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Heme and bacteriochlorophyll & (BChl) biosyntheses share
the same pathway to protoporphyrin IX, which then branches as
follows. Fe?™ chelation into the macrocycle by ferrochelatase
results in heme formation, and Mg>* addition by Mg-chelatase
commits the porphyrin to BChl synthesis. It was recently discov-
ered that a bchD (Mg-chelatase) mutant of Rhodobacter spha-
eroides produces an alternative BChl in which Mg is substi-
tuted by Zn>*. Zn-BChl has been found in only one other
organism before, the acidophilic Acidiphilium rubrum. Our
objectives in this work on the bchD mutant were to 1) elucidate
the Zn-BChl biosynthetic pathway in this organism and 2)
understand causes for the low amounts of Zn-BChl produced.
The bchD mutant was found to contain a Zn-protoporphyrin IX
pool, analogous to the Mg-protoporphyrin IX pool found in the
wild type strain. Inhibition of ferrochelatase with N-methylpro-
toporphyrin IX caused Zn-protoporphyrin IX and Zn-BChl
levels to decline by 80 —90% in the bchD mutant, whereas in the
wild type strain, Mg-protoporphyrin IX and Mg-BChl levels
increased by 170 -240%. Two early metabolites of the Zn-BChl
pathway were isolated from the bchD mutant and identified as
Zn-protoporphyrin IX monomethyl ester and divinyl-Zn-pro-
tochlorophyllide. Our data support a model in which ferroche-
latase synthesizes Zn-protoporphyrin IX, and this metabolite
is acted on by enzymes of the BChl pathway to produce Zn-
BChl. Finally, the low amounts of Zn-BChl in the bchD
mutant may be due, at least in part, to a bottleneck upstream
of the step where divinyl-Zn-protochlorophyllide is con-
verted to monovinyl-Zn-protochlorophyllide.

The purple non-sulfur bacterium Rhodobacter sphaeroides is
a member of the a-proteobacteria and has become a model
system for studying various aspects of photosynthesis, includ-
ing bacteriochlorophyll a (BChl)? biosynthesis. The production
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of membrane-bound light-harvesting antenna and reaction
center complexes (the photosystem) is repressed by high con-
centrations of oxygen and induced in response to low concen-
trations of oxygen (1). With a drop in oxygen levels, an intricate
and highly coordinated response occurs as the organism shifts
to anoxygenic phototrophic growth. The regulators PrrA-PrrB,
AppA-PpsR, and FnrL sense changes in the oxygen tension,
redox state of the electron transport chain, or light quality,
which in turn cause a derepression of many genes involved in
the synthesis of proteins, pigments, and membrane, which
comprise the photosynthetic apparatus (2—-5). The tetrapyrrole
content of R. sphaeroides changes significantly upon a shift
from aerobic to photosynthetic growth, with total tetrapyrroles
increasing 200-fold (6).

The biosynthesis of tetrapyrroles begins with 8-aminole-
vulinic acid (ALA), which is converted through several enzy-
matic steps to protoporphyrin IX (PPIX) (7). The generation of
ALA is a major regulatory point for downstream pathways.
Studies of R. sphaeroides have indicated that there are two ALA
synthase isoforms, encoded by hemA and hemT, which have
separable kinetic properties and are differentially regulated
(8—-10). Oxygen represses ALA synthase transcription, but
upon a lowering of oxygen levels, a 3—4-fold increase in hemA
and hemT transcription occurs (11). Downstream products of
the pathway appear to be important in post-transcriptional reg-
ulation because heme, magnesium protoporphyrin IX (Mg-
PPIX), and PPIX have been shown to act as inhibitors of ALA
synthase in vitro, although their relative importance in vivo
remains unexplored (12, 13). A series of condensation reactions
links ALA to PPIX. In photosynthetic organisms, PPIX lies at a
major branch point: if PPIX is used as a substrate by ferroche-
latase (HemH) to insert Fe>", heme is produced, whereas if
PPIX is acted on by Mg-chelatase (BchHID) to insert Mg>*, it is
the first step in a long pathway leading to BChl.

