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The I, D and H subunits (Chll, ChID and ChlH respectively) of
the magnesium protoporphyrin IX chelatase from Synechocystis
have been purified to homogeneity as a result of the over-
expression of the encoding genes in Escherichia coli and the
production of large quantities of histidine-tagged proteins. These
subunits have been used in an initial investigation of the
biochemical and kinetic properties of the enzyme. The availability
of pure Chll, ChlD and ChlH has allowed us to estimate the
relative concentrations of the three protein components required
for optimal activity, and to investigate the dependence of
chelatase activity on the concentrations of MgCl,, ATP and
protoporphyrin IX. It was found that, whereas ChID and ChlH
are likely to be monomeric, Chll can aggregate in an ATP-
dependent manner, changing from a dimeric to an octameric
structure. Subunit titration assays suggest an optimal ratio of
Chll, ChlD and ChlH of 2:1:4 respectively. However, the
dependence of chelatase activity on increasing concentrations of
Chll and ChlH with respect to ChlD suggests that these two
subunits, at least in vitro, behave as substrates in their interaction

with ChlD. Mg chelation could not be detected unless the Mg?*
concentration exceeded the ATP concentration, suggesting at
least two requirements for Mg**, one as a component of
MgATP?", the other as the chelated metal. The steady-state
kinetic parameters were determined from continuous assays; the
K, values for protoporphyrin, MgCl, and ATP were 1.25 uM,
4.9 mM and 0.49 mM respectively. The rate dependence of Mg**
was clearly sigmoidal with a Hill coefficient of 3, suggesting
positive co-operativity. Initiating the reaction by the addition of
one of the substrates in these continuous assays resulted in a
significant lag period of at least 10 min before the linear
production of Mg protoporphyrin. This lag was significantly
decreased by preincubating Chll and ChID with ATP and MgCl,,
and by mixing it with ChlH that had been preincubated with
protoporphyrin IX, ATP and MgCl,. This suggests not only a
close MgATP? -dependent interaction between Chll and ChlD
but also an interaction between ChlH and the protoporphyrin
substrate that also is stimulated by ATP and MgCl,.

INTRODUCTION

Magnesium protoporphyrin IX chelatase (Mg chelatase) cata-
lyses the insertion of Mg?* into protoporphyrin IX, the first step
unique to chlorophyll production. Mg chelatase and ferro-
chelatase, which catalyses the insertion of Fe®' into proto-
porphyrin IX, leading to the formation of haem, lie at the branch
point of tetrapyrrole biosynthesis. So far Mg chelatase has not
been subjected to detailed characterization with purified com-
ponents, and the enzymology and regulation of this enzyme are
of interest. It is now well established that Mg chelatase consists
of three different subunits, I (3842 kDa), D (60-74 kDa)
and H (140-150 kDa), in (bacterio)chlorophyll a-producing
prokaryotes [1-3] and also in higher plants [4-7]. In bacterio-
chlorophyll-producing organisms the three subunits are desig-
nated Bchl, BchD and BchH whereas in chlorophyll-producing
organisms they are designated Chll, ChID and ChlH. Thus Mg
chelatase differs significantly from ferrochelatase, which is a
single-subunit enzyme in all organisms studied so far [8,9].
Biochemically the two enzymes also differ: unlike ferrochelatase,
Mg chelatase requires hydrolysable ATP besides the metal ion
and porphyrin substrate, as shown by studies on chloroplast
extracts [10]. In many respects Mg chelatase shows more simi-
larities to the cobaltochelatase that inserts Co2?" into hydro-
genobyrinic acid a,c-diamide, a tetrapyrrolic precursor of vitamin
B,, [11]. This enzyme consists of a 140 kDa protein (CobN),

which binds the tetrapyrrole, and a 450 kDa heteromeric protein
composed of CobS and CobT, which are 38 and 80 kDa
respectively and bind ATP [11]. Furthermore there is significant
sequence similarity between CobN and the ChlH of Mg chelatase,
although no significant similarities between Chll/CobS and
ChID/CobT, apart from the respective molecular masses and an
ATP-binding site consensus in the former protein pair.

The recent success in overexpressing the genes encoding the
three Mg chelatase subunits from both Rhodobacter sphaeroides
and Synechocystis PCC6803 in Escherichia coli and reconstitution
of enzymic activity in vitro [1,2] provide excellent opportunities
for the study of this enzyme. The mechanism of the reaction and
the role of the individual protein subunits in the chelation
reaction are not clear. Earlier work on chloroplast extracts
suggested that magnesium chelation proceeds by a two-step
reaction: an enzyme activation followed by a magnesium in-
sertion step [10]. The activation step required the presence of
hydrolysable ATP or adenosine 5’-[y-thio]triphosphate (ATP[S])
and it was suggested that ATP could be required for oligo-
merization or as an activator [10]. The magnesium insertion step
also seems to require ATP, although at a lower concentration
than that needed for activation, and this cannot be replaced by
ATP[S] [10]. Continuous assays with the R. sphaeroides Mg
chelatase produced in E. coli have indicated that the Bchl and
BchD proteins are involved in the ATP-requiring activation step,

Abbreviations used: ATP[S], adenosine 5’-[y-thio]triphosphate; DTT, dithiothreitol; Mg chelatase, magnesium protoporphyrin IX chelatase.
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and it was proposed that ATP is required for the formation of a
ternary complex between ATP and the Bchl and BchD proteins
[12]. The R. sphaeroides BchH protein has been suggested as the
protoporphyrin IX carrier because the expression of BchH in E.
coli cells results in the accumulation of large amounts of
protoporphyrin [1], which stays bound to BchH during puri-
fication [12]. The BchlI-BchD-ATP complex proposed above
could then use Mg?" and the porphyrin bound to the BchH
protein as the substrate for metal insertion, with the hydrolysis
of ATP driving the reaction [12].

To test these proposals and suggestions it is necessary to have
sufficient quantities of the three Mg chelatase proteins to conduct
biochemical and enzymic studies of this important enzyme. This
complex system will undoubtedly require detailed quantitative
analysis but it is important to establish the basic properties of the
system before further progress can be made. This paper presents
the first results for the Synechocystis enzyme with the use of
purified subunits. The basic properties of the chelation step have
been characterized, including the association states of the in-
dividual subunits in vitro and the relative concentrations of
protein components required for optimal activity. Furthermore
continuous assays have been used to estimate the steady-state
kinetic parameters and to investigate the subunit and substrate
requirements during preincubation.

EXPERIMENTAL
Expression of recombinant proteins

The Synechocystis chll, chID and chlH genes were amplified by
PCR with gene-specific primers, and cloned separately into the
Ndel and BamHI sites of expression vector pET14b [13], yielding
plasmids pET14b-Chll, pET14b-ChlD and pET14b-ChlH. The
production of recombinant proteins was performed essentially as
described in [2].

