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ABSTRACT. Magnesium protoporphyrin chelatase catalyzes the insertion ofa idig into protoporphyrin

IX, which can be considered as the first committed step of (bacterio)chlorophyll synthesis. In the present
work, the Mg chelatase H subunits from b&knechocystiand Rhodobacter sphaeroidegere studied
because of the differing requirements of these organisms for modified cyclic tetrapyrroles. Deuteroporphyrin
was shown to be a substrate for Mg chelatase. Analytical HPLC gel filtration was used to show that an
H—deuteroporphyrin complex can be reconstituted by incubating the magnesium chelatase H subunit
with a molar excess of deuteroporphyrin and that these complexes are monomers. The binding process
occurs in the absence of Migor ATP or the | or D subunits of Mg chelatase. The emission from Trp
residues in the H subunit is partly quenched when deuteroporphyrin is bound. Quantitative analysis of
Trp fluorescence quenching led to determination ofKhevalues for deuteroporphyrin binding to BchH

from Rb. sphaeroideand ChIH fromSynechocystisvhich are 1.22t 0.42uM and 0.53+ 0.12uM for

ChIH and BchH, respectively. In the case of ChIH, but not BchH Khancreased 4-fold in the presence

of MgATP?~. Red shifts in absorbance and excitation peaks were observed in the B band of the bound
porphyrin in comparison with deuteroporphyrin in solution, as well as reduced yield and red shifts of up
to 8 nm in fluorescence emission. These alterations are consistent with a slightly deformed nonplanar
conformation of the bound porphyrin. Mg deuteroporphyrin, the product of the Mg chelation reaction,
was shown to form a complex with either ChlH or BchH; in each cas&thfer Mg deuteroporphyrin

is similar to that for deuteroporphyrin. The implications of the Mg protoporphyrin interaction for the

next enzyme in the chlorophyll biosynthetic pathway, Mg protoporphyrin methyltransferase, are discussed.

Magnesium protoporphyrin IX chelatase catalyzes the enzyme requires MgAT® plus free M@" ions for activity.
insertion of a M@" ion into protoporphyrin IXt This reaction The first demonstrations that three proteins comprised the
can be considered as the first committed step of (bacterio)-magnesium chelatase employed cell-free extracEscheri-
chlorophyll synthesis and also as one component of a branchchia coli prepared from strains overexpressing e |, D,
point in tetrapyrrole biosynthesig); The other component and H genes from the purple photosynthetic bacterium
of this branch point involves the insertion of #einto Rhodobacter sphaeroid€d) or thechl I, D, andH genes
protoporphyrin leading to the formation of heme. Heme and from the cyanobacteriunSynechocystig5). Similar ap-
chlorophyll cofactors play a central role in energy transducing proaches were used for the magnesium chelatas€élof
complexes, and the redox and light absorbing properties of robium vibrioforme and tobacco®, 7).
these tetrapyrroles arise in part from the metal ion present. Further progress using the purified I, D, and H subunits
Thus, the mechanisms governing the insertion of a particular established optimal conditions for the reaction, in terms of
ion and the specificity of this process are both of importance the molar ratios of the subunits, and appateptvalues for
for the assembly and function of energy transducing mem- protoporphyrin, M§", and MgATPE~ (8). Subsequently, it
branes. was shown that alHD—MgATP complex could be purified

Insertion of F&" into protoporphyrin is catalyzed by a and that ATP hydrolysis was not necessary for the formation
ferrochelatase. This enzyme does not require ATP and is aof such a complex9, 10).
single polypeptide. Recently the structure of Bacillus As a result of this work, a reaction scheme was suggested
subtilis enzyme has been determine®3j. In contrast,  (11): In this scheme (see below) the H subunit is pro-
magnesium chelatase consists of three polypeptides;H (36
42 kDa), D (66-74 kDa), and H (136150 kDa), and the Mgz

1+D + MgATP ==——"= ]DMgATP%—i I+D+MgADP + Pi
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Rb. sphaeroidesxhibited a noticeable red color attributable EXPERIMENTAL PROCEDURES
to protoporphyrin4). It was also observed that, in continuous
assays of Mg chelatase activity, preincubation of ChIH with
protoporphyrin shortened the lag period which precedes

product formation §). If the role of the H subunit is to bind proteins was performed as described in refsand 5.

_protoporphynn prior to insertion of Mg this woulld have Purification of the ChlH and BchH proteins was performed
important consequences for the catalytic mechanism and also

. . . essentially as described in re8sand 10.
for the amount of protoporphyrin available at the branch point After purification. BehH fromRb. sphaeroid s red
for ferrochelatase. Indeed partitioning of protoporphyrin €r puritication, B¢ 0 - Sphaeroideappears re

due to endogenously bound protoporphyrin. The molar ratio
Ee_mfoig fjhre?]eritr)lr?r?tgr]aegtix)ni%"dsffh %O;I:rﬂgio?yrg;: of protoporphyrin: BchH is typically 1:5 (20%). For the
for F:he Il?/lg pcr):elatase H subuﬁit would hgtve imyportant guantitative analysis described in this paper it was necessary
implications for the way in which fluxes through the heme to “strip” the bound protoporphyrin from BchH beforehand.

