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Mg-chelatase catalyses the insertion of Mg into protoporphyrin
IX (Proto). This seemingly simple reaction also is potentially one
of the most interesting and crucial steps in the (bacterio)-
chlorophyll (Bchl/Chl)-synthesis pathway, owing to its position
at the branch-point between haem and Bchl/Chl synthesis. Up
until the level of Proto, haem and Bchl/Chl synthesis share a
common pathway. However, at the point of metal-ion insertion
there are two choices: Mg?" insertion to make Bchl/Chl
(catalysed by Mg-chelatase) or Fe?* insertion to make haem (cata-
lysed by ferrochelatase). Thus the relative activities of Mg-
chelatase and ferrochelatase must be regulated with respect to
the organism’s requirements for these end products . How is this

regulation achieved ? For Mg-chelatase, the recent design of an in
vitro assay combined with the identification of Bchl-biosynthetic
enzyme genes has now made it possible to address this question.
In all photosynthetic organisms studied to date, Mg-chelatase is
a three-component enzyme, and in several species these proteins
have been cloned and expressed in an active form. The reaction
takes place in two steps, with an ATP-dependent activation
followed by an ATP-dependent chelation step. The activation step
may be the key to regulation, although variations in subunit
levels during diurnal growth may also play a role in determining
the flux through the Bchl/Chl and haem branches of the pathway.

Mg-CHELATASE: A BRANCH-POINT ENZYME

Enzymes at the branch-point of biosynthetic pathways have
always been of interest to biochemists because, as a general rule,
they are tightly regulated according to the prevailing metabolic
conditions. In photosynthetic organisms, a large part of their
biosynthetic effort is put into the synthesis of chlorophyll (Chl)
or bacteriochlorophyll (Bchl). However, Bchl/Chl synthesis
shares a common biosynthetic pathway with a second end
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product, haem (Scheme 1). Since haem and Bchl/Chl are each
needed in various amounts according to developmental stage
and/or light conditions, the co-ordination of haem and Bchl/Chl
synthesis has been an area of special interest.

The branch-point of haem and Bchl/Chl synthesis is at the
level of protoporphyrin IX (Proto) utilization for metal-ion
chelation. In haem synthesis, a ferrous ion is inserted into the
tetrapyrrole ring by the enzyme ferrochelatase. In Bchl/Chl
synthesis, an Mg ion is inserted into Proto by Mg-chelatase
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Abbreviations used: Chl, chlorophyll; Bchl, bacteriochlorophyll; Proto, protoporphyrin IX; MgProto, Mg-protoporphyrin; ATP[S], adenosine 5'-[y-
thio]triphosphate; PCMB, p-chloromercuribenzoate; PCMBS, p-chloromercuribenzenesulphonate; ALA, 5-aminolaevulinic acid; Pchlide, proto-

chlorophyllide; Chlide, chlorophyllide.
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Scheme 2 Reaction catalysed by Mg-chelatase

(Scheme 2). Characterization of the properties of the two branch-
point chelatases should throw light on how the levels of haem
and Bchl/Chl are co-ordinated in photosynthetic cells.

Ferrochelatase has been characterized in both photosynthetic
and non-photosynthetic organisms: it is a membrane-associated
protein of about 50 kDa. Catalysis by this enzyme appears to be
straightforward, requiring only Proto and ferrous iron as sub-
strates [1]. In contrast, Mg-chelatase has resisted attempts at
characterization for many years and has proved to be a much
more difficult enzyme to analyse. The major impediment was the
lack of an in vitro assay, which was only achieved 6 years ago [2].
Since that time our knowledge of Mg-chelatase has expanded
dramatically to the extent that the enzyme has been cloned and
sequenced from several photosynthetic species [3—10].

The purpose of this Review is to bring together the information
on Mg-chelatase that has been published since the review by
Beale and Weinstein in 1990 [11], in which the knowledge of Mg-
chelatase at that time was described in great detail. With apologies
and acknowledgments to those authors who did the pioneering
studies on Mg-chelatase, this review will only touch briefly upon
their early work. The first half of this review will concentrate on
the enzymology, structure and mechanism of Mg-chelatase; the
second half will discuss physiological aspects such as localization
of the enzyme and the regulation of the branch-point with
respect to both enzyme and gene regulation.

DEMONSTRATION OF Mg-CHELATASE ACTIVITY IN VITRO

In the 1970s and early 1980s, attempts were being made to assay
Meg-chelatase activity in both photosynthetic bacteria and higher
plants. In both systems, researchers found two features in
common. First, activity could be measured in chloroplasts (higher
plants) or whole cells (bacteria), but breakage of the chloroplast
or cell invariably resulted in either a complete loss or approx.
98 9% loss of activity [12-17]. Secondly, in these systems, Mg-
chelation was only observed in the presence of ATP [13,15].
The reason for the loss of activity on breakage became apparent
when high in vitro levels of Mg-chelatase activity were reported
for lysed pea (Pisum sativum) chloroplasts [2]. The key to
preserving activity was to lyse chloroplasts at a high protein
concentration so as not to dilute the chloroplast contents. When

Mg-Protoporphyrin IX

this lysed preparation was separated into a stromal and a
membrane fraction, the activity was lost. However, recom-
bination of these two fractions restored activity. The authors
concluded that Mg-chelatase must be a multicomponent enzyme,
requiring at least two proteins, one membrane-associated and
one soluble. Interestingly, the activity was still absolutely de-
pendent on ATP, eliminating any possibility that the ATP
requirement was an artifact of assaying the enzyme in whole
chloroplasts or sphaeroplasts.

It is worth noting that, initially, these results were considered
surprising. Since ferrochelatase and Mg-chelatase carry out
virtually identical reactions, there was the assumption that these
enzymes would be similar (i.e. a single membrane-bound protein).
Shortly after the report of in wvitro activity from peas was
published, the measurement of high in vitro Mg-chelatase activity
from lysed cucumber (Cucumis sativus) etioplasts was described
in which activity was confined to the membrane fraction [18]. In
that study the authors gently lysed the etioplasts in a fortified
medium containing high concentrations of MgCl,, ATP and
Proto. Interestingly, the addition of soluble proteins back to the
membranes had a slight inhibitory effect on Mg-chelatase activity,
reinforcing the authors’ conclusion that Mg-chelatase was a
membrane-bound enzyme.

Mg-chelatase has now been confirmed to be a multicomponent
enzyme in several organisms by both biochemical assay and
molecular genetics [4,6,19]. While the conclusions of Lee et al.
[18] may initially seem invalid, more recent data has suggested
that Mg-chelatase functions as a multicomponent complex
[20,21]. If this proves to be the case, Lee et al.’s data can be
reinterpreted to suggest that the presence of high concentrations
of Proto, ATP and Mg?** during gentle lysis may stabilise the
entire Mg-chelatase complex.

Mg-CHELATASE HAS THREE COMPONENTS

The in vitro assay of Walker and Weinstein [2] established that a
minimum of two proteins were required for Mg-chelatase activity.
Since either the membrane or the soluble fraction could contain
multiple Mg-chelatase subunits, the exact number of individual
proteins or subunits involved in the reaction could not be
established.
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Progress on identifying the subunit structure of Mg-chelatase
came from work on the photosynthetic bacteria Rhodobacter
capsulatus and R. sphaeroides. In these organisms, the genes for
Bchl synthesis are present in a single 45 kb region of the
chromosome, termed ‘the photosynthesis gene cluster’, which
has now been completely sequenced (Reviewed in [22]). Assigning
functions to the genes in the cluster has been achieved in many
cases by insertional mutagenesis studies in which an open reading
frame is disrupted and the biosynthetic intermediate is identified
[23]. In theory, the enzyme which utilizes this intermediate as a
substrate can be assigned to the mutated gene.