In R. sphaeroides, ferrochelatase is a monomer and binds to
the inner face of the cytoplasmic membrane, although there is a
wide diversity of subunit composition and localization in differ-
ent organisms (14). Transcript levels of the ferrochelatase gene
appear to be relatively constant with changes in growth condi-
tions, although a shift from aerobic respiratory to anaerobic
photosynthetic growth resulted in a modest 2-fold increase in

PPIX, protoporphyrin IX; MME, monomethyl ester; NMPP, N-methylpro-
toporphyrin IX.
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heme levels (dwarfed by a 200-fold increase in total tetrapyr-
roles) (11, 15).

BchHID or a close homologue is found in all photosynthetic
organisms and has been extensively studied (16 -20). In vitro
enzyme assays of R. sphaeroides Mg-chelatase showed that all
three subunits are required for enzyme activity (17). The BchH
subunit of Mg-chelatase binds PPIX tightly, and Escherichia
coli cells that express bchH turn bright red from PPIX bound to
BchH (17). The Bchl and BchD proteins use ATP to generate a
double ring protein structure that is believed to interact with
the BchH-PPIX complex to transform PPIX to Mg-PPIX (21).
After the formation of Mg-PPIX, eight enzymatic steps sub-
sequently lead to the creation of BChl (reviewed in Refs. 22
and 23).

Recently, we discovered that a Mg-chelatase-deficient strain
of R. sphaeroides containing a transposon-disrupted bchD gene
(24) synthesizes zinc bacteriochlorophyll a (Zn-BChl) instead
of the usual Mg-BChl found in wild type cells (25). The appear-
ance of Zn-BChl in R. sphaeroides was surprising, because Zn-
BChl had been found before only in the acidophilic purple
bacterium Acidiphilium rubrum. Even more surprising was the
fact that Zn-BChl biosynthesis in A. rubrum requires a func-
tional Mg-chelatase (26), which the R.sphaeroides bchD
mutant does not possess. Moreover, the bchD mutant did not
produce Mg-BChl or bacteriopheophytin a (25), which are
thought to be precursors of Zn-BChl in A. rubrum, such that
Zn>" is added “late” in the pathway (26, 27).

To explain how Zn-BChl is synthesized in the absence of
both of the key intermediates used for Zn-BChl biosynthesis in
A. rubrum, we hypothesized that the ferrochelatase enzyme
produces zinc protoporphyrin IX (Zn-PPIX) in the bchD strain
(25). The corollary of this “zinc-early” hypothesis is that the
subsequent enzymes in the BChl biosynthetic pathway are able
to use zinc-containing intermediates in place of magnesium-
containing intermediates.

We present evidence here to show that the bchD mutant
contains Zn-PPIX instead of Mg-PPIX and that the products of
two subsequent BChl biosynthetic steps in the mutant contain
Zn>" instead of Mg?". Furthermore, ferrochelatase is shown to
be necessary for Zn-PPIX and Zn-BChl biosynthesis. Our
results support a model in which the bchD mutant synthesizes
Zn-BChl through a novel variation of the BChl biosynthetic
pathway that utilizes ferrochelatase in place of the Mg-chela-
tase as the first step in the pathway. Additionally, it appears that
a bottleneck in the pathway leading to Zn-BChl is located
upstream of the step where divinyl-Zn-protochlorophyllide is
converted to monovinyl-Zn-protochlorophyllide.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions—R. sphaeroides
strains were cultivated at 30 °C in LB medium (28), containing
neomycin at 20 ug/ml for the bchD mutant (TB59) (24) and
lacking antibiotics for the wild type (NCIB8253). High to low
aeration-shifted cultures were initially grown in flasks filled to
8% of the nominal volume on a rotary shaker at 300 rpm (high
aeration) until exponential phase and then used to seed a flask
filled to 80% of the nominal volume and shaken at 150 rpm (low
aeration or semiaerobic growth).
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Extraction of Porphyrins and BChls from Cells—Total por-
phyrins were extracted in three stages, essentially as described
(29). Briefly, cell pellets were washed with 150 mm NaCl in 10
mM Tris-HCl (pH 8.0), followed by the addition of 1 ml of 9:1
acetone, 0.1 N NH,OH (v/v) per 2 ml of culture with sonication
at 4°C. Cell debris was pelleted by centrifugation, and the
resultant supernatant was extracted with an equal volume of
hexane. The resulting hexane layer became orange or red with
extracted carotenoids. This hexane extraction was repeated
with %5 volume of hexane. To the remaining hexane-extracted
acetone residue layer, %0 volume of 0.5 M KH,PO, and %7 vol-
ume of saturated NaCl were added. To this mixture % volume
of diethyl ether was added and mixed, with the resulting ether
layer removed to a new tube and saved. The extraction was
repeated 2—4 more times with Y10 volume of ether, and all ether
layers were pooled.