Purification of the Chll, ChiD and ChIH proteins

The cell pellets deriving from 500 ml cultures were thawed at
room temperature and resuspended in 16 ml of cold binding
buffer [S mM imidazole/500 mM NaCl/20 mM Tris/HCl (pH
7.9)] and sonicated six times for 30 s on ice. Cell debris was spun
down and the supernatants were processed on a Ni**-agarose
affinity column (Novagen), in accordance with the manu-
facturer’s instructions. The recombinant proteins were recovered
by elution with imidazole buffer [S00 mM imidazole/500 mM
NaCl/20 mM Tris/HCI (pH 7.9)]. Chll was dialysed into buffer
A [50 mM Tricine/NaOH (pH 7.9)/300 mM glycerol/1 mM
dithiothreitol (DTT)] and stored at —20 °C. ChID and ChIH
were further purified by anion-exchange chromatography with
Q-Sepharose. ChlD was dialysed against buffer A containing
200 mM NaCl and loaded on a Q-Sepharose anion-exchange
column (1 cm x 10 cm) equilibrated in the same buffer at a flow
rate of 1 ml/min. The column was washed with 30 ml of buffer
A containing 200 mM NaCl to remove unbound material, and
bound proteins were eluted with a 95 ml linear gradient of
200-500 mM NacCl in buffer A. The ChlD-containing fractions
were dialysed against buffer A. ChlH was purified in essentially
the same way except that the proteins were eluted with a linear
gradient of 100-700 mM NaCl.

Gel filtration

Gel filtration was performed at 20 °C on a pre-packed Superose
6 HR column (1 cm x 30 cm) equilibrated with 50 mM Tricine/
NaOH (pH 7.7)/100 mM NaCl/1 mM DTT at 0.4 ml/min. The
column was calibrated with the following molecular mass

markers: 2 mg/ml horse heart cytochrome ¢ (12.4 kDa), 3 mg/ml
bovine erythrocyte carbonic anhydrase (29 kDa), 10 mg/ml BSA
(66 kDa), 5mg/ml yeast alcohol dehydrogenase (150 kDa),
3 mg/ml sweet-potato f-amylase (200 kDa) and 2 mg/ml gluta-
mate dehydrogenase (330 kDa). To determine the molecular
masses of Chll, ChlD and ChlH in solution, 200 xl aliquots of
purified protein were loaded on the column. All three proteins
were analysed in the above running buffer in the presence and in
the absence of 4 mM MgCl,, 2 mM ATP, and 4 mM MgCl, plus
2 mM ATP. Elution was followed by recording the absorbance
at 280 nm. Peak fractions were analysed by enzyme assays.

Mg chelatase assay

The standard assay was performed in 100 xl of buffer containing
50 mM Mops/NaOH, pH 7.7, 300 mM glycerol, 16 mM MgCl,,
1 mM DTT, 5mM ATP, 8 uM protoporphyrin IX and protein
amounts as indicated in the figure legends. The assay mixtures
were incubated for 30 min at 34 °C, stopped by the addition of
900 ul of acetone/water/329, (w/v) ammonia (80:20:1, by
vol.), and centrifuged at 15000 g for 5 min. A 1 ml sample of the
aqueous phase was analysed on a SPEX FluoroLog spectro-
fluorimeter (SPEX Industries). The excitation wavelength was
set to 420 nm and the emission spectrum was recorded between
550 and 650 nm. The fluorescence intensity response of Mg
protoporphyrin IX was linear from 1 to 500 pmol when quantified
by integration of the peak area caused by known amounts of
authentic Mg protoporphyrin IX (Porphyrin Products, Logan,
UT, U.S.A)). The amount of enzymically formed Mg proto-
porphyrin IX in each assay was quantified from this standard
curve. The accumulation of product was linear for at least 30 min
and the amount of product formed was on the linear part of the
Mg protoporphyrin IX standard curve calculated for the fluoro-
metric assay. Initial experiments showed that the temperature
optimum was between 32-35 °C, that the pH optimum was
between pH 7.5 and 7.9 and that the use of Mops instead of
Tricine as a buffer during the assay resulted in a doubling in
activity (results not shown). The optimal ATP concentration for
the stopped assay was between 4 and 7 mM ATP in the presence
of an excess of MgCl, (11 mM) (results not shown). It was found
that 8 uM protoporphyrin IX gave optimal activity and inhibition
was observed above the optimal concentration (results not
shown).

Continuous assays were performed on a SPEX FluoroLog
spectrofluorimeter with a fitted temperature-controlled cuvette
holder set at 34 °C. The excitation wavelength was set to 420 nm
and the emission wavelength was 596 nm. The assay volume was
1.0 ml and contained 300 mM glycerol, 50 mM Mops/NaOH,
pH 7.7, 12 mM MgCl,, | mM DTT, 1 mM ATP, 0.8 uM proto-
porphyrin IX and protein amounts as indicated in the legends to
Figures 8, 9 and 10. A standard curve was made by diluting
known amounts of authentic Mg protoporphyrin IX in assay
buffer containing the same concentrations of ATP, MgCl, and
chelatase subunits as the assays.

The apparent kinetic parameters were obtained by fitting the
concentration dependence of the maximum reaction rate for each
substrate, with the concentration of the other two substrates
fixed close to saturation to the following equations:

o/[E), = V,, [SV/(K,, +[SD (1
o/[E], = VSI'/(K, ,, +[SV") (Hill equation) b))
0/[E], = (Vo [SD/(K,, +[S1+[SI*/K,,) (simple inhibition) ~ (3)

The kinetic parameters were estimated using the Marquardt—
Levenberg curve-fitting algorithm (SigmaPlot; Jandel Scientific,
Madera, CA, U.S.A.).
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Porphyrin solutions

Protoporphyrin IX (Sigma) was dissolved in dilute KOH and the
pH adjusted to approx. 4 with HCI; the protoporphyrin IX was
then extracted into ether. The ether phase was washed several
times with 0.36 9, (v/v) HCI before the porphyrin was extracted
into 59, (v/v) HCI. After adjustment of the pH to approx. 4 with
NaOH the protoporphyrin IX was extracted back into ether and
frozen overnight. On the next day, the protoporphyrin IX-
containing ether was dried down and resuspended in 0.1 M
NH,OH containing 1.59% (v/v) Tween 80. Addition of the
protoporphyrin IX in this solution to the assays was found to
give significantly more Mg chelatase activity than adding it in
DMSO (results not shown). The addition of up to 0.5% (v/v)
Tween 80 in the final assay was found to have no effect on
enzyme activity. Mg protoporphyrin IX was resuspended in
0.1 M NH,OH containing 1.59%, (v/v) Tween 80 and diluted in
acetone/water/32 9, (v/v) ammonia (80:20:1, by vol.). Serial
dilutions were performed and used to construct a standard curve.
The concentration of protoporphyrin IX and Mg protoporphyrin
IX was determined by taking e, as 13.5mM*'-cm™ (2.7M

HCI) and ¢,,, as 308 mM™"-cm™ (ethanol) respectively.