The three genes, bchl, bchD and bchH, were expected to code
for Mg-chelatase subunits, as the Mg-chelatase precursor, Proto,
accumulated when they were each disrupted [24]. Gibson et al.
confirmed this assignment biochemically, by cloning these genes
into expression vectors [4]. The expressed proteins were all
soluble, and when combined had Mg-chelatase activity. The
authors found that they only observed Mg-chelatase activity
when all three proteins were present. The levels of activity were
high (2 nmol/h per mg of protein), and again, the activity
required ATP. The bchD gene is found immediately after the bchl
gene as part of the same operon in the photosynthesis gene
cluster, and the authors found that they were only able to get
expression from bchD if it was cloned into an expression vector
with bchl as an ID construct. Even in these clones, expression
from bchD was not visible on Coomassie Blue-stained protein
gels. The lack of activity with the combined extracts from
Escherichia coli cells that were expressing Bchl and BchH was a
persuasive argument that BchD was a required subunit.

The best evidence for a three-component Mg-chelatase enzyme
was obtained when expressed proteins were purified [21]. In
crude extracts from clones containing the bchID construct, an
initial gel-filtration step separated the Bchl and BchD subunits.
The recombinant Bchl and BchH were subsequently purified to
homogeneity, and the BchD was highly purified, but could not be
separated from contaminating E. coli GroEL. The net result of
this work was to obtain three highly purified Mg-chelatase
subunit fractions that were all required for Mg-chelatase activity,
providing convincing evidence that the enzyme has three subunits.

A similar result has been obtained from the cyanobacterium
Synechocystis [6] where, on the basis of sequence similarities to
the Rhodobacter Mg-chelatase genes, three putative Mg-chelatase
genes were isolated and cloned. Since Synechocystis is a Chl-
rather than a Bchl-containing organism, these three genes were
denoted chll, chlH and chiD [6,7]. Expression clones were
constructed for all three subunits, with the I and D subunits in
separate vectors. All three expressed proteins were soluble and
all were necessary for Mg-chelatase activity.

FRACTIONATION OF Mg-CHELATASE IN HIGHER-PLANT
EXTRACTS

Are there also three proteins for Mg-chelatase in higher plants?
Although there has been less success with isolating Mg-chelatase
genes from higher plants (potential Mg-chelatase genes that have
been isolated so far will be discussed in detail below), there is
evidence that Mg-chelatase also has at least three subunits in
these organisms. This evidence comes from mutant studies and
protein fractionation work.

In barley (Hordeum vulgare), there is a series of Chl-synthesis
mutants which have been identified on the basis of the ac-
cumulation of intermediates when fed the Chl precursor 5-
aminolaevulinic acid (ALA).

Three non-allelic mutants, Xantha-f, Xantha-g and Xantha-h,
accumulate Proto under these conditions [25,26]. In developing

chloroplasts isolated from these mutants, no Mg-chelatase ac-
tivity was detectable [7]. However, the pairwise combination of
lysed chloroplast extracts from these mutants restored activity
[19]. The deduction from these assays is that each mutant has a
lesion in a protein component of Mg-chelatase and, by impli-
cation, Mg-chelatase has at least three components.

Protein-fractionation work has also suggested that there are
three components. Mg-chelatase is readily solubilized from
membranes in the absence of Mg [5,19,27]. The solubilized
proteins have been separated into three fractions by pseudo-
affinity chromatography and ultrafiltration [28], and all three
fractions are necessary for Mg-chelatase activity.

Until three proteins are either purified to homogeneity or
cloned and expressed from higher plants, there will always be the
possibility that more than three proteins are involved in Mg-
chelatase. To date, the sequence information we have on
Mg-chelatase genes indicates that the enzyme is conserved in all
photosynthetic species and it is most probable that higher plants
will also have a three-component enzyme.

Mg-CHELATASE MUTANTS

As discussed above, Bchl/Chl-deficient mutants of photo-
synthetic organisms have been invaluable in the identification of
the structural genes responsible for Mg-chelatase. These Mg-
chelatase mutants have generally been identified by their inability
to make Bchl/Chl and by their accumulation of the enzyme’s
substrate, Proto. Several examples of Mg-chelatase mutants are
described in this Review, and for these mutants it has been
possible to identify which of the three subunits is mutated.
However, there are also several other mutants which satisfy these
criteria and have been suggested in the literature to be Mg-
chelatase mutants. It should be noted that these putative
Mg-chelatase mutants have not been confirmed either by bio-
chemical assay or by the sequences of the mutated genes, and the
importance of such additional identification cannot be over-
stated. For example, mutations in protoporphyrinogen oxidase
also display the phenotype of accumulating Proto, due to the
oxidation of the accumulated protoporphyrinogen [29]. Ad-
ditionally, it has been noted that the brs-2 mutant of Chla-
mydomonas is defective in chloroplast-membrane development
and has a pleiotropic effect that causes the accumulation of Proto
[30]; these authors also noted that some carotenoid synthesis
mutants also accumulate some Proto.

For the sake of completeness, and as a general reference, Table
1 lists all of the Mg-chelatase mutants, both putative and
confirmed. In each case the reason for classification is given and
where possible, the mutant subunit is identified. With the current
availability of probes and antibodies it is possible that some of
these putative mutants will be identified in the near future.

MECHANISM OF Mg-CHELATASE

The first significant progress towards understanding the mech-
anism of Mg-chelatase came from the development of a con-
tinuous fluorimetric assay in which chloroplast fractions with a
low Chl content were used [31]. With the improved time resolution
of this assay, it became apparent that there was a lag of several
minutes before Mg-chelatase activity was observed after the
addition of all the substrates. This lag in activity could be
eliminated if the enzyme was preincubated with ATP, which
suggested that there is a two-stage process: an ATP-dependent
activation followed by Mg-chelation. Therefore, the further
discussion of the mechanism of Mg-chelatase will be described in
terms of the ‘activation’ and ‘chelation’ steps.
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Table 1

These mutants accumulate Proto either under normal growth conditions or when fed ALA.