o The purified protein was applied to a Niagarose affinity
_and chlorophyll pathways are gontrolled. I,t is likely that the column according to the manufacturer’s instructions (Novagen)
importance of the H subunit is more widespread; recent

. . ) X and, after the binding step, was washed with 6 column
studies of the GUN5 mutant érabidopsis thaliandead to volumes of wash buffer (20 mM Tris-HCI, pH 7.9, 60 mM

_the ponclusion tha’g the Mg chelatase H s_ubunit is involved imidazole 1 M NaCl, and 0.5% Tween-20). Protein was
in signal transduction petween t.he plastid and the .”l_JdeUSrecovered by elution with imidazole buffer (20 mM Tris-
(14). Sugh work underll.nes the |mportanc_e o_f obtaining a . pH 7.9, 500 mM imidazole, 0.5 M NaCl); pooled
quantitative understanding of how porphyrin binds to H and fractions were dialyzed first into 50 mM Tricine-NaOH, pH
how catalysis of M§g" chelation proceeds. 7.9, 1 M NaCl, and 0.5% Tween-20 and subsequently into
The Mg chelatase H subunits from b&knechocystiand 50 mM Tricine-NaOH, pH 7.9, 50% (v/v) glycerol, and 1
Rb. sphaeroideprovide an interesting contrast because of MM DTT and stored at-70 °C. The stripped BchH, which
the differing tetrapyrrole requirements of these organisms. retained full activity in Mg chelatase assays, had a molar
In Synechocystithe flux down the F& branch of tetrapy-  ratio of protoporphyrin:BchH of 1:20 (5%). In contrast, no
rrole biosynthesis is expected to be far more significant than Stripping procedure was necessary for Symechocystisi
in RhodobacterIn the cyanobacteria heme is required for Subunit (ChiH): when purified the ChiH was almost free
cytochromes but also as a source of the linear tetrapyrrolesffom bound porphyrin, with a molar ratio of protoporphyrin:
which are used as light-harvesting pigments in the phyco- BchH of 1:30 (3%).
bilisomes (5). In the purple photosynthetic bacteria and in ~ Analytical Gel Filtration by HPLC.A Shodex KW-803
plants, the chlorophyll (M&) branch dominates because the column was equilibrated with running buffer consisting of
photosystems rely on chlorophylls for both antenna and 0 MM MOPS/KOH, pH 7.7 (50 mM Tricine/KOH, pH 7.9,
photochemical complexes. A comparison of the Mg chelatase for BchH experiments), 100 mM NaCl, 300 mM glycerol,
H subunits from Synechocystisand Rhodobactercould and 1 mM DTT at 1.0 mL min‘. The column was calibrated
therefore reveal interesting differences in the protoporphyrin With the following markers: blue dextrald); thyroglobulin
binding properties of these proteins, with consequences for(669 kDa); sweet-potajf-amylase (200 kDa); yeast alcohol
both the functional and regulatory roles of these subunits. d€ydrogenase (150 kDa); bovine erythrocyte carbonic

To obtai detailed inf ) h Wi anhydrase (29 kDa).
00 'tam more detalle |n'or.mat|on on the catalytic A 1 uM concentration of ChlH or BchH was incubated in
mechanism of Mg chelatase, it is necessary to study the

. . > . : 4 the presence or absence of 48 deuteroporphyrin, 5 mM
partial reactions in detail. Thus, the interactions between ATP, and 10 mM MgG{ in running buffer for 5 min at 34
protopoerhyrm_and H, and also those between I, D, and o gamples were analyzed by loading0aliquots onto
MgATP=", require separate study. In the present work it as {he column and following elution by recording either protein
been established that deuteroporphyrin, more water-solubleg,orescence at 350 nm (excitation at 280 nm) or deuteropor-
than protoporphyrin, is a substrate for Mg chelatase. The phyrin fluorescence at 615 nm (excitation at 390 nm). Protein
associations between the H subunit and deuteroporphyringhsorbance scans were taken simultaneously in order to
have been examined in the present study using analyticalpbtain estimates of total protein concentration, because of
HPLC gel f||trat|0n, which has established that ar-éku- variable fluorescence y|e|ds at 350 nm.

teroporphyrin complex can be isolated. The emission from  gpectroscopyFluorescence spectra were recorded on a
Trp residues in the H subunit is partly quenched when either spEx Fluorolog spectrofluorometer fitted with a tempera-
deuteroporphyrin or Mg deuteroporphyrin is bound; quantita- tre-controlled cuvette holder set to 3. For composition

tive analysis of this quenching has allowed us to determine of samples, see legends to Figures42 All ChiH samples

the Kq values for binding of these porphyrins to BchH from  \ere in 50 mM MOPS-KOH, pH 7.7, 300 mM glycerol,
Rb. sphaeroideand ChlH fromSynechocystidAlterations and 1 mM DTT while all BchH samples were in 50 mM

in absorbance and fluorescence properties of deuteropor-Tricine-KOH, pH 7.9, 300 mM glycerol, and 1 mM DTT.
phyrin in upon binding to the H subunit are consistent with  Samples (1 mL) were incubated for at least 5 min afG4

a slightly deformed nonplanar conformation of the bound before transfer to a Starna semi-micro quartz cuvette. For
porphyrin. These data enabled us to assess the properties gfrotein fluorescence emission measurements at 350 nm,
the H—deuteroporphyrin and HMg—deuteroporphyrin com-  excitation wavelengths of 280 nm (when no ATP was
plexes that could arise during steady-state catalysis 8fMg present) and 295 nm (when ATP was present) were chosen.
insertion. Excitation and emission slit widths corresponding to 4.5 and

