograms of RNA was loaded per lane, separated on a 1%
(w/v) formaldehyde-agarose gel, and probed against cDNA encoding
glutamyl-tRNA reductase (Hem A), Glu 1-semialdehyde aminotrans-
ferase (gsa), ALA-dehydratase (Ala), and the light-harvesting
chlorophyll-binding proteins of photosystem II (Lhc). A cDNA probe
for actin was subsequently hybridized to the RNA on the same filter
to prove equal loading (data not shown). Numbers below each
northern blot represent the relative levels of each transcript of the
transgenic lines compared with those in the corresponding leaves of
control plants.
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al., 1990) and virus-induced silencing of the sulfur allele in
Nicotiana benthamiana (Kjemtrup et al., 1998) display a sim-
ilar macroscopic phenotype like the Chl H antisense plants.
The affected gene in both plant species encodes CHL I.
Moreover, plants with Mg-chelatase deficiency pheno-
typically correspond to the yellow-green phenotype of
transgenic plants expressing antisense RNA for Glu
1-semialdehyde aminotransferase (Höfgen et al., 1994; Här-
tel et al., 1997). These plants suffer from a lack of chlorophyll
as result of deficient synthesis of ALA. The pale phenotype
is attributed to the low ALA-synthesizing capacity.

It is important to emphasize that the ALA-synthesizing
capacities and ALA-dehydratase activity are synchro-
nously adjusted to the remaining chelating capacity of the
Mg-chelatase in the Chl H antisense plants, implicating a
mechanism that balanced activities of the early steps in
response to the activities of late steps in the pathway. The
transcript levels for glutamyl-tRNA reductase and ALA-
dehydratase were gradually lower in parallel to their en-
zyme activities in the same analyzed transformants. Thus,
it is suggested that the activities of the early steps of
chlorophyll synthesis were determined by mechanisms
controlling RNA stability or transcriptional activities.

Feedback-control mechanisms have previously been sug-
gested to influence the activities in the early steps of tetra-
pyrrole biosynthesis in response to levels or synthesis of
late metabolic intermediates and end products. In yeast
and animals the heme pool controls ALA synthesis at
various levels of ALA synthase expression, the equivalent
enzyme to the plant ALA-forming C5 pathway (Ferreira
and Gong, 1995). In plants, heme is also accepted as a
negative effector of tetrapyrrole biosynthesis (Beale and
Weinstein, 1990). Activity of recombinant glutamyl-tRNA
reductase is reduced upon heme supplement (Pontoppidan
and Kannangara, 1994). However, the in planta experimen-
tal evidence is still preliminary for a regulatory function of
heme in the tetrapyrrolic pathway, especially on transcrip-
tional control. We did not find any indication for heme
accumulation in immature leaves of the Chl H-deficient
transformants. The transformants already contained less
heme in the fourth leaf than wild-type plants. Therefore, an
initially increased heme pool is very unlikely to be involved
in the feedback-controlled reduction of ALA synthesis.

In conclusion, lower ALA synthesis and the resulting
protoporphyrin IX contents are directly correlated with the
reduced Mg-chelatase activities. We favor a mechanism
that coordinates synthesis of the tetrapyrrole precursor
ALA at the level of gene expression and enzyme activities
in response to the activities and the metabolic flux in the
Mg porphyrin branch of the tetrapyrrolic pathway. This
feedback control could involve the CHL H subunit, the
assembled Mg-chelatase and its activity, or it could depend
on a sensory mechanism for Mg-protoporphyrin levels,
which were lower in the Chl H antisense plants due to
reduced Mg-chelatase activity. Porphyrins have been pre-
viously proposed as mediating signals for the control of
some nuclear genes (Johanningmeier and Howell, 1984;
Susek and Chory, 1992). Feeding of Mg-protoporphyrin IX
and Mg-protoporphyrin IX monomethylester to Chlamydo-
monas reinhardtii have been shown to function in triggering

the modification of nuclear HSP70 gene expression in C.
reinhardtii (Kropat et al., 1997).

The proposed feedback mechanism, which includes Mg-
chelatase or its metabolic product, is consistent with the
role of the GUN (genomes unregulated) genes (Susek et al.,
1993). Their mutation affected coordination of nuclear
genes with chloroplast function. The nature of the signal
transduction chain that adjusts expression and activities for
glutamyl-tRNA reductase and ALA-dehydratase with met-
abolic activities in the plastids remains unclear. It could
include signaling via sensing the redox state of the quinone
pool in the thylakoid membrane (Escoubas et al., 1995). The
signal transduced from the Mg porphyrin-synthesizing
pathway could trigger a regulator that either ties in gene
expression with the metabolic pathway of tetrapyrroles or
is part of an intracellular regulatory network for several
physiological activities in plastids.

The Mg-chelatase activity requires the coordinated ex-
pression of all three subunits, including, most likely, post-
translational modification to ensure the varying demands
of newly synthesized chlorophyll. Maximal Mg-chelatase
activity correlates with high ALA-synthesizing rates at the
beginning of illumination during a 12-h light/12-h dark
regime and allows the flow of most of the tetrapyrrole
precursors into the chlorophyll-synthesizing branch (Pap-
enbrock et al., 1999). Both activities are diminished in the
dark period, at which time Fe-chelatase displays the high-
est activity.

Apart from the catalytic properties, two additional func-
tions can be assigned to the active Mg-chelatase complex.
The enzyme controls the metabolic flow rate by adjusting
the activities of the limiting steps at the beginning of the
pathway and by distributing protoporphyrin IX for chlo-
rophyll and heme synthesis. Deregulated CHL H synthesis
influenced these functions of Mg-chelatase. Antisense RNA
inactivation of Mg-chelatase synthesis mimics constant low
activities of Mg-chelatase, which consequently induce low
ALA synthesis. Future experiments will substantiate regu-
latory roles of the CHL H subunit.
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