Bchl/Chl-deficient mutants of photosynthetic bacteria, algae and plants with the demonstrated or probable defect at the Mg-chelatase step

Species Mutant Subunit effected  Comments References

R. capsulatus 7Y6 H Interposon mutant of behH [73]
DB561 D Interposon mutant of behD [23]
DB350 | Interposon mutant of beh/ [23]

R. sphaeroides D61 D Total of nine transposon mutants of bchD some of which may be in behl [65,74]
155 | Transposon mutant of beh/ [74]
H340, H335, H241 H Transposon mutants of bchH; total of 20 H mutants [65,74]

H. vulgare (barley) xantha-f H Xxantha-f26 is leaky; other alleles are completely blocked [7,19,26,75]
xantha-g D Xantha-g45 is leaky; other alleles are completely blocked [7,19,26,75]
xantha-h | All mutant alleles are completely blocked [7,19,26,75]
chlorina-104 Unknown May be regulatory mutant [77]

Zea mays (maize) oil yellow 1 Unknown 0y-1040 completely blocked; oy-7039 leaky; non allellic to /73 or /*Blandy4 [78]
[*-Blandy4 Unknown Completely blocked; non allellic with oy7 or /13 [78]

13 Unknown Leaky mutant; non-allellic with oy? or /*Blandy4 [78]

Triticum sp.(wheat) chlorina-214, CD3, chlorina-1 Unknown All mutants leaky; reduced amounts of chlorophyll b [77]

Antirrhinum majus olive H Transposon-tagged chiH (8]

A. thaliana chlorata-42 | T-DNA-tagged chil [9]
xantha-2 Unknown Non-allelic to xantha-3 [79]
xantha-3 Unknown Non-allelic to xantha-2 [79]

Chlorella vulgaris W5B Unknown [80]

Chlamydomonas reinhardti -~ brs-2 Unknown Lethal when grown in light; probably defective in plastid membrane development [30,81]
brs-1 Unknown Lethal when grown in light; trace of Chl in the dark; non-allelic to brs-2 or brc-1 [30,81]
bre-1 Unknown Normal phenotype in light; trace of Chl in dark and Proto accumulates; non allelic  [30,81]

to brs-2 or brs-1
vy Unknown May be pleiotrophic mutant analogous to brs-2 [82]

In pea chloroplast extracts, either adenosine 5'-[y-thio]- PN4
triphosphate (ATP[S]) or ATP could overcome the lag period,
implying that either substrate could be utilized for activation
[20]. ATPI[S] is typically used as a protein kinase substrate,
raising the possibility that protein phosphorylation may play a
part in the activation process. However, when ATP[S] was used
for activation, the subsequent addition of ATP was required for
Mg?* chelation to take place. This implied that ATP was also
required for the Mg-chelation step and that the role of ATP may
be different in each of these two steps. The optimal ATP
concentration for both steps was determined and found to be
higher for activation than for Mg-chelation. The activation step
was also characterized as requiring high protein concentrations,
and after activation the sample could be diluted without loss of
activity. Put together, these observations suggested that acti-
vation required a concentration-dependent protein—protein inter-
action and either ATP or ATP[S], and that Mg-chelation had an
absolute requirement for ATP and was not sensitive to protein
concentration.

With the cloning and expression of the Rhodobacter Mg-
chelatase, a more detailed analysis of the mechanism could be
made with purified protein fractions [21]. In a continuous assay,
the Rhodobacter Mg-chelatase kinetics resembled the higher-
plant-enzyme kinetics in that there was an activation step and
Mg-chelation step. However, the activation could be achieved by
incubating only the I and D subunits with ATP, while H was
only required for the chelation step. This result has recently been
confirmed in fractionated pea chloroplasts, where the fractions
of the higher-plant I and D counterparts are required for
activation [28].

The roles of the I, D and H proteins can only be guessed at.
When the H protein is expressed in host cells, it has Proto non-
covalently bound [4,21]. In the purified protein, the Proto/H
subunit ratio is 1:1 [21]. Dynamic-light-scattering studies have
shown that purified H is present as a monomer, whereas I is

present as a dimer. For optimal activity a ratio of one I dimer to
one H monomer is required [21]. The lack of pure D protein did
not enable this study to be extended to all subunits, although it
would seem that D is only needed in very small amounts [6,21].

CHEMICAL CONSIDERATIONS FOR Mg®" INSERTION

It is possible to gain an insight into the mechanism of an enzyme
by examining how the reaction takes place in the absence of
biological catalysts. The chemistry of the metal-ion insertion into
porphyrins, termed ‘metalation’, in aqueous and non-aqueous
systems has been extensively reviewed [32,33], so the discussion
will be limited to aspects which bear directly on Mg-chelatase.

The mechanism of metalation of porphyrins with bivalent
metal ions requires at least four steps which may occur sequen-
tially or in concert: (I) deprotonation of the pyrrole nitrogen
atoms; (II) removal of ligands that are co-ordinated to the metal
ion or metal-ion carrier, for example, water molecules; (III) co-
ordination of the metal ion with the four pyrrole nitrogen atoms;
(IV) completion of the co-ordination sphere, if required, with an
axial ligand [32]. The ease with which a metal is inserted into a
porphyrin will depend in part on all of these parameters. For
example, Cu?* is inserted very easily, and the deprotonation of
the pyrrole nitrogens occurs in concert with metal-ion insertion
[33].

For Mg?* chelation, the initial step is most likely to involve a
rate-dependent dissociation of a hydrogen ion to yield a por-
phyrin anion, followed by rapid reaction with the Mg?" cation
[34]. Pyridine and other nitrogenous bases with pK, values in the
range 4-7 act as catalysts, probably by forming a pyridine-Mg?>*-
porphyrin complex in which the co-ordinated Mg** aids in the
dissociation of the hydrogen ions [34]. The activation energy is
reduced from 152.7 kJ (36.5 kcal)/mol for the uncatalysed re-
action to 66.1 kJ (15.8 kcal)/mol) for the catalysed reaction.
Given the energetic advantages of using the catalysed reaction, it
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Consensus sequence derived from the deduced amino acid sequences of the H-subunit genes

The consensus was created from an alignment of the H subunits from Arabidopsis thaliana, Hordeum vulgare, Antirrhinum majus, Synechocystis P.C.C. 6803 and Rhodobacter capsulatus with
GenBank accession numbers 268495, U26916, X73144, U29131 and M74001 respectively. “*’ Indicates completely conserved residues and *." indicates conservative substitutions. Lower-case ‘x’
indicate amino acids that are not conserved. The numbering is for the Arabidopsis sequence and starts from position 51, which is after the chloroplast transit sequence. Gaps created by pile-up
are indicated by * — . Residues that are underlined are conserved in the other H-subunit counterparts; the Co-chelatase CobN from Pseudomonas denitrificans, accession number M62866; the
putative cobaltochelatases and nickle chelatase homologues from Methanococcus jannaschii, accession numbers U67585 and U67534, and Synechocystis PCC 6803, accession number D90905.
The three conserved histidine residues are coloured red. The programs in the GCG program package (GCG Inc., Madison, WI, U.S.A.) were used to help create this diagram.

is probable that the biological insertion of Mg?* into Proto may
also require the formation of a nitrogenous base-Mg>**-porphyrin
complex. The most likely candidate for the nitrogenous base is a
histidine residue, and in the H subunit (which binds Proto) there
are three histidine residues which are conserved in all of the
subunit counterparts (H®¢*, H%® and H®'®; Figure 1).

As Mg-porphyrins are invariably five-co-ordinate [33], the
final stage in Mg** insertion is likely to be the addition of an axial
ligand. If a nitrogenous base is involved in the insertion of Mg?",
this base probably also acts as the axial ligand. Again, on the
Mg-chelatase this base would also probably be a histidine residue
and when the enzyme releases the Mg-protoporphyrin
(MgProto), the fifth ligand on the protein may be replaced by a
water molecule.

So what is the function of ATP in the Mg-chelatase reaction?
A clue to the role of ATP may be found in the relative rates of
bivalent-metal-ion insertion into porphyrins, which follow the
order [33,35]:

Cu > Zn > Mn, Co, Fe > Ni > Cd > Mg
The above rates correlate with the ability of these metal ions to
render labile a co-ordinated water molecule, and the position of

Mg?* in this rate order suggests that one of the functions of the
Mg-chelatase may be the active removal of one or more co-

ordinated water molecules; this could be achieved by the use of
this water for the hydrolysis of ATP.