Other methods

SDS/PAGE was performed as described by Sambrook et al. [14].
Protein concentrations were determined with the Bio-Rad protein
assay with BSA as standard. Calculation of the free Mg** in
solution with ATP was performed with WINMAXCHELATOR
version 1.70 [15] and with the constants given by Brooks and
Storey [16] adjusted for pH, temperature and ionic strength.

RESULTS
Purification of the overexpressed Chil, ChID and ChIH proteins

To fuse a hexahistidine (His,) affinity tag to the proteins the
Synechocystis chll, chlD and chlH genes were cloned into pET14b.
Comparison of the expression levels of the constructs in pET14b
with those previously reported in pET3a or pET9a showed a
similar level of each chelatase subunit and in assays the histidine-
tagged proteins were as active as their non-tagged counterparts
(results not shown). We therefore conclude that the N-terminal
histidine tag has no apparent effect on the activity of the
overexpressed Chll, ChlD and ChlH proteins. All three proteins
were purified on Ni**-agarose affinity columns directly from the
supernatant after sonication of the E. coli cell pellet and removal
of cell debris. Coomassie Blue-stained SDS/PAGE gels revealed
that Chll was pure after this step (Figure 1, lane 2), whereas the
ChID and ChlH preparations still contained other proteins
(Figure 1, lanes 4 and 7). On the basis of the calculated pl values
for ChlD and ChlH (4.9 and 4.8 respectively), both proteins were
predicted to bind to an anion exchanger. The application of
Q-Sepharose Fast Flow column chromatography and a NaCl
gradient resulted in the elution of ChID at pH 7.9 and
310-360 mM NaCl and of ChlH at pH 7.9 and 450-590 mM
NaCl. This step removed the contaminating protein species from
both the ChlD and ChlH preparations (Figure 1, lanes 5 and 8).
In the ChlH preparation two minor contaminating proteins
(85-90 and 50-55 kDa) could still be detected. These were most
probably proteolytic degradation products of ChlH because
their intensities always coincided with that of the ChlH protein
when the fractions from the gradient elution were analysed with
SDS/PAGE (results not shown). As observed during purification
of the R. sphaeroides BchH protein [12], the Synechocystis ChlH
protein exhibited a visible red colour after histidine tag puri-

180 -

Figure 1 SDS/PAGE demonstrating purification of proteins prepared from
IPTG-induced E. coli strains containing the chll, chiD and chIH genes

Lanes 1, 3 and 6 show Chll, ChiD and ChIH respectively before purification; lane 2, Chll
after HIS-TAG purification; lane 4 and 5, ChID after histidine-tagging and Q-Sepharose purifi-
cation respectively; lanes 7 and 8, ChIH after histidine-tagging and Q-Sepharose purification
respectively. The positions of molecular mass markers are indicated at the left (in kDa).

Table 1

Four different gel-filtration experiments were performed with the three purified Mg chelatase
subunits: no addition, addition of 2 mM ATP and 4 mM MgCl,, addition of 2 mM ATP, and
addition of 4 mM MgCl, to the running buffer. Results are means +S.D. for two or three
replicates. Numbers without an S.D. are the results of a single determination.

Results of gel filtration

Apparent molecular mass (kDa)
Concentration

Subunit  (mg/ml) Addition ... None ATP +MgCl, ATP MgCl,
Chll 0.8 81+7 290+6 76 93+19
2.0 108+11  290+14 142+7 194
8.0 208 278 165 208
ChiD 1.0-2.0 128+20 119414 120+27 109
ChiH 14-32 187+12 208 208 192412

fication, suggesting that this protein also binds protoporphyrin
IX. However, after the subsequent ion-exchange chromatography
step, protoporphyrin IX associated with ChlH could not be
detected.

Analytical gel filtration

The molecular masses of the native recombinant Chll, ChlD and
ChlH proteins were evaluated by size-exclusion chromatography
on a Superose 6 column. The results are summarized in Table 1.
From each column run with one Mg chelatase subunit the eluted
fractions were tested for activity in assays with the other two
subunits: the activity profile was superimposable on the elution
peak.

The elution volume of the Chll subunit was found to be
concentration-dependent; at high Chll concentrations the
elution peak was asymmetrical with a shoulder towards
lower elution volume (i.e. higher molecular mass species). Load-
ing the column at the high protein concentration of 8 mg/ml
results in a major elution peak corresponding to a molecular
mass of 200 kDa, whereas more dilute samples yielded elution
peaks corresponding to a molecular mass between 108 and
81 kDa. The molecular mass of Chll is predicted to be 42.2 kDa
(including the histidine tag) and was in good accordance with
the mass seen on SDS/PAGE (Figure 1). At the most dilute
concentration Chll eluted as a protein with an apparent molecular
mass of 81 kDa, suggesting a dimeric structure. Equilibrating
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Figure 2 Effect of varying the concentration of ChiH protein

Various concentrations of ChiH were used with limiting concentrations of ChiD [1.31 nM (@)
and 2.62 nM ()] and an excess of Chll (570 nM). The results obtained are shown by the
individual points and were used to estimate A, and I/, by fitting to a rectangular hyperbola
[egn. (1)] with non-linear regression. These parameters were then used to simulate the curves
shown. Abbreviation: MgP, magnesium protoporphyrin IX.

and running the column in buffer containing 2 mM ATP and
4 mM MgCl, resulted in consistent elution volumes giving an
apparent molecular mass of 290+ 11 kDa (+S.D.; n = 5). Fur-
thermore the elution peak was symmetrical and the elution
volume was independent of protein concentration. ATP or MgCl,
alone in the running buffer did not have this effect on the elution
volume. Thus MgATP?™ induces the assembly of a Chll complex
containing eight Chll monomers, at least in vitro.

The ChID subunit was eluted as a single symmetrical peak
showing an apparent molecular mass of 128 +20 kDa. The
predicted monomeric molecular mass of ChlD is 76.2 kDa and is
estimated to be approx. 80 kDa by SDS/PAGE (Figure 1). Thus
the determination of the oligomeric state of ChID in solution is
ambiguous and we cannot exclude the possibility of an equi-
librium between ChlD monomers and dimers, which could distort
the elution characteristics of the subunit. The elution volume of
ChID was not affected by the presence of MgCl, and ATP.

The ChlH subunit was also eluted as a single symmetrical peak
at an apparent molecular mass of 187+ 12 kDa. The predicted
molecular mass of ChlH is 151.2 kDa, which is in good agreement
with the size determined from SDS/PAGE (Figure 1) and it
therefore seems likely that ChlH is a monomer in solution. As for
ChlD, the elution volume of the ChlH subunit was unaffected by
the presence of MgCl, and ATP.

Optimal amounts of the individual proteins

To estimate the subunit requirements a series of protein titration
experiments were performed in which one of the subunits was in
excess, one was present at a limiting concentration, and the
concentration of the third was varied. The presence of excess
concentrations of a given subunit was verified in experiments in
which the concentration of the limiting subunit was doubled,
resulting in a doubling of the activity.