Protein Production and PurificatioiThe plasmids pET9a-
ChiH (5) and pET14b-BchH0) were each transformed into
E. coli BL21(DE3) cells, and expression of recombinant
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Ficure 1: Dependence of steady-state rat@ ¢f magnesium
chelation on deuteroporphyrin concentration af@7l 0.1 M, pH
7.7, with 0.54M ChID, 1M Chll, 5 mM MgATP?-, 5 mM Mg?*,
and 0.1uM ChlIH (O) or 0.2uM ChiH (®). The lines are theoretical
for a Michelis—Menten rate equation with the following parameter

values, determined by nonlinear regression analysis weighted by

the constant absolute error condition: upper line (200 nM ChiH),
Vmax = 7 £ 0.5 nM s%, Ky, = 8 &+ 1.6 uM; lower line (100 nM
ChIH), Vmax= 3.5+ 0.33 nM st Kn=57+ 1.7uM.

18 nm, respectively, were used for excitation scans. For
emission scans both slits were set at 4.5 nm. Other excitation
and emission wavelengths used are quoted in the legends to

Figures 6 and 7.
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Ficure 2: Gel filtration chromatograms of ChlH. Samples contain-

Absorbance spectra were recorded on a Beckman DU 640ing 1 uM H protein were incubated with or without 48M
spectrophotometer. The buffers used were the same as foP'eUtefOpOfphyfm 5 mM ATP, and 10 mM MgCfor 30 min at

fluorescence spectroscopy.

Stock porphyrin solutions were prepared by dissolving a
small amount of porphyrin in buffer. These solutions
aggregated after-23 weeks storage at20 °C when they

became visibly turbid; fresh solutions were prepared weekly.

Porphyrin concentrations were determined in 0.1 M HCI
using theesgg of 433 000 Mt cm™%, magnesium deuteropor-
phyrin IX having been converted to deuteroporphyrin IX by
a 5 min incubationn 1 M acetic acid.

Analysis of Apparent Disassociation Constants for Deu-
teroporphyrin and Mg Deuteroporphyrin with ChlH and
BchH. Binding titration data were fitted to eq 1, in which a
single type of binding site is assumed:

I:obs= I:O +

[Ll; + [El; + Ky — y/(L] 1 + [E]y + Ko
2[E],

— 4[L],[E],

)

where Fops is the observed fluorescenc&, is initial
fluorescencelmaxis the maximum amplitude of fluorescence
quenching, [L} is the total ligand concentration, [Eis the
total concentration of H protein (fixed at QM during the
fitting procedure), andKy is the apparent disassociation
constant.

Magnesium Chelatase AssafReactions were carried out
at 34°C in 50 mM MOPS/KOH|J 0.1, 1 mM DTT, pH 7.7,
in a Bio-Tek F2 microplate reader with excitation through a
420+ 25 nm filter and emission observed through a 390

4 °C and applied to an HPLC gel filtration column preequilibrated
Wlth buffer and calibrated using the following markers: blue dextran
(Vo); thyroglobulin (669 kDa);s-amylase (200 kDa); alcohol
dehydrogenase (150 kDa); cytochromexidase (29 kDa). (A)
Protein fluorescence chromatograms. (B) Deuteroporphyrin fluo-
rescence chromatograms. Key: 1, ChiH; 2, ChIH and Mggl
ChiH and ATP; 4, ChiH, MgG| and ATP; 5, ChlH and deu-
teroporphyrin; 6, ChlH, deuteroporphyrin, and MgCrI, ChIH,
deuteroporphyrin, and ATP; 8, ChIH, deuteroporphyrin, Mgéhd
ATP. The chromatograms in B have been normalized to the
absorbance at 280 nm.

17.5 nm filter. Protein concentrations were @4 ChiD, 1

uM Chll, and 0.1 or 0.2«M ChlIH, and substrate concentra-
tions were 5 mM MgATP~, 5 mM Mg?*, and 1 or 2 to 20

uM deuteroporphyrin IX. Observed fluorescence was linear
within this range of porphyrin concentration. The maximum
rate during an assay was taken as the steady-state rate and
generally occurred after a 10 min lag phase.