On the basis of the work described above we can speculate that
the Mg®** is probably bound to the H subunit via a histidine
residue to form a histidine-Mg?*-Proto complex. In order for the
Mg** to bind, the enzyme must first remove one or more co-
ordinated water molecules from the Mg** ion’s co-ordination
sphere, and this may be achieved by utilizing the water in the
hydrolysis of ATP. As the histidine-Mg**-Proto complex is
formed, the dissociation of hydrogen ions from the pyrrole
nitrogens is promoted and the Mg?* is sequentially co-ordinated
to the pyrrole nitrogen atoms and moves it into the plane of the
ring [33]. The Mg?* remains co-ordinated by the pyrrole nitrogen
atoms and the histidine residue until the MgProto is released
from the active site, at which point a water molecule will replace
the histidine residue in the co-ordination sphere.

It should be emphasized that there is no direct experimental
evidence that the Mg?*" which is inserted into Proto is bound to
the H subunit. The mechanism above is based on comparisons
with Co-chelatase (see below) and the observation that Mg** is
required in excess of the ATP concentration; the mechanism is
also consistent with the chemical properties of the system.
However, a second possibility is that ATP-bound Mg?** is inserted
into Proto. Establishing the function of the conserved histidine
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residues on the H subunit may well help to distinguish between
these two possiblities

GENE SEQUENCES FOR D, | AND H SUBUNITS

The I, D and H subunits of Mg-chelatase have been cloned,
sequenced and assayed for activity in several organisms. By
searching the database for similar sequences it is possible to find
many more [-, D- and H-like sequences and, on the bais of
conserved motifs, speculate as to the function of the subunits.

There are currently 13 counterparts of the I subunit of Mg-
chelatase in the GenBank Nucleotide Sequence Database that
have at least 49 9, and up to 86 %, identity with each other at the
amino acid level. These proteins range in size from 37 kDa for
the chloroplast-encoded subunit I of Olisthodiscus luteus
(aunicellular alga) to 46 kDa for the nuclear-encoded Arabidopsis
thaliana (thale cress) subunit I counterpart which includes a N-
terminal chloroplast transit peptide [5]. It is interesting that only
in the cases of the non-chlorophyte algae are the subunit I
sequences encoded by the chloroplast genome. An alignment of
these sequences was used to create the consensus sequence shown
in Figure 2. It is noteworthy that the similarity dendogram that
was generated by the Genetics Computer Group (GCG) program
‘pileup’ when these sequences were aligned was similar to the
phylogenetic relationship of these organisms deduced by a
comparison of fufA4 genes [36].

All of the subunit I sequences have the three Mg-ATPase
motifs (Figure 2) identified by Koonin, and by this grouping the
I subunit sequences are in a superfamily of putative DNA-
dependent ATPases [37,38]. The I subunit sequences can be
further grouped to a subfamily whose members are involved in
the initiation of DNA replication or in transcription regulation.
However, since there is no experimental evidence to indicate that
Mg-chelatase requires DNA for activity, it is most probable that
the sequence similarity is due solely to structural and functional
conservation of the ATPase domain in this subunit. It is expected
that one of the Mg-chelatases will have an ATPase activity, since
ATP hydrolysis is required for activity. It therefore seems
reasonable to predict that the I subunit binds to, and hydrolyses,
ATP during the reaction.

D subunit sequences are less abundant in the GenBank
Database, with only four counterparts of this subunit. Only three
of these sequences encode for Mg-chelatase subunits, with the
fourth being a putative Ni-chelatase subunit. The D subunits
have calculated molecular masses of 87, 73 and 60 kDa for the

pea, Synechocystis and Rhodobacter sequences respectively
[4,6,39]. One interesting feature of all the D subunits is the
proline-rich region at the centre, followed by a highly charged
stretch of amino acids. Proline residues are thought to be
important in protein—protein interactions [40] and this region
may be important in interacting with the H or I subunits. Figure
3 shows a Dot-plot comparison [41] of the subunit I consensus
sequence shown in Figure 1 with a subunit D consensus generated
from the three D subunit sequences. Diagonal lines on this
Figure show regions of similarity between the two compared
sequences, and it is obvious that the N-terminal of the D subunits
show similarity to the I subunit. The D subunits from pea and
Synechocystis (i.e. organisms that make Chl) have retained all
three Mg-ATPase motifs (see Figure 2), while the Rhodobacter D
subunit appears to have lost all except the second motif. The
MgATPase motifs on the D subunits may be very significant in
that they give the first indication that enzymes from Bchl- and
Chl-forming organisms might have substantial differences. In
fact, as discussed previously, higher plants have a requirement
for ATP in both the activation and chelation steps and, since
only the activation step may utilize ATP[S] instead of ATP, the
data suggest that these ATP requirements are separate. Possibly
the D-bound ATP is used in one step and I-bound ATP for the
other. Why does the bacterial enzyme not have the second ATP-
binding site? If the D subunit participates in regulation, there is
likely to be a difference in its properties between Rhodobacter
and Chl-producing species which face substantial differences in
controlling haem and Bchl/Chl synthesis; possibly the variation
in D sequence reflects this.

There are nine counterparts of the H subunit in GenBank that
range in size from 123 to 153 kDa. Only five of these are Mg-
chelatase subunits, with the remainder encoding Co-chelatase
subunits or putative Ni-chelatase subunits (see below). The
sequence identities of the Mg-chelatase H subunits range from
between 38 9%, comparing Rhodobacter with barley, and up to
86 9%,, comparing Arabidopsis with Antirrhinum (snapdragon).
Figure 1 shows the consensus sequence for the Mg-chelatase H
subunit and the residues that are 100 9, conserved in the sequence
of all nine counterparts of the H subunit. A function for these
proteins cannot be surmised from a comparison with other
sequences of known function. However, the function of H is
thought to involve both the binding of Proto, based on bio-
chemical observations [4,21] and the binding of the Mg?* used
for chelation, based on evolutionary parsimony with the Co-
chelatase H counterpart which binds both the tetrapyrrole and

A
86 PVFPFTAIVG QDEMKLXLLL NVIDPKIGGV MIMGDRGTGK STTIRALxDL LPEIxXVVxxD PFNSxPxDxE MMXEEVRxxx XXGEXLxxxX XKVXMVDLPL
................ .. ..*.**** ...*.‘**.* **.-*-. - **.* .. . EEEEEY . . . .. .. e .. - .. ...**.
B o}
186 GATEDRVCGT IDIEKALSEG VKAFEPGLLA KANRGILYVD E/NLLDDHLV DVLLDSAASG WNTVEREGIS IRHPARFVLV GSGNPEEGEL RPQLLDRFGM
*._****.*. .**..*___* .*A.***‘** '*** **_* *_***_**_' *_***____* v*‘.**'*._ __*__‘k*.*' *.'*****.* k**'*****.
286 HAXIXTVRDX XLRVXIVEXR XXFDXXPxXF XDXYXXXQXX LXXXIVXAXX XLxxVXIxXxXD LRVKISxXVCxX ELXVDGLRGD IVTNRAxXAKA xAAXXCGRXXV
.. . e e -**.v. . .. * B - B - *.* . . B @ e e e e ea * * ..*.. .‘4.*. *.. .. .. *
386