The concentration of ChlH was varied, while keeping the
concentration of the ChID subunit constant at limiting concen-
trations in the presence of excess concentrations of Chll
(Figure 2). Inspection of the lower curve shows that saturation
was reached at approx. 1.2 M ChIH. At this point on the
curve there were 900 molecules of ChlH present for every
molecule of ChID. It should be pointed out that there is a molar

pmol MgP min"
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0 200 400

nM Chll

Figure 3 Effect of varying the concentration of Chlil protein

Various concentrations of Chil were used with limiting concentrations of ChID [1.31 nM (@)
and 2.62 nM (Il)] and an excess of GhIH (1980 nM). The curves are simulations assuming
that Chll acts as a substrate as described in Figure 2. Abbreviation: MgP, magnesium
protoporphyrin IX.

excess of protoporphyrin IX in this reaction and this curve is
therefore assumed to provide information on the ChlH-ChID
interaction. Thus by regarding ChlD as the core catalytic subunit
and ChlH as the substrate, and by assuming steady-state kinetic
behaviour, the results were used to estimate K and V, by non-

max

linear regression. With 1.3 nM ChlD the apparent ¥, _for ChlH
was 13.8+0.12 nmol/h per ug of ChID and the K was 0.20 +
0.009 uM; for 2.6 nM ChID the apparent V, _ for ChIH was
15.34+0.33 nmol/h per pug of ChID and the K, was 0.26+
0.025 uM. These parameters were then used to simulate a
rectangular hyperbola for each data set. The simulations are
displayed in Figure 2, and it is clear that in each case ChIH is
behaving as the substrate in this reaction and obeying Michaelis—
Menten kinetics.

In the next experiment ChlD was kept constant at limiting
concentrations and the concentration of Chll was varied in the
presence of excess ChlH (Figure 3). From the lower curve and
assuming saturation at 300 nM Chll, there is an apparent Chll-
to-ChlD ratio of 200:1. As for the ChIH-ChID interaction
above, ChlD was regarded as the core catalytic subunit and Chll
as a substrate, and by assuming steady-state kinetic behaviour,
the results were used to estimate K, and V. With 1.3 nM ChID
the apparent V_ _ for Chll was 15.84+0.72 nmol/h per ug of
ChID and the K, was 0.085+0.017 xuM; with 2.6 nM ChlD the
apparent V___ for ChlH was 17.9+ 1.1 nmol/h per ug of ChlD
and the K was 0.1074+0.036 xM. It should be noted that these
values for the apparent V., which are approx. 16.8 nmol/h
per ug of ChlD, are in agreement with those obtained with ChlH
as the substrate, within experimental error, which demonstrates
that in each experiment the correct concentration of excess
substrate was chosen. The coincidence between the experimental
data points and the simulated rectangular hyperbolic curves
suggests that Chll is behaving as a substrate in this reaction, and
is conforming to the Michaelis—Menten relationship.

Figure 4(A) shows the results of varying the concentration of
ChID in the presence of limiting concentrations of Chll and
excess ChlH. With 23.7 nM ChlI an optimal rate is reached with
approx. 13 nM ChlD, corresponding to a Chll-to-ChlD ratio of
1.8:1; with 47.4nM Chll the optimal rate is reached with
approx. 20 nM ChlD, giving a Chll-to-ChlD ratio of 2.4: 1. Thus
a minimum Chll-to-ChlD ratio of 2:1 is suggested, and it can be
seen that increasing the concentration of ChlD above this ratio
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Figure 4 Effect of varying the concentration of ChID protein

(A) Various concentrations of ChID protein were used with limiting concentrations of Chil
[23.7 nM (@) and 47.4 nM ()] and an excess of ChIH (860 nM). (B) Various concentrations
of ChID protein were used with limiting concentrations of ChiH [212 nM () and 424 nM
()] and an excess of Chil (570 nM). Abbreviation: MgP, magnesium protoporphyrin IX.

results in inhibition. Owing to this inhibition arising from a ChlI-
to-ChlD ratio greater than 2: 1, it was not possible to perform the
two experiments in which ChlD was present in excess; thus the
ChlH-to-ChlI and ChlI-to-ChlH ratios could not be estimated.

Varying the concentration of ChlD in the presence of limiting
concentrations of ChlH and excess Chll yielded a ChlD-to-ChlH
ratio of approx. 1:20 (Figure 4B).

The results in Figure 4(A) suggest a minimal Chll-to-ChID
ratio of 2:1. By using this ratio the next experiment was
performed to estimate the minimum ratio of ChlH to Chll/ChlD.
Increasing concentrations of Chll and ChID in a fixed 2:1
ratio were added to limiting concentrations of ChlH. With
230 nM ChlH, saturation was reached with approx. 120 nM
Chll/60 nM ChID (Figure 5, lower curve), suggesting a minimal
ratio of Chll, ChID and ChlH of 2:1:4 respectively. To ensure
that the enzyme was limiting, 95 nM Chll, 47 nM ChID and
185 nM ChlIH were used in all subsequent experiments.

From the V_estimates obtained from the results in Figures
2 and 3, where ChlD was limiting, a specific activity of 15.7 nmol
of magnesium protoporphyrin IX/h per ug of ChlD was calcu-
lated. In a similar way we calculate a specific activity of 2.61 nmol
of magnesium protoporphyrin IX/h per ug of Chll from the
results in Figure 4(A), where Chll was limiting, and from Figure
4(B) and Figure 5, where ChlH was limiting, 0.06 nmol/h per ug
of ChlH was obtained. This last value gives the most unfavourable
view of the activity of the reconstituted Mg chelatase, and
implies that of the three components, ChlH is the one most likely

pmol MgP min”
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Figure 5 Effect of varying concentration of (Chll + ChiD)

Various concentrations of Chil plus ChiD, in a fixed 2:1 ratio, were assayed with limiting
concentrations of ChlH [231 nM () and 462 nM (IH)]. Abbreviation: MgP, magnesium
protoporphyrin IX.

to limit the activity of the enzyme. We can calculate that in the
assays in which ChlH was limiting (Figures 4B and 5), each
molecule of ChlH was turning over approx. 4-5 times during a
30 min assay.