Extraction of heme from cell pellets was accomplished by
resuspension of the cell pellet previously extracted as described
above, in 80% acetone, and pelleting of particulate matter by
centrifugation. The pellet of the 80% acetone wash was resus-
pended in 2% HCI (w/v) in acetone, followed by a final pelleting
and removal of the acidified acetone supernatant, which con-
tained heme (30).

N-Methylprotoporphyrin IX and Nicotinamide Inhibition—
For inhibition of the ferrochelatase with N-methylprotopro-
phyrin IX, wild type and bchD mutant cultures were grown with
high aeration until A, = 1.0 and used to inoculate flasks filled
to 80% of the nominal volume to A, = 0.2. Simultaneously,
filter-sterilized 1.8 mm N-methylprotoporphyrin IX stock
(Frontier Scientific) dissolved in 20 mm NaOH, 2% Tween 20
(v/v) was added to a final concentration of 0.25, 0.50, 1.00, and
2.00 uMm. The 0 uM condition had the same volume of solvent
added as for the 2.0 uMm condition but lacked N-methylproto-
porphyrin IX. Foil-wrapped cultures were incubated semiaero-
bically for 3 days, and cells were harvested by centrifugation.

For inhibition of the conversion of divinyl protochlorophyl-
lide to monovinyl protochlorophyllide and chlorophyllide, wild
type and bchD cultures were grown semiaerobically to A4, =
1.0, and filter-sterilized nicotinamide (Sigma-Aldrich) dis-
solved in distilled H,O was added to a final concentration of 12
mM (31). Control cultures had the same volume of distilled H,O
added but lacked nicotinamide. Cultures were incubated semi-
aerobically, and cells were harvested by centrifugation 33 h later
(32).

Isolation and Identification of BChl Pathway Intermediates—
For separation of metalloprotoporphyrins IX and their
monomethyl esters, ether extracts of cells were filtered through
a 0.2-um filter, and pigments were separated by HPLC in a
monomeric C18 column (Vydac). Pigments were eluted from
the column using a 0.8 ml/min flow rate and a linear gradient
changing from 80% solvent A (0.1 M ammonium acetate, pH
5.2), 20% solvent B (90% methanol, 0.1 M ammonium acetate,
pH 5.2 (adjusted with glacial acetic acid)) to 100% solvent B over
10 min (26). The elution of peaks was monitored fluorometri-
cally (excitation 420 nm; emission 595 nm), and pigments were
identified using Mg-PPIX (Frontier Scientific) and Zn-PPIX
(Sigma-Aldrich) standards.