TxDDIxxVIx LCLRHRLRKD PLESIDxSGx
* kKK *

KVxxxXFxxVF

Figure 2 Consensus of | subunits showing the three conserved ATPase-binding motifs [37]

The sequence numbering is for the Arabidopsis thaliana sequence and starts from position 86, which is after the chloroplast transit sequence. The consensus is from an alignment of the | subunits
from Cryptomonas phi, Methanococcus jannaschii, Arabidopsis thaliana, Euglena gracilis, Cyanophora paradoxa, Olisthodiscus luteus, Hordeum vulgare, Rhodobacter capsulatus, Synechocystis sp.
P.C.C. 6803, Anabaena variabilis, Odontella sinensis, Porphyra purpurea and Glycine max with GenBank accession numbers 221976, U67534, X51799, X65484, U30821, S32166, U26545, 211165,
U35144, D49426, 767753, U38804, D45857 respectively. The three MgATPase motifs are indicated (A, B and C) and the most important residues are shown in red. **” Indicates completely conserved
residues and ‘. indicates conservative substitutions. Lower-case ‘X’ indicates amino acids that are not conserved. This alignment was created using programs in the GCG program package.
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Figure 3 Dot-plot of the D-subunit consensus with the I-subunit consensus

The axis numbers are the amino acid residues starting from the N-terminus. The programs in the GCG program package were used to help create this diagram.

Co?* substrates (see the discussion below) [42]. Therefore, some
of the conserved sequences must be involved with porphyrin and
Mg?** binding, and possibly also catalysis, if it takes place on this
subunit. On the basis of chemical studies (see above) we have
suggested that three conserved histidine residues might par-
ticipate in the reaction.

While functions to proteins based on sequence similarities
must be assigned with caution, it seems likely that the I subunit
binds MgATP. In the Chl-containing organisms studied so far,
the D subunit may also bind MgATP. Given that the biochemical
data suggest that, mechanistically, the Mg-chelatases of Rhodo-
bacter and pea are the same, the sequence differences in the D
subunit may be related to regulation rather than mechanism.
This information can be incorporated into models of how Mg-
chelatase is operating, and has been used below in the discussion
of the mechanism.

A MODEL FOR Mg-CHELATASE ACTIVITY?

Combining information from biochemical assays, chemical
models and gene sequence comparisons of an enzyme can give
some insights into how that enzyme is working. While this is true
for Mg-chelatase, research on this enzyme is at an early stage and
the gaps in our knowledge of this enzyme are considerable; any
model proposed under these circumstances should therefore be
considered as highly speculative. Therefore, the model that we
present in Scheme 3 is provisional, but is consistent with the data
that are available in the current literature.

The first step in the reaction is activation. In this step, we
suggest that I is a dimer which interacts with a D subunit. Since
D appears to behave as an aggregate [19,28], this step is shown
as involving the dissociation of a single D subunit from the
aggregate: a process which may be precipitated by the presence
of I dimers and ATP. This step requires ATP or ATP[S] and
could involve protein phosphorylation. However, it should be
noted that there is no direct evidence for protein phosphorylation
in the activation step at this time; the participation of a protein
kinase has been included solely in an attempt to incorporate the
ATP[S] data into the model. Since both D and I have ATP-

binding sites (at least in Chl-containing organisms), either subunit
could be acting as a protein kinase; in the Scheme, *P denotes a
phosphorylated I-D complex and is not intended to suggest
which of the two subunits is phosphorylated. The product of the
first step is an activated I,- D complex, which is shown with a low
ratio of D to I to accommodate experimental observations [6,21].
However, the number of I, dimers which bind to D (shown as
four in the Scheme) is not yet known. The second step of catalysis
is Mg?" insertion, and involves the H subunit (with its bound
Proto and Mg?") coming together with the I,-D complex. The I
subunit of the I,-D complex then drives the release of a water
molecule from the Mg?" ion’s co-ordination sphere, by using the
water as a substrate for the hydrolysis of ATP. The released
Mg?*, co-ordinated to a histidine residue on the H subunit,
promotes the dissociation of hydrogen ions from the pyrrole
nitrogen atoms and is then itself co-ordinated into the porphyrin
macrocycle.

This model suggests that the I and H subunits participate in
catalysis, and the D subunit only in activation; this is based
solely on the stiochiometry of the subunits [6,21] rather than
properties of the subunits. If this model is correct, one would
expect a large complex to form in the presence of Proto, ATP and
Mg?*. Possibly this has been observed experimentally by Lee et
al., who isolated their etioplast membranes under these conditions
and reported Mg-chelatase to be a single membrane-bound
protein [18].

COMPARISON OF OTHER METAL-ION CHELATASES WITH Mg-
CHELATASE

Comparing the insertion of divalent-metal ions into tetrapyrroles
is also interesting from the standpoint of the enzyme-catalysed
reactions. In living organisms there are six other metal ions,
namely Fe(II), Co(II), Ni(II), Zn(II), Mn(II) and Cu(II) that are
found in tetrapyrroles. There is nothing presently known about
the enzymic formation of the Cu(Il) tetrapyrroles found in the
wing feathers of Taracus indicus (violet turaco), the Zn-proto-
porphyrin found in yeast mutants or the Mn-porphyrins found
in blood, and it may be that these compounds are formed non-
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Scheme 3 Possible model for the mechanism of Mg-chelatase

Activation
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Mg?" + ATP .< >.

ADP +H,0

Catalysis

MgProto

During activation, a D subunit dissociates from a D aggregate and associates with | dimers to form an I,- D complex. ATP is involved in the formation of the I,- D complex and the model shows
phosphorylation by a protein kinase in this step; the involvement of a kinase activity is speculative, and in the model *P denotes a phosphorylated I,-D complex where the position of the
phosphorylated residue with regard to either subunit is unknown. The activation step does not require the presence of the H subunit or Proto and, for the sake of clarity, these are not shown
in this part of the model; however, during activation under physiological conditions, H and Proto would be present. In the second step of the reaction, the I, - D complex associates with H subunits
and the H-1,- D complex catalyses the insertion of Mg?®* into Proto. Insertion of Mg?* is accompanied by ATP hydrolysis (shown for one of the H subunits in the box surrounded by the broken
line); the water molecule for hydrolysis is proposed to come from the co-ordination sphere of the Mg?* ion. The stoichiometry of H:l,-D complex is not known, but has been shown as 4:1 to

maintain the reported ratio of 1H:11, [21].

enzymically. However, the two classes of Fe(II)-containing
tetrapyrroles, which are the haems and sirohaem, are formed
enzymically with separate ferrochelatases catalysing the insertion
of the Fe?*. These ferrochelatases bear no resemblance to Mg-
chelatase at either the enzymic or DNA-sequence levels and do
not require ATP for activity [1]. The lack of an energetic
requirement for Fe?" insertion may reflect the relative ease of
Fe?* insertion compared with Mg?* insertion for the chemical
reaction as discussed above.