RESULTS

Steady-State Kinetics of Magnesium Chelatase: Assess-
ment of an Apparent kfor DeuteroporphyrinPrevious work
on steady-state kinetics of the magnesium chelatases from
SynechocystiandRb. sphaeroidebad concentrated on the
biological substrate, protoporphyri8-<11); working with
this porphyrin however in aqueous solution requires the
presence of detergent (Tween 80), in contrast with the
relatively soluble analogue deuteroporphyrin that lacks the
two vinyl groups on the A and B rings. The present work
describes the use of the more water-soluble deuteroporphyrin,
which greatly simplifies the work described in this paper.
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[Deuteroporphyrin], uM Ficure 4: Quenching of Mg chelatase H subunit protein fluores-

cence by Mg-deuteroporphyrin. The 04M of purified H protein
was incubated with-821 uM Mg—deuteroporphyrin for at least 5
min at 34°C. (A) Fluorescence emission scans were recorded at
room temperature with an excitation wavelength of 280 nm (295
excitation wavelength of 280 nm (295 nm when Mg@&hd ATP nm when MgCj and ATP were included in the assay). A series of
were included in the assay). A series of spectra showing quenchingfgg‘;g?pﬁgﬁn”i?lg tr?:?arklacslgrr:geoéfﬁé&ﬂgo,&?se;rges%xg%é)

of ChlH fluorescence by deuteroporphyrin in the absence of MgCl Plots of ChiH ®) and BchH ©) fluorescence against Mg

and ATP are shown. (B) Plots of ChiH@J and BchH O) deuteroporphyrin concentration were recorded. The lines are

fluor n in teroporphyrin concentration were recorded. k . ) o
uorescence against deuteroporphyrin concentration were reco deddescrlbed by a single-site binding model with values for Mg-

The lines are described by a single-site binding model (eq 1) with ST
 hind deuteroporphyrin binding of 2.4% 0.46 and 0.22t 0.038uM,
Kg values for deuteroporphyrin binding of 1.220.42 and 0.53t respectively. (C) Plots of ChiH®) and BchH 0) fluorescence

0.12 uM, respectively. (C) Plots of ChiH@) and BehH ©) @gainst Mg-deuteroporphyrin concentration in the presence of 5
fluorescence against deuteroporphyrin concentration in the presenc M ATP and 10 mM MgGi. The data fit eq 1, givindy values

of 5mM ATP and 10 mM Mgdl were recorded. The lines are yigMz.
described by a single-site binding model witKafor deuteropor- LOI\DI ngs_ggcﬂit\%?yorphy”n binding of 5.24 0.84 and 0.16¢ 0.03

phyrin of 4.00+ 1.30 and 0.75t 0.42uM, respectively.

Ficure 3: Quenching of Mg chelatase H subunit protein fluores-
cence by deuteroporphyrin. The QuM purified H protein was
incubated with 6-18 uM deuteroporphyrin for 5 min at 34C.
(A) Fluorescence emission scans were recorded &C3with an

Therefore, it was necessary to determine whether deuteropor/Micelles (Tween 80 is required to help solubilize protopor-
phyrin is a substrate for Mg chelatase, especially in view of Phyrin) and enzyme active sites. The availability of a water-
the report that deuteroporphyrin cannot act as substrate forSoluble porphyrin substrate for this magnesium chelatase will
the Rb. capsulatugnzyme 16). The dependence of initial ~ 9reatly simplify future kinetic analyses.

rate of Mg chelation on deuteroporphyrin concentration was  Analytical Gel Filtration of H-Porphyrin Complexes.
determined for th&ynechocystisnzyme, using purified H,  Analytical gel filtration was used to examine the association
I, and D subunits. The deuteroporphyrin kinetics in Figure between deuteroporphyrin and the Mg chelatase H subunits
1 demonstrate a simple hyperbolic dependence of rgte ( from Synechocystiand Rb. sphaeroidessing HPLC. The
upon porphyrin concentratioVgad[H] wotas = 0.0350+ 0.003 ChlH and BchH proteins (M) were incubated with

s Kn = 8 £ 1.6 uM). Inhibition at high substrate  combinations of 48M deuteroporphyrin, 5 mM ATP, and
concentrations was not seen, unlike that seen with proto-10 mM Mg?" for 5 min at 34°C and then applied to a
porphyrin @), where inhibition occurs at greater tham¥ calibrated HPLC gel filtration column. Chromatograms were
substrate. We propose that the previously observed inhibitionobtained arising from both protein (excitation 280 nm,
does not reflect an additional porphyrin binding site but is emission detection 350 nm) and deuteroporphyrin (excitation
probably due to an aggregation of protoporphyrin, as 390 nm, emission detection 615 nm). Successive experiments
suggested previously), or to partitioning between detergent provided comparisons between the effects of ATP2Mg
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Ficure 5: UV—visible absorbance spectra of Chiideuteropor- Wavelength (nm)
phyrin and BchH-deuteroporphyrin complexes: (A) absorbance
spectra of 4M ChIH (dotted line), 4«M deuteroporphyrin (solid ' ¢
line), 4 uM ChlIH, and 4uM deuteroporphyrin (dashed line); (B) 5 10
absorbance spectra ofu®1 BchH (dotted line), 2«M deuteropor- g
phyrin (solid line), 2uM BchH, and 2uM deuteroporphyrin (dashed 508
line). The inserts in (A) and (B) show expanded spectra in the-450 %
620 nm region. Samples were incubated atG4for 5 min prior £06 "
to measurement. 3 A
‘gO.4 / 1
and the mixture of the two on the -Hleuteroporphyrin 02
interaction and on the apparent molecular mass of the H
prOt?in' ) 550 600 650 700 750
With no added deuteroporphyrin, ChiH elutes as a peak Wavelength (nm)