VOLUME 286+NUMBER 23+JUNE 10, 2011

TTOZ ‘0T aunr uo ‘Ausianiun plojuels re B10'og:mmm woly papeojumod


http://www.jbc.org/

Novel Zn-BChl Biosynthesis Pathway in a Mg-Chelatase Mutant

For separation of divinyl protochlorophyllides, the hexane-
extracted, acetone residue layer from cells treated with nicotin-
amide was filtered through a 0.2-um filter and separated by
HPLC in a Luna C18(2) column (Phenomenex). Pigments were
eluted from the column as described above, except with a sol-
vent gradient duration of 3 min. The elution of peaks was mon-
itored by measuring absorbance at 440 nm, and pigments were
identified by comparison of absorption spectra with values in
the literature (31).

Mass spectrometry of HPLC-purified peaks was performed
at the University of British Columbia microanalysis and mass
spectrometry facility using a biflex IV MALDI-TOF mass spec-
trometer (Bruker). Briefly, the sample and trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile matrix
were dissolved in dichloromethane, and 1 ul was applied to the
target and dried in air. The sample was run using the reflector
mode and pulsed ion extraction. Analysis of results was aided
by Isotope Pattern Calculator version 4.0 (J. Yan).

Absorption and Fluorescence Spectroscopy and Quantifica-
tion of Porphyrins—Fluorescence spectra were captured on a
Varian Eclipse fluorescence spectrophotometer using 5-10-nm
excitation and emission slit widths, medium photomultiplier tube
setting, autofilters, and 600-nm/min scan speed. Analysis of spec-
tra was performed using the Eclipse scan application and
Microsoft Excel.

The quantification of Mg-PPIX and Zn-PPIX from hexane-
extracted, acetone residue extractions of cells was based on flu-
orescence emission spectra from 575 to 700 nm with excitation
at 420 nm. The concentrations of metalloprotoporphyrins IX
were determined by comparison of 595-nm (Mg-PPIX) and
589-nm (Zn-PPIX) peak heights with a curve constructed using
authentic standards in the same solvent.

PPIX was quantified using an established spectral deconvo-
lution method (29). Hexane-extracted acetone residue samples
were analyzed using fluorescence emission from 575 to 700 nm
with excitation at 400 and 440 nm. Fluorescence emission due
only to PPIX was determined through the deconvolution equa-
tion, which removes the contributions of other fluorescent spe-
cies. The resulting deconvoluted emission intensity at 633 nm
was compared with a standard curve constructed from authen-
tic PPIX (Sigma-Aldrich) in the same solvent.

Quantification of divinyl protochlorophyllide fluorescence
was done using an established spectral deconvolution method
(29). Hexane-extracted, acetone residue samples were analyzed
using fluorescence emission from 575 to 700 nm with excitation
at 400 and 440 nm. Fluorescence emission due only to divinyl
protochlorophyllide was determined through a deconvolution
formula that removes the contributions of other fluorescent
species from the fluorescence intensity of divinyl-Mg-proto-
chlorophyllide in the wild type (excitation 440 nm; emission
638 nm) or divinyl-Zn-protochlorophyllide in the bchD mutant
(excitation 440 nm; emission 634 nm).

Quantification of heme extracted from cells was performed
using a chemiluminescent heme assay (34) because this method
is resistant to interference from Zn-PPIX. Amounts of BChls
were determined by absorption spectroscopy of acetone/meth-
anol (7:2, v/v) extracts of purified membranes of known protein
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FIGURE 1. Extracts of wild type cells contain Mg-protoporphyrin IX,
whereas bchD mutant extracts contain Zn-protoporphyrin IX. A, absorp-
tion spectra of extracts and authentic standards in ether. B, fluorescence
emission spectra of extracts and authentic standards in ether, excitation at

420 nm. The dotted lines highlight peaks with similar wavelength maxima
between spectra. AU, absorbance units; FU, fluorescence units.

amount, using € = 75 mM~ ' cm™ ' at 775 nm (Mg-BChl) and
€ =56.3mM ' cm !at 771 nm (Zn-BChl) (35).