The Co(II)-containing tetrapyrroles are intermediates in the
biosynthesis of cobalamins, such as vitamin B-12, and there are
at least two separate biosynthetic pathways for the synthesis of
these tetrapyrroles. The essential difference between the two
pathways is the stage at which Co?* is inserted with respect to
ring contraction [43]. In Propionbacterium shermanii, a Co-
chelatase acts before the contracted corrin ring is formed, and
the enzyme appears to be a single polypeptide that does not
require ATP [44]. In contrast, in Pseudomonas denitrificans the
metal ion is inserted after the contraction of the corrin ring,
which, due to the smaller size of the ring, is a less favourable
reaction in energetic terms; this Co-chelatase is ATP-requiring
and consists of two separate proteins, CobN and CobST, made
up from three different subunits [42]. The CobN of the cobalto-
chelatase, which is a counterpart of BchH [6,8], binds both the
tetrapyrrole and the Co?** substrates for the reaction, forming a
ternary enzyme- Co**-corrinoid complex [42]. Like the I subunit

of Mg-chelatase, the N-terminal of the CobS subunit also has an
ATP-binding consensus and Mg**-binding consensus [37,38], but
the remainder of the protein shows no further sequence similarity
to I. The third CobT subunit has no sequence similarity to the D
subunit of Mg-chelatase. At the enzyme level, the K, values for
the Co-chelatase were 85 nM for hydrogenobyrinic acid a,c
diamide, 220 uM for ATP [42] which are comparable with K
values of Mg-chelatase of 360 nM or 13 nM for Proto, and
166 uM or 350 uM for ATP (bacterial and plant respectively)
[21,28]. The K, value for the Mg*" of the Mg-chelatase is not
directly comparable with the K _ value for Co**, since both
enzymes utilize ATP as the Mg- ATP complex.

The F430 cofactor is an Ni(II) tetrapyrrole that is required for
the metabolism of methane in methanogenic bacteria [45]. These
bacteria also contain cobalt-containing corrinoids [46]. Nothing
is known about the enzyme that inserts Ni** to make the F430
cofactor. However, based on the tetrapyrroles excreted by
mutants, it is surmised that Ni** is inserted into a dihydrosiro-
hydrochlorin precursor which has three hydrogen atoms at its
centre and is thus more sterically hindered than the comparable
porphyrin macrocycle, which has two hydrogen atoms [45]. This
may necessitate an energy-requiring system similar to the Mg-
chelatase reaction for the insertion of Ni**. The recent sequencing
of the genome of the archaeal bacterium Methanococcus
Jjannaschii revealed four open reading frames, namely MJ0908,
MJ1441, MJ0911 and MJ0910, that show sequence similarity to
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CobN, BchH, Bchl and BchD respectively [40]. However, there
were no sequences that show similarity to the Co-chelatase
subunits CobS or CobT. Since there have been no Mg-containing
tetrapyrroles reported in methanogenic bacteria, it is reasonable
to assume that the counterparts of Mg-chelatase are in fact
subunits of the Ni-chelatase involved in the biosynthesis of the
F430 cofactor. Assuming evolutionary parsimony, the Bchl and
BchD counterparts may also be involved in the insertion of Co**
with the CobN homologue. It remains to be seen if this is in fact
the case.

To summarize, there appear to be two classes of metal-ion
chelatases in Nature. Members of the first class do not require
ATP and consist of a single protein. The enzymes of the second
class catalyse reactions that are less favorable energetically,
require ATP and have multiple (three) subunits. The Ni-chelatase,
Mg-chelatase and the Co-chelatase of P. denitrificans all fall into
the second class. The similarities among these ATP-requiring
chelatases can also be seen at the level of DNA sequence
similarities, indicating that they share a common ancestry.

LOCALIZATION OF Mg-CHELATASE WITHIN THE CHLOROPLAST

There is a debate as to whether the enzymes for Chl and haem
synthesis are spatially separated from each other within the
chloroplast, by compartmentation of one part of the Chl pathway
to the thylakoids and another part to the envelope membranes
[47-51]. Such a division could potentially be useful in regulating
the relative amounts of haem and Chl synthesized in the
chloroplast. This point was initially raised by Fuesler et al., who
compared the inhibition patterns of Mg-chelatase and the Mg-
Proto monomethyl ester cyclase (cyclase) in intact chloroplasts
[47]. This work showed that cyclase was more protected from the
non-permeant thiol-group inhibitor p-chloromercuribenzene-
sulphonate (PCMBS) than Mg-chelatase. One possible interpret-
ation of these data was that Mg-chelatase is more accessible to
the outside of the chloroplast than the cyclase, which could be
consistent with Mg-chelatase being localized to the envelope and
the cyclase to the thylakoids. However, more recent work has
shown that when the inhibition of Mg-chelatase by PCMBS and
p-chloromercuribenzoate (PCMB) was directly compared in
intact chloroplasts, PCMB was a more effective inhibitor [27].
Since PCMBS is less permeant than PCMB, the data indicated
that the Mg-chelatase must lie within a permeability barrier,
presumably the chloroplast inner envelope. Furthermore, Mg-
chelatase activity was supported by internally generated ATP in
the presence of an external ATP trap, again pointing to a
location within the inner envelope. The two reports can be
rationalized by concluding that both Mg-chelatase and the
cyclase lie within the chloroplast inner envelope, but that the
cyclase is in a more hydrophobic environment and is therefore
less accessible to PCMBS.

It has been confusing that the in vitro pea chloroplast Mg-
chelatase assay was refined to include a crude separation of
thylakoids from envelopes; the chloroplasts were lysed in buffer
without Mg** and the thylakoids removed by a low-speed spin
[31]. The remaining crude envelope and stromal proteins were
highly active, indicating that Mg-chelatase was associated with
the envelope membranes. Now, with the information that Mg-
chelatase is a soluble enzyme in the absence of Mg [5,19,27], these
data can be reinterpreted: during lysis and removal of the
thylakoids, Mg-chelatase would have been soluble: on the
subsequent addition of Mg?* the enzyme would have been driven
on to the envelope membranes.

In vivo, there is sufficient Mg?* in the chloroplasts to cause Mg-
chelatase to be associated with a membrane. However, since

envelope and thylakoid separation techniques require low Mg
concentrations to obtain membranes with little cross-contami-
nation [52,53], it is not possible to localize Mg-chelatase within
the chloroplast by these methods. This question may be settled
by in vitro import studies and immunogold labelling. Already the
import of the H and I subunit into the stroma of Arabidopsis
chloroplasts has been reported, although their definitive as-
sociation with either the envelopes and thylakoids has not yet
been shown [5].

In summary, while there is no evidence to show that Mg-
chelatase associates with either the thylakoids or the envelopes,
the enzyme is certainly transported through the envelopes and
into the stroma. The likelihood that its final destination is the
thylakoids is increased by the recent reassignment of another
Chl-biosynthetic enzyme, Pchlide reductase, to the thylakoids
[54,55]. Interestingly, Pchlide reductase had previously been
reported to be on the chloroplast envelopes [48], but this has now
been explained as an import intermediate [56], and the final
destination of this enzyme is thought to be the thylakoids [54,55].
Only two other porphyrin-biosynthetic enzymes have been
reported to be on the envelope: protoporphyrinogen oxidase
(which functions in both haem and Chl synthesis) [49] and
ferrochelatase [57]. Since these enzymes are also found in large
amounts on the thylakoids [49,50], it begs the question of
whether their presence on the envelope might also be explained
as import intermediates. Thus any separate porphyrin-bio-
synthetic capacity of the envelopes is not certain at this time.