corresponding to 148 kDa (Figure 2A, trace 1). Given the
predicted molecular mass from the primary sequence of 151 €
kDa, this indicates the presence of a monomer. Preincubation 1.9
of ChlH with ATP, M¢?*, or ATP and M@" together (Figure
2A, traces 2-4) had little effect on the elution position,
although the combination of ATP and Rfg(Figure 2A, trace

4) promoted the appearance of a small proportion of

1.24

o
b

Fluorescence (arbitra
o
o

aggregated forms of ChlH possibly corresponding to tet- o

ramers (646 kDa) and higher aggregation states7(0 024

kDa). When ChlIH is preincubated with deuteroporphyrin ol

(Figure 2A, traces 58) the major protein peak again 550 600 650 700 750
corresponded to H monomers. The presence of ATP in the Wavelength (nm)

preincubation along with deuteroporphyrin was the most Ficure 6: Fluorescence emission spectra of Chiiéuteropor-
effective in promoting higher aggregation states. An asym- phyrin and BchH-deuteroporphyrin complexes. Scans were re-
metry of the elution profiles was observed at longer elution corded at 34C with excitation wavelengths of either 390 nm (A,
times. The protein preparations used for this work were pure B) or 280 nm (C, D): (A, C) 4«M deuteroporphyrin (solid line),
A - . ' 4 uM deuteroporphyrin, 4M ChIH (dashed line); (B, D) 4M
giving only a single band in SDSPAGE (not shown), so  deuteroporphyrin (solid line), 4M deuteroporphyrin, 4M BchH
the elution profiles cannot be explained by impurities of (dashed line).
lower molecular mass than ChIH. The profiles could have
arisen by the H protein deviating from nonideal behavior to ChlH during the purification procedure. Traces&®bshow
due to interaction with the column. that preincubation with deuteroporphyrin was effective in
Chromatograms of the same samples as in Figure 2A wereproducing a porphyrirH complex. Preincubation of a
also obtained by monitoring fluorescence emission from ChlH—deuteroporphyrin mixture with Mg or ATP and
deuteroporphyrin at 615 nm (Figure 2B, traces8). This Mg?* together (Figure 2B, traces 6 and 8) has increased the
specifically detects those H proteins that have bound deu-amount of porphyrin bound to H; these peaks correspond to
teroporphyrin. The elution profiles in Figure 2B, traces4l an apparent molecular mass of approximately 150 kDa, in
indicate that no detectable porphyrin had remained boundagreement with the data obtained from detection of protein
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Determination of Apparent Dissociation Constants for
Deuteroporphyrin and Mg Deuteroporphyrin with ChlH and
BchH The data in Figure 2 emphasized the need for
guantitative analyses of the binding of deuteroporphyrin to
ChlH and BchH. Deuteroporphyrin was preferred over
protoporphyrin for this work as this avoided the use of
detergents for solubilization and consequent concentration-
dependent aggregation, which affect the absorbance and
emission properties of this pigment.

250 300 350 400 450 500 50 eao With excitation at 280 nm, emission of fluorescence from
Wavelength (nm) the H subunit was recorded from 300 to 500 nm. A typical
family of spectra is shown in Figure 3A, in which-Q8
uM deuteroporphyrin was added to OuM ChlIH. The
addition of ligand was accompanied by a progressive
guenching of protein fluorescence at 350 nm (Figure 3A).
Figure 3B displays plots of integrated fluorescence from
ChIH and BchH as a function of deuteroporphyrin concen-
tration. In each case, it was found that the curve fits a single-
site binding model an&y values of 1.22+ 0.42 uM and
0.53 £ 0.12 uM were obtained for ChlH and BchH,
e P 7 respectively. To assess if_ th_e fits for the data cou!d be
Wavelength (nm) improved by a two-site binding model, they were fitted

FiGURE 7: Fluorescence excitation spectra of Chitleuteropor- numerlcally using DYNAFIT {7). No improvement in the
phyrin and BchH-deuteroporphyrin complexes: (A) excitation esidual plots was seen, and parameter values for the second
spectra (detection of emission at 613 nm) efv deuteroporphyrin site were beyond the data range with large standard errors.
(solid line), 4uM ChiH, 4 uM deuteroporphyrin (dashed line); (B) ~ We therefore conclude that the data can be explained by a
excitation spectra (detection of emission at 613 nm) qiM single type of binding site. These experiments were repeated
?;;stﬁ;%pﬁ;%?}'ggéigl'\?vg{]:)rﬁgrgggg’%ﬁ'w deuteroporphyrin in the presence of 5 mM ATP and 1Q mM Mg&ksse_ntially