Continuous assays: characterization of the lag period

Preliminary experiments, in which the three subunits and two of
the substrates were preincubated at 34 °C for 10 min and the
assay was initiated by adding the third substrate, consistently
resulted in a 10 min lag period before the Mg protoporphyrin
product accumulated at a linear rate. Continuous assays with the
R. sphaeroides Mg chelatase subunits overproduced in E. coli had
already indicated that Bchl and BchD are involved in an ATP-
requiring activation step that was necessary to overcome the lag
period [12]. However, the situation with the Synechocystis Mg
chelatase subunits seemed to be more complex because initiating
the reaction by adding protoporphyrin to a preincubated mixture
of Chll, ChlD, ChlH, ATP and MgCl, still resulted in a lag, as
well as suboptimal rates (Figure 6, compare traces 6 and 1). To
characterize this lag period, a series of experiments were per-
formed in which the overall chelation reaction was divided into
two subreactions: one with ChlH and the other with Chll/ChlID.
In the first instance Chll, ChID, ATP and MgCl, were pre-
incubated together for 10 min before mixing with ChlH. Pre-
incubation of ChlH with ATP, MgCl, and protoporphyrin IX
seemed to decrease the lag from 200 to 100 s, in comparison
with ChlH preincubated with protoporphyrin IX alone (Figure
6, traces 1 and 4 respectively). Another series of experiments
examined the effect of preincubating Chll/ChlD/ATP/MgCl,
with protoporphyrin (Figure 6, trace 5) or ChlH (Figure 6, trace
6). It is clear that neither of these preincubations resulted in the
short lag seen in trace 1, and that neither protoporphyrin nor
ChlH alone interacted with Chll or ChlD in ways that affected
the rate or shortened the lag. Therefore the only significant effect
on the lag was seen when protoporphyrin was preincubated with
ChlH, supporting the idea that one function of ChlH is to bind
protoporphyrin before the chelation reaction.

The preincubation of ChlH with protoporphyrin, MgCl, and
ATP had a marked effect on the maximum rate of chelation
estimated from the linear part of each trace (Figure 6; compare
traces 1 and 4). ChlH and protoporphyrin IX preincubated with
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Figure 6 Demonstration that preincubation of ChiH with protoporphyrin IX,
ATP and MgCl, is necessary to reduce the lag in product formation and to
reach maximal rate

In traces 1—4 the preincubated Chll/ChID mixture was the same for all traces: 950 nM
Chll/470 nM ChiD/5 mM ATP/16 mM MgCl,. This was mixed with 1850 nM ChIH preincubated
with the following additions: trace 1, 8 #M protoporphyrin, 5 mM ATP and 16 mM MgCl,;
trace 2, 8 «M protoporphyrin, 5 mM ATP and 5 mM MgCl, ; trace 3, 8 M protoporphyrin and
16 mM MgCl,; trace 4, 8 1M protoporphyrin. For traces 5 and 6 either 8 M protoporphyrin
(trace 5) or 1852 nM ChIH (trace 6) was added to the Chll/ChID preincubation mixture. After
preincubation, the incubation in trace 5 was mixed with 1852 nM ChiH that had been
preincubated with 5 mM ATP and 16 mM MqCl,; the incubation in trace 6 was mixed with
protoporphyrin. All preincubations were for 10 min at 34 °C in a total volume of 100 sl. The
final volume of all assays was adjusted to 1 ml with buffer of 34 °C and in all assays the final
concentrations of protoporphyrin, ATP and MgCl, were 0.8 M, 1 mM and 12 mM respectively
and the final concentrations of Chil, ChID and ChiH were 95, 47 and 185 nM respectively.

either MgCl, or MgATP?*", i.e. equimolar concentrations of ATP
and MgCl,, also caused a significant increase in the rate (Figure
6; compare traces 2 and 3 with trace 4). However, the highest
rates, as seen in Figure 6 (trace 1), were repeatedly obtained
when both MgATP?* and MgCl, were present during pre-
incubation. This could indicate that besides protoporphyrin
ChlH requires MgATP* and MgCl, for proper function. A
purely stabilizing effect of MgATP?" and MgCl, on ChlH is
unlikely because preincubation of the three subunits with
MgATP? and MgCl,, as indicated in Figure 6 (trace 6) followed
by addition of protoporphyrin to start the reaction did not
produce the maximal rate.

In the next series of experiments that part of the reaction
involving ChlH was kept constant; thus ChlH was preincubated
with protoporphyrin, ATP and MgCl, for 10 min before being
mixed with different preincubations of Chll and ChlD (Figure 7).
These experiments confirmed that Chll and ChlD are indeed
involved in an ATP-dependent interaction (Figure 7; compare
trace 1 with traces 2, 3 and 4). Neither MgATP?" nor MgCl,
alone could reduce the lag. This strongly suggests that free Mg?*
is required. In fact, MgATP?" or MgCl, alone in the ChlI plus
ChlID preincubation resulted in a lag period of the same duration
as preincubating Chll and ChlD together without any nucleotide
or MgCl, (Figure 7A; compare traces 2 and 3 with trace 4).
Irrespective of the preincubation conditions used with Chll plus
ChlD, the final rate seemed to reach the same value. Pre-
incubation of ChlI plus ChID with ATP[S] followed by assay in
the presence of ATP resulted in a trace similar to trace 2 in
Figure 7(A), i.e. a lag period of the same duration as pre-
incubating Chll and ChID together without any nucleotide or
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Figure 7 Demonstration that preincubation of Chll and ChID with ATP and
MgCl, is needed to overcome a lag in the linear rate of product formation

(A) In these experiments the preincubated ChIH mixture was the same for all traces: 1850 nM
ChIH/8 M protoporphyrin/5 mM ATP/16 mM MgCl,. This was mixed with 950 nM Chil and
470 nM ChID that had been preincubated with the following additions: trace 1, 5 mM ATP
and 16 mM MgCl,; trace 2, 11 mM MqCl,; trace 3, 5 mM ATP and 5 mM MgCl,; trace 4, no
ATP and no MgCl,. (B) In this series of experiments the effect of preincubating either Chll
or ChiD alone or with ChIH was investigated. Trace 1 is the same as in (A). For trace 2,
ChiD was incubated with ChiH together with 8 x~M protoporphyrin/5 mM ATP/16 mM
MgCl,. The reaction was started by adding Chil. For trace 3, ChID was preincubated with 5 mM
ATP/16 mM MqCl, before being mixed with ChiH preincubated with 8 M protoporphyrin/5 mM
ATP/16 mM MgCl, and subsequently started by the addition of Chll. For trace 4, Chll was
incubated with ChiH together with 8 «M protoporphyrin/5 mM ATP/16 mM MgCl, and the
reaction was started by the addition of ChID. For trace 5, Chil was preincubated with 5 mM
ATP/16 mM MqCl, before being mixed with ChiH preincubated with 8 M protoporphyrin/5 mM
ATP/16 mM MqCl, and subsequently started by the addition of ChID. In all experiments the
preincubation was in a volume of 100 I and was conducted at 34 °C for 10 min. The final
volume of the assay was adjusted to 1 ml with buffer at 34 °C and in all assays the final
concentrations of the substrates and subunits were the same as in Figure 6.

MgCl,, followed by the same maximal rate as the control (results
not shown). This examination of the lag period involving both
Chll and ChID leads to the conclusion that Chll and ChlD
interact in an ATP-dependent manner that requires the presence
of free MgCl,.