REGULATION OF Mg-CHELATASE AND FERROCHELATASE AT THE
BRANCH-POINT

The position of Mg-chelatase at the branch-point of haem and
Chl synthesis, as well as its status as the enzyme for the first
committed step of Chl synthesis, makes Mg-chelatase a
prime candidate for tight regulation. Initial ideas of how Mg-
chelatase and the Chl branch were regulated centred on
Mg-chelatase being regulated by feedback inhibition by one of
the intermediates on the Mg branch of the pathway [11]. This is
supported by the recent observation that the artificial in vivo
elevation of Mg-Proto and Mg-Proto monomethyl ester by
feeding ALA to pea seedlings caused a 959, decrease in the in-
vitro-measurable Mg-chelatase activity in isolated pea chloro-
plasts [58]. However, when these intermediates were directly
tested in chloroplasts, and more recently in a solubilized Mg-
chelatase preparation, no evidence for feedback inhibition by
Mg-Proto, Mg-Proto monomethyl ester or Pchlide could be
found [16,28]. Since these intermediates do not directly inhibit
Mg-chelatase, the only explanation for their apparent inhibition
in the ALA-feeding experiments is by reducing the amount of
one or more of the Mg-chelatase subunits present. This could be
accomplished by either reducing the transcript level of the Mg-
chelatase genes or adversely affecting the import of the subunits
into the chloroplast and/or increasing the turnover of one or
more of the Mg-chelatase subunits.

The advent of the in vitro assay and determination of the two-
step nature of the reaction presents another option for the
control of the Mg-chelatase. Could the initial activation, which
can be catalysed by ATP[S], involve a protein kinase [20]? With
pure, expressed recombinant proteins this idea is now readily
testable by the incubation of I and D subunits with radiolabelled
ATPIS].

Although no mechanism for the direct regulation of Mg-
chelatase has been reported, the overall regulation of
Mg-chelatase and ferrochelatase has been addressed. In theory, if
ferrochelatase and Mg-chelatase compete for the same pool of
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substrates, their relative activities should be co-ordinated to
favour one or the other pathway according to the prevailing
demands of the chloroplast. There has been only one recent
study in which the relative activities of these two enzymes were
simultaneously estimated in intact chloroplasts, allowing this
aspect of regulation to be examined [59]. When haem and
MgProto synthesis were compared in pea chloroplasts, it was
clear that in the presence of ATP there was a drastic reduction in
haem synthesis and MgProto synthesis was favoured over haem
synthesis by a factor of about 5. In addition, besides allowing
Mg?* chelation to occur, ATP caused an increase in the level of
haem + Proto + MgProto. The authors suggested that ATP may
be the switch between Chl and haem synthesis. A possible
mechanism for this switch would be for ATP to have a direct,
negative effect on ferrochelatase activity.

There was an initial report of ATP-inhibiting ferrochelatase at
millimolar concentrations (3 mM ATP inhibiting by around
67 %), in which ferrochelatase was also reported to be a soluble
enzyme of 55-65 kDa (based on gel filtration) [60]. This work has
now been followed up with studies on recombinant ferrochelatase
cloned from cucumber (T. Masuda, personal communication).
Again, this enzyme was directly inhibited by ATP, with 1 mM
ATP inhibiting by 409,. The expressed fusion protein was
soluble, and immunolocalization studies on cucumber and spin-
ach (Spinacia oleracea) chloroplasts suggested that it was
localized to the chloroplast stroma in vivo. ATP inhibition of
ferrochelatase was competitive with respect to both porphyrin
and Fe?' substrates, and the authors proposed that ATP was
directly binding the Fe®* and it was the Fe- ATP complex which
was blocking the substrate-binding sites.

The purpose of the present Review is not to cover ferrochelatase
in detail, but it should be noted that this enzyme has also been
localized to both the chloroplast thylakoids [50] and the envelopes
[57]. Is there more than one form of ferrochelatase in higher
plants? There is a good physiological argument that this may be
the case: mitochondria cannot synthesize haem, although they
do contain ferrochelatase, and therefore chloroplasts must supply
either haem or haem precursors to mitochondria and the rest of
the cell. The efflux of haem and other porphyrins from isolated
chloroplasts has been observed [61-63] . Possibly there are two
haem-synthesis pathways in the chloroplast: one for photo-
synthetic uses and the other for non-photosynthetic and/or
extrachloroplastidic haem. Perhaps the more soluble form of the
enzyme is associated with the photosynthetic pathway. While
highly speculative, it begs the question of whether the membrane-
bound ferrochelatase is also inhibited by ATP.

If ferrochelatase and Mg-chelatase compete for the same pool
of Proto, another factor which must be taken into account is
their relative kinetic constants. Ferrochelatase in pea has a K,
for Proto of 2.4 uM and a V,_ of about 5.2 nmol-min'-mg of
Chl™* [50]. Mg-chelatase in pea has about the same V, as
ferrochelatase [59], and initially the K for Proto was thought to
be about the same as that for ferrochelatase [59], but more
recently assay conditions were further optimized with solubilized
preparations to obtain a better estimate of the kinetic constants
and the K for Proto was re-estimated as about 13 nM [28].

To bring these data together, it seems that we can be confident
of two mechanisms which control the flux of intermediates
through the branch-point. First, the presence of ATP, which is
absolutely required for Mg-chelatase activity, also inhibits ferro-
chelatase. Secondly, the K, of Mg-chelatase for Proto is low
enough that it should out-compete ferrochelatase for their
common substrate. This picture of the regulation of the branch-
point is far from complete, since the possibility that Mg-chelatase
is regulated by protein phosphorylation may yet have to be taken

into account. In addition, there is evidence to suggest that the D
subunit of the enzyme associates with ribosomes in both higher
plants and Rhodobacter [19]. This result was not confirmed by
Gorchein, who reported that lysed Rhodobacter cells had activity
in the high-speed supernatant [64]; however, the lysis buffer
included ATP, which could potentially affect the fractionation of
the D component. While the association of D with the ribosomes
could be fortuitous, the enzyme was also inhibited by chloram-
phenicol, raising the interesting possibility that there may be
some connection between the regulation of protein synthesis and
of Mg-chelatase. Another level of control may be gene tran-
scription, and before an overall model for regulation is discussed,
current work on the regulation of transcription will be discussed.

REGULATION OF BACTERIAL GENE TRANSCRIPTION

The genes for Mg-chelatase in R. capsulatus, R. sphaeroides and
Chlorobium vibrioforme are clustered with other Bchl-bio-
synthetic genes and, for Rhodobacter at least, with the photo-
system biosynthetic genes [3,65,66]. In Rhodobacter , the bchi
and bchD genes are part of the same operon, whereas the bchH
is transcribed separately. In Chlorobium vibrioforme the bchH,
behI and behD are on the same operon [3]. Rhodobacter can grow
either photosynthetically or aerobically using a fermentable
carbon source, in which case the photosystems and pigments are
not synthesized. The regulation of the genes in the Rhodobacter
photosynthetic gene cluster has been reviewed recently [67,68]
and will only be discussed briefly. Under anaerobic conditions,
expression of these pigment-biosynthetic genes is coupled with
other genes involved in photosynthesis as part of overlapping
transcriptional units termed superoperons. The regulation of the
photosystem genes is by an anaerobic induction circuit, whereas
the regulation of the pigment-biosynthetic genes is by an aerobic
repression circuit involving a DNA-binding redox-sensing pro-
tein named CrtJ.