5 mM MgATP?~ and 5 mM Mg" (Figure 3C). Again, the

fluorescence in Figure 2A. This suggests that the ChIH data fit a single-site binding model witky values of 4.00
deuteroporphyrin complex is a monomer. No quantitative £ 1-30 and 0.75£ 0.41uM for ChiH and BchH, respec-
comparisons can be made from these data, since the amountd/ely- , _ ,

of protein fluorescence recorded in Figure 2A are attenuated _Finally, the experiments were carried out using Mg
by binding of deuteroporphyrin, and vice-versa, as can be deuteroporphyrm as the I|gand. This isa product of th'e Mg
seen in subsequent figures. However, the absorbance of alf€latase reaction, and it was of interest to see if Mg
samples had been continuously monitored at 280 nm, whichd€uteroporphyrin could form a complex with either H protein.
gives a rough idea of the amount of protein present. The Experiments analogous to those in Figure 3 were therefore

absorbance values were normalized for the peaks in tracesperformed psing Mg. deuteropqrphyrin IX instead of del-
5-8 in Figure 2B, and so it appears likely that Kgin teroporphyrin IX. Again, quenching of Trp fluorescence from

particular enhances amount of deuteroporphyrin that forms ChiH and BChH was ob§eryed upon additioq of Mg dgu-
a complex with ChH. teroporphyrin and quantitative analyses of this quenching,

. without and with 5 mM ATP and 10 mM Mgglare shown
The data for BchH were broadly similar to those for ChiH Figure 4A,B. The data fit eq 1 witKy values for Mg-

(not shown). BchH migrates as a monomer, judging by the geteroporphyrin binding of 2.4% 0.46 and 0.22+ 0.04
peak corresponding to an apparent molecular mass of 110\ for ChiH and BchH, respectively (Figure 48 values
kDa. The apparent molecular mass for a monomer predictedyf 5 24+ 0.84 and 0.16- 0.03uM were obtained for Mgt

from the primary sequence is slightly smaller than for ChiH, deuteroporphyrin binding to ChiH and BchH, respectively,
at 130 kDa. Fluorescence detection at 615 nm demonstrateqy, ihe presence of 5 mM ATP and 10 mM MgQFigure

that deuteroporphyrin comigrates with the BchH protein, as 4B).

found for ChiH. Spectroscopic Studies ofHDeuteroporphyrin Complexes.

In summary, analytical gel filtration shows that a complex The determination oKy values in the previous section
can be reconstituted by incubating the magnesium chelatasellowed conditions to be chosen for spectroscopy which
H subunit with a molar excess of deuteroporphyrin. The favored the formation of Hdeuteroporphyrin complexes.
binding process occurs in the absence ofMgr ATP or A series of absorbance, fluorescence excitation, and emission
the | or D subunits of Mg chelatase.+tleuteroporphyrin ~ spectra were recorded, to investigate whether the properties
complexes are monomeric under the conditions tested. Underf deuteroporphyrin were altered in the protein-bound state.
the conditions used for HPLC analysis, it is likely that the  Figure 5 displays the absorbance spectra of deuteropor-
majority of the protein has not formed such a complex, but phyrin in solution (solid lines), the spectra of both ChIH and
specific detection of deuteroporphyrin fluorescence reveals BchH (dotted lines), and an equimolar combination of the
a population of monomeric Hdeuteroporphyrin complexes. two, at a concentration (2 or M) that allows both of the
These data are consistent with the designation of the Hcomplexes to form (dashed lines). The absorbance spectra
subunit as the porphyrin-binding subunit of Mg chelatase. revealed differences in the absorbance of deuteroporphyrin
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in the presence of ChlH or BchH; in each case the B (Soret) establish that deuteroporphyrin is a substrate for Mg che-
band and the two redmost Q-bands were slightly broadenedlatase, especially in view of the report that deuteroporphyrin
and red-shifted upon addition of the H subunit. In Figure cannot act as substrate for tRe capsulatugnzyme (6).

5A, the B band of deuteroporphyrin is shifted by 2 nm in Given the difficulties in working with porphyrins in aqueous
the presence of ChlH, and in Figure 5B, the shift with BchH media (8), this apparent inability of deuteroporphyrin to
is 4 nm. The shifts for the two redmost Q-bands were 4 and act as substrate could reflect the poor solubility of deu-
5 nm and 6 and 9 nm respectively for ChHdeuteropor- teroporphyrin in the buffer system usetby.

phyrin and BchH-deuteroporphyrin. Formation of an H-Deuteroporphyrin Complex: Qualita-