RESULTS

Analysis of Porphyrins in the Wild Type and bchD Mutant
Strains—Previously, it had been speculated that Zn-PPIX is a
precursor of Zn-BChl in the R. sphaeroides bchD mutant (25).
Because only Mg-PPIX, never Zn-PPIX, had been detected in
wild type R. sphaeroides and A. rubrum cells (26), discovering
this metabolite in the bchD mutant would lend support to a
zinc-early model of this Zn-BChl pathway.

To determine which metabolite is present in the bchD
mutant, metalloporphyrins extracted from wild type and bchD
cells were analyzed by absorption and fluorescence spectros-
copy, relative to authentic Mg- and Zn-PPIX standards.
Absorption spectroscopy revealed that the wild type extract
exhibited a major peak at 418 nm along with smaller 553 and
590 nm peaks (Fig. 1A4). These three peaks matched closely to
those of authentic Mg-PPIX standard (418, 551, and 590 nm).
The absorption spectrum of the extract of the bchD mutant
strain exhibited a large peak at 414 nm as well as smaller peaks
at 543 and 582 nm (Fig. 14). The absorption peaks from the
bchD mutant extract were similar to but blue-shifted relative to
both the wild type strain extract and the Mg-PPIX standard.
Instead, the peaks corresponded well to those of authentic Zn-
PPIX (414, 544, and 580 nm) (Fig. 1A4). Because of the different
spectral signature of the bchD mutant extract compared with
the wild type strain and authentic Mg-PPIX and the similarity
to authentic Zn-PPIX, it appeared that the bchD mutant con-
tained Zn-PPIX instead of Mg-PPIX. Fluorescence emission
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FIGURE 2. Isolation and identification of Zn-protoporphyrin IX monomethyl ester from the bchD mutant. A, HPLC separation of wild type and bchD

mutant ether extracts and metalloprotoporphyrin IX standards. The dotted lin

es indicate retention time of Mg-protoporphyrin IX and Mg-protoporphyrin IX

monomethyl ester from the wild type. ¥, peak collected for mass spectrometry. B, mass spectrum of substance in peak collected from bchD mutant extract.

Inset, expanded view of the region around the m/z638.2 peak. C, proposed stru
fluorescence units.

spectra provided additional evidence that the bchD mutant
extract contained Zn-PPIX. The wild type extracts had a major
peak at 595 nm, which closely matched that of authentic Mg-
PPIX (596 nm), whereas the bchD mutant peak at 589 nm is
more similar to that of Zn-PPIX (588 nm) (Fig. 1B).

Together, the absorption and fluorescence emission data
indicate that the bchD mutant synthesizes Zn-PPIX instead of
Mg-PPIX. To confirm that the Zn®*" in Zn-BChl arises from
Zn-PPIX, we searched for additional BChl biosynthetic inter-
mediates in the bchD mutant.

Isolation and Identification of Zinc Protoporphyrin IX
Monomethyl Ester—The second step of the wild type BChl bio-
synthetic pathway, following the Mg-chelatase, is the S-adeno-
sylmethionine-dependent methylation of the ring III propio-
nate of Mg-PPIX by the BchM enzyme (36). BchM is a
cytoplasmic membrane-associated enzyme, and the product of
the reaction is magnesium protoporphyrin IX monomethyl
ester (Mg-PPIX-MME). Determination of the equivalent
metabolite in the bchD mutant would help us define the begin-
ning of the Zn-BChl pathway.

Extracts of wild type and bchD mutant cells were separated
on HPLC, and the identities of metalloporphyrins were estab-
lished by comparison with authentic standards. The results of
this analysis showed that the wild type strain contained both
Mg-PPIX and a metalloporphyrin with a 3-min longer reten-
tion time (Fig. 24). The longer-retained substance has been
shown by others to be Mg-PPIX-MME (26). Two metabolites
were found in bchD mutant extracts, one with a retention time
that matched that of Zn-PPIX, confirming the presence of this
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cture of the m/z 638.2 substance, zinc protoporphyrin IX monomethyl ester. FU,

substance, and a second with a 2-min longer retention time
(Fig. 2A).