At the protein level not much is known about the regulation of
Mg-chelatase in photosynthetic bacteria. One possible control
mechanism has been suggested by the finding that, when the H
subunit from Rhodobacter capsulatus is exposed to light and
oxygen, the bound Proto is converted into photoprotoporphyrin.
This porphyrin forms a very tight (possibly covalent) attachment
to the H subunit and renders it inactive ; this may be an additional
mechanism for the inhibition of Bchl biosynthesis by high oxygen
tension and light [69]. Additionally, it has been observed that, in
vitro, the presence of the H subunit increases the activity of the
next enzyme in the pathway, namely the methyltransferase [70].
Interestingly, in whole Rhodobacter cells, it was found that Mg-
chelatase activity was only measurable if S-adenosylmethionine
was included to allow the methyltransferase to operate [12].
These data suggest that there may be a close linkage between
these enzymes in vivo and raises the possibly that the H subunit
is involved in regulating another enzyme in the pathway.

HIGHER-PLANT GENE REGULATION

Only the chlH and I genes have been available for transcriptional
studies to date, and so information on the regulation of the
subunits at this level is not complete. However, transcriptional
regulation of the I and H subunits has been looked at in both
greening tissue and as a function of diurnal variation.

The expression of the chl/H and chll genes in developing plants
is induced by light. When dark-adapted Arabidopsis and soybean
(Glycine max) were transferred to light for 24 h, the chl/I transcript
was induced up to 64-fold compared with the light-adapted
plants [9,10]. When etiolated barley seedlings were transferred to
light, the ch/H transcript increased 25-fold after 4 h and remained
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Scheme 4 Model for the regulation of Chl and haem biosynthesis in the chloroplast

The bar at the top of the Scheme represents the time of day ranging from dark to light conditions. The widths of the arrows going down represent the relative flux of intermediates, while the red
arrows pointing to a position in the pathway show the level of repression at that point in the pathway. The red arrow in the pink box containing H indicates the amount of functional H subunit
entering the chloroplast. Dotted lines indicate a negligible flux or effect. Abbreviation: MPE, Mg-protoporphyrin monomethyl ester. (@) Shows the situation just after the start of the dark period.
(b) shows the situation just after the start of the light period, and (€) shows the situation at the end of the light period, as described in the text.

at this level; in this system, the induction of the transcription of
I was not so pronounced, with only a 2-fold increase after 8§ h
and a return to the uninduced level after 24 h [7]. This correlated
with a 4-fold increase in measurable Mg-chelatase activity after
6 h in the light. To date, the one exception to this general pattern
of light induction is the expression of chll gene of Euglena gracilis,
which was reported to be constitutive; however, this exception
may be due to the chll gene being chloroplast-encoded in this
organism [71].

The expression of these genes in plants grown in a light/dark
cycle contrasts with the light-induced expression in etiolated
tissue. In both barley and Arabidopsis, the chlH transcript levels
had about a 40-fold diurnal oscillation with the transcript level
beginning to rise approx. 4 h before dawn, reaching a maximum
1-3 h into the light phase, then falling again [5,7]. In barley, a
diurnal fluctuation in Mg-chelatase activity was measured with a
tripling of activity from pre-dawn to maximal activity 1-3 h post-
dawn [7]; no activity measurements were made in the Arabidopsis
study [5]. In Antirrhinum majus a similar situation was observed,
except that transcript levels decreased to almost zero by the end
of the light period; however, as in Arabidopsis and barley,
transcript levels came up during the dark phase [8]. In barley, this
work was extended, and continued fluctuations in transcript

levels were observed if the plants were transferred to continuous
light, indicating that the transcription was under the control of
a circadian clock. The behaviour of the I transcript under diurnal
conditions was quite different from that of the H transcript: in
both barley and Arabidopsis there was little or no oscillation
[5,7].

With the assumption that the higher plants described above
are regulating Mg-chelatase in similar ways, two themes emerge
from this work. Firstly, the H subunit seems to fluctuate more
than the I subunit under greening conditions or during diurnal
growth. Secondly, the I subunit is induced by light if the tissue is
etiolated, but once the chloroplasts have developed, there is very
little effect of light on this subunit’s transcription. While it is not
possible to fit D into this pattern as yet, it is reasonable to assume
that the regulation of this enzyme is in part achieved by regulation
of the amounts of the H subunit in the chloroplast.

MODEL FOR THE REGULATION OF Mg-CHELATASE IN HIGHER
PLANTS

The data above can be used to suggest a model for the overall
regulation of the Mg-chelatase pathway in higher plants grown
in light—dark cycles. Scheme 4 shows the situation at the end of
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the light phase, where the c¢i/H transcript level is low and begins
to rise at the start of the dark phase. This results in slightly higher
Mg-chelatase activity and a slight shift in the flux of the
intermediates from the haem branch to the Mg branch. However,
Mg containing intermediates begin to accumulate because the
conversion of Pchlide to Chlide requires light [55]. As Mg
porphyrins accumulate they decrease the amount of the H
subunit that can enter the chloroplast, preventing their own
synthesis. In Scheme 4(b), at the start of the light phase, these
remaining Mg intermediates are utilized to make Chl now that
the conversion of Pchlide into Chlide can take place. This
releases the block on H subunit accumulation. The ch/H tran-
script levels and levels of H subunit reach a maximum early in
this phase. As H subunits accumulate in the chloroplast, they
cause the diversion of nearly all the Proto into the Mg branch;
and, since haem turns over in the chloroplast, this will also cause
a decrease in free haem levels. In the presence of haem, ALA
synthesis is inhibited [72] and so as the haem levels fall in this
phase, so will the inhibition of ALA synthesis be removed,
resulting in a net increase in the flux of intermediates into the
tetrapyrrole pathway. In Scheme 4(c), towards the end of the
light phase, the c¢h/H transcript falls rapidly to almost zero with
the resultant decrease in H subunit levels and a block in the flow
of intermediates into the Mg branch of the pathway. This allows
Proto to be diverted back to haem synthesis again, and the
increased levels of free haem inhibit ALA synthesis and shut
down the tetrapyrrole pathway.

The regulation described above is a dynamic process and
Schemes 4(a)—4(c) only represent specific stages through the day.
The model is also incomplete and will probably need to be
extended to incorporate other factors such as the possibility of
the phosphorylation of Mg-chelatase subunits and the ATP/ADP
ratio of the chloroplast.

CONCLUSIONS AND PERSPECTIVES

In the 1990s, work on Mg-chelatase has made a huge leap from
the first in vitro assay to cloning and expression of the genes
involved. The current status of our knowledge can be summarized
by concluding that there are three proteins involved in Mg-
chelatase and that the reaction itself takes place in two steps.
With the recent availability of purified recombinant proteins, we
anticipate that establishing the mechanism of Mg-chelatase will
happen very soon. It will be interesting to solve finally the puzzle
of why ATP is needed in the reaction, which may be solved by in
vitro labelling studies of the subunits. Also, it should be possible
to determine the role of each subunit in the catalytic mechanism.
This work will have repercussions for those researchers looking
into both Co-chelatase and Ni-chelatase, which are expected
to have similar mechanisms.

We stated at the outset that the major interest in Mg-chelatase
centres on regulation of the branch-point between haem and Chl
biosynthesis: the challenge now is for researchers to come up
with a model of how this is achieved. We expect that regulation
is achieved at many levels. There is some preliminary evidence
that a protein kinase might be involved in the reaction; the
regulation of the gene transcription; and possibly control of the
translation and import of the subunits. With the current avail-
ability of probes for gene-expression analysis (for both Mg-
chelatase and ferrochelatase) and with assays and antibodies
available for protein analysis, we anticipate that this challenge
will be met in the near future.
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