The fluorescence emission spectra of equimolani4) tive and Quantitatie Analyses of the Effects on the Mg
ChlIH/deuteroporphyrin and BchH/deuteroporphyrin mixtures Chelatase H Subunithe analytical gel filtration experiments
are displayed in Figure 6A,B, with excitation of the B band in Figure 2 show that ChlH dBynechocystiand BchH from
of the porphyrin at 390 nm. When ChIH or BchH was added Rb. sphaeroidesre monomeric, whether the majority of
both emission peaks of deuteroporphyrin at 615 and 670 nmprotein has a bound porphyrin. A complex can be reconsti-
were quenched and the major (615 nm) peak was red-shiftediuted by incubating either magnesium chelatase H subunit
by 2 and 7 nm for ChIH and BchH, respectively. A third With @ molar excess of deuteroporphyrin. Since these are
emission peak at 639 nm was particularly noticeable for the not equilibrium measurements, most of the H proteins that
BchH—deuteroporphyrin complex. Another set of emission €lute are unlikely to be in the ligand-bound state, and
spectra were recorded with the same samples, this time withtherefore, the elution profiles in Figure 2A are presumed to
280 nm excitation (Figure 6C,D). Excitation at this wave- reflect the behavior of the bulk of H, which is free of
length tends to select those deuteroporphyrin molecules inporphyrin. Specific detection of the +Hleuteroporphyrin
the protein-bound state, making any resulting alterations in complexes using porphyrin fluorescence reveals that they
emission easier to detect. Excitation at 280 nm, into the blue have the same mobility in the column as the porphyrin-free
tail of the excitation maximum at 389 nm (see Figure 7), protein.
elicits fluorescence from deuteroporphyrin (solid lines).  Porphyrin binding occurs in the absence of the | or D
When either of the H proteins is present, two changes occur.subunits of Mg chelatase. An interesting and useful feature
First, the emission shifts to the red, consistent with the shifts of deuteroporphyrin binding is that it results in partial
seen in Figure 6A,B and with the idea that in the protein- quenching of Trp fluorescence in ChlH and BchH. This
bound state the emission properties of deuteroporphyrin haveenabled titrations to be performed in which successively
been altered. Second, there is an increased yield of fluores-higher deuteroporphyrin concentrations produced a smooth
cence, particularly marked in the case of Behtttuteropor- ~ progression in quenching of protein fluorescence. The data
phyrin (Figure 6D), which could arise from excitation of the in Figure 3 revealed that, for both ChiH and BchH proteins
protein, and subsequent energy transfer to the bound por-and with both deuteroporphyrin and Mg deuteroporphyrin
phyrin. This is particularly true for BchH, since it has a lower ligands, quantitative analyses of deuteroporphyrin binding
Kq for deuteroporphyrin than does ChIH, and so more of consistently gave satisfactory fits to a single-site binding
this ligand is in the bound state. To examine this further, model. The data show that BchH haKafor deuteropor-
excitation spectra were recorded. phyrin 2-fold lower than ChlIH, indicating a higher affinity

The excitation spectra for the same samples as in Figurefor this ligand. Although Mg" and ATP have little effect
6 are displayed in Figure 7. With detection of porphyrin N Porphyrin binding to BchH, they elevate tgmore than
emission at 613 nm an excitation peak at 389 nm was 3-fold in the case of ChlH. This may reflect allosteric binding

obtained for free deuteroporphyrin, whereas in theM of MgATP?", which could have some significance for the
ChiH/deuteroporphyrin and BchH/deuteroporphyrin mixtures Proposed regulatory role of the H subunit in chiorophyll
this had shifted to 392 and 395 nm, respectively. biosynthesis and photosynthetic membrane assenitdy (

23). As pointed out in the Introduction, the Mg chelatase H
subunits from bottBynechocystiandRb. sphaeroidewere
studied because of the contrasting requirements of these
organisms for tetrapyrroles. Iry8echocystishe flux down

These red shifts in the 390 nm region mirror the changes
seen in the absorbance spectra in Figure 5. Also visible for
each protein-porphyrin mixture is a small excitation peak

at 280 nm, arising from energy transfer from aromatic - .
: : : - the F&" branch of tetrapyrrole biosynthesis is expected to
residues in the H protein to the bound porphyrin. The larger be far more significant than iRhodobacterUndoubtedly,

excitation peak for BchHdeuteroporphyrin (Figure 7B) is h diff tb ted f lelv by in vit
consistent with the greater enhancement of deuteroporphyrin ese dirierences cannot be accounted for Sol€ly by In Vitro
measurements dfy values for H-porphyrin binding, but

(eé? g;isrggDs)evSrr: e:]O(;OE:EarBecdhtg?# ;eémrepuﬁg?pggﬂsrlﬁ]x the consistently I_owgr values for Bchl_—|. cqmpared to ChiH
complex (Figure 6C), with excitation at 280 nm. COUlq be a.contrlbutmg_fac_tor to partmonm_g of protpppr-
phyrin at this branch point in tetrapyrrole biosynthesis in a
DISCUSSION way that favors the chlorophyll branch.
The excitation spectra in Figure 7 show that excitation of
Deuteroporphyrin is relatively water-soluble in comparison aromatic residues in the H proteins elicits a small but
with the biological substrate for Mg chelatase, protoporphy- measurable fluorescence from bound porphyrin. This is
rin. The use of deuteroporphyrin for the work described consistent with a recent demonstration that Mg chelatase
above has enabled us to examine the interactions betweeractivity could be reconstituted using the H, I, and D proteins
the H subunits of the magnesium chelatases fiSym- from Rb. capsulatusn which it was reported that excitation
echocystieindRb. sphaeroidewith porphyrin in some detail. ~ of Trp residues in the H subunit could elicit fluorescence
The steady-state kinetic data in Figure 1 were obtained tofrom bound porphyrin 16). The emission peak of Trp
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residues (350 nm) overlaps with the B absorbance band ofKq for deuteroporphyrin is 4.6 1.3 uM for ChlIH. It is not