Preincubation of Chll or ChID individually with MgATP?*"
and MgCl, was also tested and neither of these combinations
decreased the duration of the lag (Figure 7B, traces 2 and 4). In
fact, preincubation of Chll with ATP and MgCl, for 10 min
caused a marked increase in the lag period (Figure 7B, trace 5)
and a similar effect was seen when Chll was preincubated with
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Figure 8 Dependence on MgCl, concentration of the rate of Mg chelation
catalysed by the reconstituted Synechocystis Mg chelatase

(A) The stopped assay was used to investigate the requirement for free Mg®*: no detectable
Mg chelation takes place before the MgCl, concentration exceeds the ATP concentration. Chll
(95 nM), ChID (47 nM) and ChIH (185 nM) were used in the standard assay with various
concentrations of total MgCl, and with two different concentrations of ATP: 4 mM (M) and
8 mM (@). (B) For the kinetic analysis the continuous assay was used to obtain the maximal
rates. Reactions were initiated by mixing preincubated mixtures of ChiH/5 mM ATP/16 mM
MgCl,/8 xM protoporphyrin IX with a preincubated mixture containing Chil, ChiD, 5 mM ATP
and 16 mM MgCl,. At final concentrations of free MgCl, below 2.2 mM the concentration of
MgCl, in the preincubations was reduced and at final concentrations above 2.2 mM MgCl, the
preincubations were mixed with warm buffer containing MgCl, to give the final concentrations
as indicated. The final concentrations of ATP and protoporphyrin were 1 mM and 0.8 M
respectively. The results are shown by the individual points and were fitted to the Hill equation
[eqn. (2)] by non-linear regression. The parameters obtained were then used to generate the
curve. The inset shows log[v/(V/— v)] plotted against log[MgCl,];.: the parameters obtained
for the Hill function were used to generate the line. The preincubations contained 950 nM Chll,
470 nM ChID and 1850 nM ChIH which were subsequently diluted 1:10 in the final 1 ml assay.
Abbreviation: MgP, magnesium protoporphyrin IX.

ChlH, ATP, MgCl, and protoporphyrin (Figure 7B, trace 4).
Therefore preincubation of Chll with ATP and MgCl, in the
absence of ChlD apparently converts Chll into an unproductive
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Figure 9 Dependence on protoporphyrin IX concentration of the rate of Mg
chelation catalysed by the reconstituted Synechocystis Mg chelatase

Reactions were initiated by mixing a preincubated mixture containing ChiH, 5 mM ATP, 16 mM
MgCl, and various concentrations of protoporphyrin X with a preincubated mixture containing
Chll, ChiD, 5 mM ATP and 16 mM MgCl,. At final concentrations of protoporphyrin below
0.8 #M the amount of protoporphyrin in the preincubations was decreased and at final
concentrations above 0.8 xM the preincubations were mixed with warm buffer containing
protoporphyrin to give the final concentrations as indicated. The final concentrations of ATP and
MgCl, were 1 and 11 mM respectively. The results are shown by the individual points and were
fitted to eqn. (3) by non-linear regression. The parameters obtained were then used to generate
the curve. The inset shows the points up to 0.8 M protoporphyrin; these were fitted to a
rectangular hyperbola by using non-linear regression and the parameters obtained were used
to generate the curve. The preincubations contained 950 nM Chll, 470 nM ChID and 1850 nM
ChiH, which were subsequently diluted 1:10 in the final 1 ml assay. Abbreviation: MgP,
magnesium protoporphyrin IX.

state, a process that seems to be reversible, because the rate
eventually reaches that of the control.

Measurements of steady-state kinetic parameters for the three
substrates

Initial optimization of the MgCl, requirement for the Mg
chelatase enzyme was performed with the stopped assay and
revealed some interesting points. Mg chelatase activity could not
be detected until the MgCl, concentration exceeded the ATP
concentration, indicating that free Mg?* ions are needed for the
formation of detectable amounts of products; it seems that the
optimal MgCl, concentration is 10-12 mM above the ATP
concentration (Figure 8A). Increasing the MgCl, concentrations
above the optimal value resulted in a steady decrease in activity.
This decrease could be due to either substrate inhibition, an effect
of salt or precipitation of protein.

Maximum rates of magnesium chelation were determined with
the continuous assay ; the steady-state parameters for the reaction
were determined from the concentration dependence of the
maximum reaction rate for each substrate, with the concentration
of the other two substrates fixed close to saturation. Each
measurement was repeated two or three times. MgCl, concen-
tration-dependent rates were obtained as described in the legend
to Figure 8(B). The rate dependence of free MgCl, is clearly
sigmoidal (Figure 8B) and fitting the results to the Hill function
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Figure 10 Dependence on ATP concentration of the rate of the Mg
chelation catalysed by the reconstituted Synechocystis Mg chelatase

Reactions were initiated by adding warm buffer containing various concentrations of ATP to a
mixture containing Chll, ChID, ChiH, MgCl, and protoporphyrin that had been preincubated for
5 min. The final concentrations of MgCl, and protoporphyrin were 11 mM and 0.8 uM
respectively. In all three experiments the preincubations contained 950 nM Chll, 470 nM ChID
and 1850 nM ChiH, which were subsequently diluted 1:10 in the final 1 ml assay. The results
from 0.1 to 5 mM ATP were fitted to a rectangular hyperbola [eqn. (1)] by non-linear regression
and the parameters obtained were used to generate the curve. Abbreviation: MgP, magnesium
protoporphyrin IX.

reveals a satisfactory fit with the following apparent estimates of
kinetic parameters for MgCl,: V.= 95+ 3 pmol/h per ug, K,
=49+02mM and h=3403. The V,,_ obtained from the
Mg?* dependence data is in agreement with the rate obtained
with 800 nM protoporphyrin in Figure 9.

Figure 9 shows the result of varying the protoporphyrin
concentration and there is a hyperbolic increase in the rate of Mg
chelation with increasing protoporphyrin up to 0.8 xM. With
protoporphyrin concentrations above 0.8 ¢M there is a reduction
in the rate of Mg chelation to a constant level of activity. Fitting
the results for up to 0.8 xM protoporphyrin (Figure 9, inset) to
a rectangular hyperbola gave the following estimates of kinetic
parameters for protoporphyrin: V, = 236436 pmol/h per ug
and K = 1.25+0.28 uM. However, the maximum rate obtained
with 0.8 uM protoporphyrin was only 92 pmol/h per ug.
Attempts to fit the entire data set to a model with simple
substrate inhibition [eqn. (3)] did not yield a satisfactory fit
(Figure 9). One likely explanation for this is that protoporphyrin
aggregates at high concentrations and is therefore not available
to the enzyme. Therefore no further attempts were made to fit the
data to an alternative model. Control experiments, in which
protoporphyrin concentrations higher than 8 xM were added to
the ChlH preincubation mixture, revealed the same level of
inhibition as shown in Figure 9 and therefore the observed
inhibition did not arise from the mixing conditions.