The material with the 2-min longer retention time in bchD
extracts was isolated and subjected to MALDI-TOF mass spec-
trometry, revealing a peak at m/z 638.2 (Fig. 2B) that corre-
sponds to the predicted mass of zinc protoporphyrin IX
monomethyl ester (Zn-PPIX-MME). Additional evidence for
the identity of this molecule came from the isotopic splitting
pattern of the 638.2 m/z peak (Fig. 2B, inset), which matched
that of a zinc-containing rather than a magnesium-containing
molecule.

The combination of relative HPLC retention time, m/z value,
and isotopic pattern of the isolated material led us to conclude
that the material isolated from the bchD mutant was Zn-PPIX-
MME. The proposed structure of this compound is shown in
Fig. 2C. To the best of our knowledge, this is the first report of
Zn-PPIX-MME identified in an organism.

Isolation and Identification of Divinyl-Zn-Protochlorophyllide—
To further confirm the zinc-early hypothesis of Zn-BChl bio-
synthesis in the bchD mutant, we attempted to isolate the
metabolite in this strain equivalent to the third intermediate
of the wild type BChl biosynthetic pathway, divinyl magnesium
protochlorophyllide (DV-Mg-PChlide). To increase the
amount of this metabolite in cells, cultures were treated with
nicotinamide, an inhibitor of the conversion of DV-Mg-
PChlide to monovinyl magnesium protochlorophyllide (MV-
Mg-PChlide). Previously, wild type R. sphaeroides cultures
treated with this inhibitor were found to accumulate mainly
DV-Mg-PChlide (31, 32).
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FIGURE 3. Isolation and identification of divinyl-Zn-protochlorophyllide
from nicotinamide-treated bchD mutant cells. A, HPLC separation of wild
type and bchD mutant cell extracts. The dotted line indicates the retention
time of the divinyl-Mg-protochlorophyllide peak in the wild type sample.
Peaks | and Il were used for absorption spectroscopy. B, absorption spectra of
substances in peaks | and Il in methanol. The dotted lines indicate peak | (divi-
nyl-Mg-protochlorophyllide) maxima at 441, 579, and 630 nm. Maxima for
peak Il were 438, 575, and 624 nm. C, mass spectrum of substance in peak Il.
D, proposed structure of m/z650.2 substance in peak Il, divinyl-Zn-protochlo-
rophyllide. AU, absorbance units.

Extracts of the wild type and bchD mutant cells were ana-
lyzed by HPLC and monitored at 440 nm, the strongest absorp-
tion peak of DV-Mg-PChlide. The wild type HPLC trace
showed one major species with a retention time of 22 min (peak
I) (Fig. 3A). The absorption spectrum of this fraction matched
that of DV-Mg-PChlide reported in the literature (31), with
peaks at 441, 579, and 630 nm (Fig. 3B). The bchD mutant
extract yielded two major peaks eluting at 19 and 24 min (Fig.
3A). The absorption spectrum of the 19 min peak matched that
of PPIX with peaks at 398, 504, and 629 nm (data not shown).
The 24 min peak (peak II) had an absorption spectrum similar
to that of DV-Mg-PChlide but with blue-shifted peaks at 438,
575, and 624 nm (Fig. 3B).

Material from the 24 min HPLC peak of the bchD mutant
extract (peak II) was collected and subjected to mass spectro-
metry, and a peak with mass of 650.2 m/z was observed (Fig.
3C), consistent with the predicted mass of 650.2 for divinyl-Zn-
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protochlorophyllide (DV-Zn-PChlide). The isotopic pattern of
this substance also indicated a zinc-containing molecule. Tak-
ing into account the HPLC retention time, blue-shifted spectral
peaks, and the m/z data, we propose that the material of peak II
is DV-Zn-PChlide (Fig. 3D). To the best of our knowledge, this
is the first report of the identification of DV-Zn-PChlide pro-
duced by an organism. With the weight of evidence pointing to
a novel zinc-early mechanism of Zn-BChl biosynthesis in the
bchD mutant, we next turned to the question of how the first
metabolite of the pathway is synthesized.