a bound deuteroporphyrin (392 or 394 nm). Furthermore, possible to say whether these porphyrin binding sites are
the presence of several Trp residues (17 in ChiH, 13 in BchH) filled before or during the possibly transient encounter with
means that many or all of them will be at a suitable distance the -D—MgATP complex ©—11). Indeed alternative
from the porphyrin for resonance energy transfe6@—70 models where the H subunit remains tightly associated with
A), notwithstanding the large size of the Mg chelatase H the ID complex and this complex transiently encounters
subunit. The quenching of H protein fluorescence by added porphyrin cannot be ruled out on the basis of this or previous
deuteroporphyrin can therefore arise from the presence ofwork (8—11). We conclude that the proposal that the
bound porphyrin as a “sink” for energy of Trp residues in  H—porphyrin complex is a substrate of Mg chelatase has
an excited state, or at the other extreme the quenching couldnhot been unequivocally demonstrated but that the data we
arise from a rearrangement or alteration in conformation of present here are consistent with such a scheme.

the protein_ following or accompanying the binding event. The protein fluorescence titration data using Migu-
At present it can be assumed that both of these mechanismgeroporphyrin as the ligand provide an insight into the events
contribute to the fluorescence quenching. It will be necessaryfollowing Mg2* insertion. It is not known if the Mg
to find independent evidence for an alteration in protein ,rotoporphyrin product dissociates from the H subunit after
conformation. . Mg?* insertion. For example, an HVg protoporphyrin
Formation of an H-Deuteroporphyrin Complex: Effects  complex, rather than the free Mg porphyrin, could be the
on the Spectroscopic Properties of the Porphyrithe  gypstrate for the next enzyme in the chlorophyll biosynthetic
binding of deuteroporphyrin to the H subunit has measurable pathway, Mg-protoporphyrin methyltransferase (EC 2.1.1.11).
effects on the spectroscopic properties of the porphyrin. The Therefore, it was of interest to see if Mgleuteroporphyrin
red shifts of up to 9 nm seen in the B and Q bands of the ¢oy|d form a complex with either ChiH or BchH. In each
absorbance spectra in Figure 5, which are also manifestedzase a complex could be formed, wif values similar to
in the emission spectra and excitation spectra, are consistenfnose for deuteroporphyrin. Thi&g for ChIH—Mg—deu-
with nonplanar distortion of the macrocycle, as discussed teroporphyrin is approximately 2-fold higher than the cor-
by Shelnutt et al.X9). They found that red shifts were more  yagpondingky for ChiH—deuteroporphyrin. In contrast, in
pronounced for the Q than for the B bands, as we have alsothe case of BchH, thi for the product is lower than that
seen for the deuteroporphys€ChiH and deuteroporphyrin - for the substrate of the Mechelatase reaction. In both cases
BchH complexes (Figure 5). There is a relationship between there was a small increase in th@ in the presence of
the size of the red shift and the magnitude of distortion; the pgATP2-. These data are consistent with arMg proto-
extent of the shift is relatively insensitive to the distortion orphyrin complex as the substrate for the next enzyme in
of the macrocycle for low and moderate degrees of nonpla- the chiorophyll biosynthetic pathway, Mgrotoporphyrin
narity and then rises more steeply for subsequent increéasesnethylitransferase; however, more work will have to be
in distortion @0, 21). The limited extent of the shifts  capried out, using purified components for both the Mg
observed in Figure 5 leads to the conclusion that only a small chejatase and the methyltransferase, to investigate this
distortion has occurred. It is possible that occupation of a possibility. This suggestion would also be consistent with
binding site on the H subunit by deuteroporphyrin induces the gpservations of Hinchigeri et al4) that addition of
such a distortion in the ligand or accommodates it. It is also ¢g||-free extracts oE. coli overexpressingpchH stimulates
possible that this event is associated with an alteration inthe gctivity of cell-free extracts d. coli containing Mg-
the conformation of the H protein. Distortion of the porphyrin - ,rotoporphyrin methyltransferase. A linkage between the Mg
macrocycle might be required to accommodate thé'Mon chelation and methyltransferase steps was suggested many
in a manner similar to the nonplanar distortions of porphyrin years ago by Gorcheir2§), who proposed a multienzyme
observed for ferroche_lata_se using resonance Raman_ SPeCcomplex for the conversion of protoporphyrin into Mg
troscopy €2). The application of this technique will provide  yr6t0porphyrin monomethyl ester. This possibility of a direct
more evidence for similar alterations to the deuteroporphyrin connection between the two enzymes can now be investigated
when bound to the H subunit. quantitatively using purified components, with implications

Implications for the Catalysis of Mg Insertion into  for the regulation of the chlorophyll biosynthetic pathway.
Porphyrin Earlier studies of the lag preceding steady-state
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