Owing to the interactions between the individual subunits and
ATP the rate dependence on the ATP concentration was per-
formed in a slightly different way. The three protein subunits
were preincubated for 5 min with protoporphyrin and MgCl,.
The duration of the preincubation was less critical because no
activation could take place in the absence of ATP. The reaction
was initiated by mixing the preincubation with warm buffer
containing various concentrations of MgATP?". In this way a
constant excess of 11 mM free MgCl, above the ATP con-
centration was ensured. The rate increased in a hyperbolic
manner with increasing ATP concentration until 5mM and
above this concentration some inhibition was seen (Figure 10).

Fitting the data between 0.1 and 5.0 mM to a rectangular
hyperbola gave the following apparent estimates of kinetic
parameters for ATP: V= 5043 pmol/h per ug and K, =
0.49+0.1 mM. When this V_, _is compared with those obtained
above for the MgCl, dependence, it is clear that the V
for ATP dependence reaches only approximately half of that
obtained for Mg*" dependence; the steady-state estimates for
ATP are therefore probably underestimated.

DISCUSSION
Provisional model

To our knowledge this is the first analysis of the biochemical and
kinetic properties of a Mg chelatase from a chlorophyll a-
synthesizing organism by using purified subunits. The purified
subunits reconstitute to form a highly active enzyme but the
complexity of the Mg chelatase enzyme precludes a full kinetic
analysis. However, a conventional analysis assuming Michaelis—
Menten kinetics for each substrate allows us a glimpse of the
factors that determine the catalytic properties of Mg chelatase. A
provisional model for Mg chelatase has recently been proposed
by Walker and Willows [17]. In Scheme 1 a mechanistic version
of the Mg chelatase cycle is presented, which in part is based on
the model by Walker and Willows [17] and in part on the reaction
cycle for nitrogenase described by Thorneley and Lowe [18] and
Thorneley [19].

The interaction between Chil and ChID

The results from the gel-filtration experiments indicate that
MgATP?* has a marked effect on the aggregation behaviour of
the Chll subunit in vitro, converting it from a dimeric structure
into an octamer. The existence of Type A and B ATP-binding
motifs (A/GX,GKS/T and H/R/KX, ;,OXOODE, where O
indicates hydrophobic residues) [20-22] in Chll, is consistent
with an effect of ATP and it seems that at least one function of
Chll is to bind MgATP?", an essential component of the chelation

Complex
formation

I-D-MgATP + H-Proto — I-D-MgATP-H-Proto + Mg’

ADP .
Nucleotide ATP
MgProto & cleavage
porphyrin &
ATP replacement Mg insertion
Proto

I-D-MgADP + H-MgProto «—— I-D-MgADP-H-MgProto

Complex
dissociation

Scheme 1 Model of the Mg chelatase cycle

The Chil and ChID subunits interact with MgATP?~ and a complex is probably formed
(I-D—MgATP?"). The ChIH subunit with bound protoporphyrin (Proto) reacts with this
Chll-ChID-MgATP?~ complex; a short-lived complex consisting of all three subunits and at
least two of the substrates is formed (complex formation). Next, Mg®* is inserted into
protoporphyrin IX with the concomitant hydrolysis of ATP, resulting in another, probably short-
lived, complex consisting of Chll, ChID, ChiH, MgADP and Mg protoporphyrin (MgProto). This
dissociates into Chll-ChID—MgADP and ChIH—MgProto, which then can be recharged with
MgATP?~ and protoporphyrin and participate in a new reaction cycle.
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reaction. However, the continuous assays demonstrate that the
Chll/MgATP?*" preincubation caused a marked increase in the
lag period before a linear rate of product formation was observed,
which suggests that a ChlI-MgATP?* complex is unfavourable
for the chelation reaction. In the presence of ChlD and Chll,
ATP and MgCl, are absolutely required in order to overcome the
lag and, as indicated in Scheme 1, a MgATP?>-dependent
interaction between the Chll and ChlD subunits before in-
teraction with the ChlH subunit is suggested. In nitrogenase,
MgATP?" binding induces protein conformational changes that
favour the formation of the Fe protein—-MoFe protein complex
[23,24], and function of the subsequent hydrolysis of MgATP*~
in this case has been suggested to be to induce protein con-
formational changes that would be coupled to protein—protein
dissociation [25]. It remains to be established whether a similar
mechanism is true for Mg chelatase.

The results of the Chll/ChlD subunit titration show that, at
least in vitro, there is no practical limit to the Chll-to-ChlD ratio
(Figure 3), although it is likely that the ratio determined (approx.
200:1) is not remotely approached in vivo. The converse ex-
periment, in which the concentration of ChID is increased,
showed that when the ChlD-to-Chll ratio exceeds 1:2, inhibition
of the reaction occurs (Figure 4A); it is tempting to speculate
that the ChlI-ChID-MgATP?" complex indicated in Scheme 1
has a 1:1 stoichiometry of Chll, to ChlD.

The R. sphaeroides BchD purified from an E. coli over-
expression strain has been reported to be polymeric with a
molecular mass of approx. 550 kDa [12]. However, the gel-
filtration experiments reported here with ChlD under different
conditions showed that ChID is likely to be monomeric, or
possibly dimeric and although the gel filtration results for ChlD
are ambiguous in this respect, there are no indications of
aggregation of ChlD into an oligomer. It is therefore unlikely
that the ChlD dissociates from a ChlD aggregate as proposed in
the model by Walker and Willows [17].

In Scheme 1 we assume that the inserted Mg?* comes from the
pool of free Mg** and not from the MgATP* complex. One
possible role of ChlD is to bind the Mg** ion transiently before
insertion into protoporphyrin IX. There is a region of negatively
charged residues in ChID in which 19 out of 40 residues are either
Asp or Glu and which is flanked by proline-rich regions [2].
Predictions of secondary structure suggest that this acidic region
is organized into an a-helix with one side lined with these acidic
residues. In other Mg**-requiring enzymes large numbers of
carboxylic ligands have been reported to form a typical Mg?*-
binding domain [26]. Thus the cluster of negative charges might
function as a Mg**-binding pocket; such an apparent abundance
of negative charges might be necessary to encourage the elim-
ination of the hydration shell around the Mg*" ion, which is a
precondition for the subsequent insertion into protoporphyrin
IX[27]. The proline-rich regions are likely to be flanking segments
of contact sites for subunit interactions [28]. The model in
Scheme 1 therefore differs from the model proposed by Walker
and Willows, in which the Mg?* is thought to bind to the ChlH
subunit before insertion. These propositions will be tested in
future experiments.

Confirmation that ChiH interacts with protoporphyrin

During histidine-tag purification of ChlH, it was noted that
ChlH-containing fractions exhibited a visible red colour most
probably contributed by protoporphyrin sequestered during
overproduction of this protein in E. coli. During the subsequent
anion-exchange purification step the protoporphyrin was lost.
This is quite different from the observations made during

purification of the R. sphaeroides BchH, in which a significant
amount of protoporphyrin remained bound during three chroma-
tographic steps [12]. This could suggest that ChlH has less
affinity for protoporphyrin than BchH or that it needs additional
factors for proper binding. The continuous assays performed
with ChlH suggest that it needs to interact with protoporphyrin
to decrease the lag before the onset of chelation. Furthermore
this ChlH—protoporphyrin interaction was greatly stimulated by
MgCl, or MgATP?", with the strongest stimulation when both
MgATP?" and an excess of MgCl, were present. However,
preincubation of ChIH with ATP and MgCl, but no proto-
porphyrin was ineffective in decreasing the extent of the lag
period, which makes a stabilizing effect of ATP and MgCl, less
likely than a specific interaction with protoporphyrin. Thus,
besides supporting the notion that ChlH interacts with proto-
porphyrin before chelation, the continuous assays also suggest
that ChlH requires both MgATP?*  and MgCl, in order to
interact properly with protoporphyrin.

Interaction between ChIH and ChID

As discussed above, it is likely that the ChlH subunit binds
protoporphyrin IX before Mg** insertion and, as indicated in
Scheme 1, it seems that at least one role of ChlH is to act as a
substrate carrier. In support of this, we observe a relatively high
ChlH-to-ChlID ratio in the subunit titration (Figure 2), as well as
noting that the relationship between these proteins in terms of
Mg chelation is well described by the Michaelis—Menten
equation. The requirement for the ChIH subunit might be
twofold: first, as a method of sequestering protoporphyrin IX to
prevent the insertion of Fe?* by ferrochelatase, as proposed for
the Arabidopsis CHL H protein [29], and secondly, as a way of
presenting protoporphyrin to the ChlI-ChlD complex to fulfil a
precise structural arrangement with regard to this complex and
thereby being part of the active site (Scheme 1, complex for-
mation).

A Mg chelatase complex has never been purified from any
organism. Most work so far suggests that the Mg chelatase
subunits in both R. sphaeroides and higher-plant chloroplasts
exist separately from each other and activity could be recon-
stituted only by combining different fractions [5,6,30]. This could
suggest that any interactions holding the subunits in a putative
Mg chelatase complex together are weak or that the complex is
short-lived. This might explain the observations in Figure 2,
where there is no apparent limit to the amount of ChlH that can
be added to the reaction, suggesting that replacement of ChlH in
the putative complex with a new ChIH subunit with bound
substrate is more favourable than recharging the subunits
with substrate. The situation with Chll is more subtle because the
continuous assays indicate that Chll and ChlD are both needed
for an ATP-dependent activation process. Thus the function of
Chll could be to participate in this activation, which is also in
accordance with the observed behaviour of Chll in the experiment
where increasing concentrations of Chll are added to the reaction
(Figure 3). However, work with the R. sphaeroides Mg chelatase
subunits suggests that both the Chll and ChID subunits are
needed to complete the catalytic cycle because separation of the
two subunits after activation resulted in loss of activity [12].

Kinetics of the Mg chelation reaction

The K, values obtained for ATP and MgCl, were 0.49 and
4.9 mM respectively, 3-fold the corresponding values reported
for the R. sphaeroides Mg chelatase [12]. The K for proto-

porphyrin was estimated to be 1.25 uM, whereas the value for
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the R. sphaeroides system is 0.36 xuM [12] and the recently
published estimate obtained with partly purified Mg chelatase
from developing pea leaves is 0.008-0.014 xM [6]. Both R.
sphaeroides and plants need to channel large amounts of proto-
porphyrin to the chlorophyll pathway. In contrast, cyanobacteria
synthesize large amounts of haem via ferrochelatase, because
haem is an intermediate in the biosynthesis of the chromophore
of phycobiliprotein, the major light-harvesting structure in these
organisms [31]. The differences in K values for Mg chelatases
from the different sources therefore probably reflect different
physiological needs, and the kinetics reported here provides at
least one of the explanations for major allocations in the flux
down these pathways, at the molecular level.

The sigmoidal shape of the MgCl, dependence curve with an
estimated Hill coefficient of 3 suggests positive co-operativity.
With partly purified Mg chelatase from developing pea leaves,
Guo et al. [6] also find that the Mg*" concentration curve is
strongly sigmoidal and report an apparent K of 14.3 mM. The
finding that the MgCl, concentration has to exceed the ATP
concentration before chelation takes place confirms that
MgATP? is the active nucleotide species used during chelation,
as suggested by Richter and Rienits [32], and thereby indicates
one obvious role for Mg?*. It also suggests that the enzyme
requires free Mg?* ions for activity. The effect of Mg®* on co-
operativity must be applied to parts of the reaction other than
those involving a complex with ATP. An obvious role for Mg?",
besides that of inserting into protoporphyrin, is to enhance and
maintain subunit interactions, and the observed requirement for
Mg?* in excess of the ATP concentration in the continuous
assays with Chll and ChlD (Figure 7A) is consistent with this
purpose.

The kinetics obtained by varying the ATP concentration was
subject to a significant limitation, in that the chelation reaction
was initiated by the addition of ATP, thus depriving the subunits
of the opportunity to interact with, and to be activated by, ATP.
Accordingly we observed a relatively low V _in these assays.
This highlights the central importance of ATP for the formation
of a putative catalytic complex. The requirement for ATP must
be at least threefold: (1) for the ChlII-ChID interaction as
indicated from the continuous assays (Figure 7A), (2) for the
interaction with ChlH to ensure maximal rate (Figure 6), and (3)
as energy source during metal insertion. It is therefore surprising
that the ATP dependence curve is simply hyperbolic, in contrast
with the multiple roles above for Mg** and the consequent
deviation from a simple hyperbolic curve. ATP could very well
be the main regulator of Mg chelation because its availability
and the interaction with MgCl, are key factors in the function of
the enzyme.

Overall, the chelation of Mg** seems to be a difficult reaction
relative to the chelation of Fe®" because the insertion of Mg**
requires three proteins and ATP in contrast with ferrochelatase.
We have already noted the contrast in affinities of the Mg
chelatase enzymes for protoporphyrin, the shared substrate. In
ferrochelatases from pea and R. sphaeroides, the K values for
protoporphyrin were reported to be 2.4 and 18 yM respectively
[33,34]; in contrast, K values of 0.36, 1.25 and 0.008-0.014 «M
were obtained for Mg chelatase of R. sphaeroides [12], Syne-
chocystis (the present study) and the pea system [6] respectively.
These differences might have some important implications for
the regulation of flux down the tetrapyrrole biosynthetic pathway,
because this contrast in K, for a shared substrate would then be
reflected in a dominance of the Mg?*" branch over the Fe**
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insertion. In many photosynthetic organisms, Mg** chelation is
a process that must prevail over Fe*" chelation. This necessity
has driven the formation of a complex, multisubunit, multistep
enzyme mechanism, which we will now be able to study at a
detailed molecular level.
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