Role of Ferrochelatase in Zn-PPIX and Zn-BChl Biosynthesis—
Early work using purified photosynthetic membranes from
R. sphaeroides uncovered an enzymatic Zn-chelatase activity
that was later ascribed to ferrochelatase (37), and it was subse-
quently shown that the R. sphaeroides ferrochelatase catalyzes
both Zn?" and Fe?" chelation (38, 39). To evaluate the involve-
ment of ferrochelatase in the production of Zn-PPIX and Zn-
BChl in the bchD mutant, we used the inhibitor N-methylpro-
toporphyrin IX (NMPP). This inhibitor acts as a transition state
analog of heme and competitively inhibits the R. sphaeroides
ferrochelatase (40).

Wild type and bchD cultures were grown with high aeration
so that cells were replete with heme but contained little or no
BChl. The cultures were then shifted to semiaerobic growth to
induce BChl production, with the simultaneous addition of
NMPP of varying concentrations. After 3 days of growth, cells
were harvested, and the amounts of Mg-PPIX and Mg-BChl in
the wild type and of Zn-PPIX and Zn-BChl in the bchD mutant
were determined. The amount of PPIX and heme in both the
wild type and bchD strains was also measured.

In the wild type strain, Mg-BChl amounts increased upon
treatment with NMPP up to 1.7-fold relative to untreated levels
(Fig. 4A). In contrast, the Zn-BChl levels in the bchD mutant
responded to ferrochelatase inhibition in a manner opposite to
that seen for Mg-BChl in the wild type strain. The levels of
Zn-BChl in the bchD mutant decreased with increasing con-
centrations of NMPP, down to 0.1-fold that of untreated cells
(Fig. 4A). The effect of NMPP on the levels of Mg- and Zn-PPIX
was very similar to the effect on Mg- and Zn-BChl in the respec-
tive strain (Fig. 4B). The amount of Mg-PPIX in the wild type
strain when treated with 2.0 uM NMPP was increased 2.4-fold
relative to the level in untreated cells, whereas the amount of
Zn-PPIX in the bchD mutant at the same concentration of
NMPP was reduced to 0.2-fold the untreated level. These
results indicate that ferrochelatase inhibition in the bchD
mutant has a marked inhibitory effect on the formation of both
the first intermediate and the final product of the Zn-BChl
pathway. In contrast, the effect on the analogous metabolites in
the wild type was stimulatory. Therefore, it appears that ferro-
chelatase is necessary for the biosynthesis of Zn-BChl but not
Mg-BChl.

The changes in PPIX levels caused by NMPP treatment
showed a relationship between the wild type and bchD mutant
strain different from that for metalloprotoporphyrin IX or
BChl, but reinforced the difference between the two porphyrin
pathways. The amount of PPIX in the wild type strain increased
2.7-fold at 2.0 um NMPP, similar to the increases seen for Mg-
BChl and Mg-PPIX levels upon treatment of cultures with this
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FIGURE 4. Effect of ferrochelatase inhibition on metabolite levels in
the wild type and bchD mutant strains. Aerobic cultures were grown
until Agso = 1.0 and diluted to Ag5o = 0.2 with fresh medium, and NMPP
was added to various concentrations. Semiaerobic growth was continued
for 3 daysin the dark, and cultures were harvested and extracted. PPIX and
metalloporphyrins were measured by fluorescence, BChls by absorption
spectroscopy, and heme by chemiluminescence. Values on vertical axes
(A-D) are ratios of porphyrins in NMPP-treated versus untreated cells, and
the horizontal axes give the concentrations of NMPP inhibitor used. The
horizontal lines (A-D) denote 1:1 ratios. Points above the line indicate cel-
lular concentrations that increase upon ferrochelatase inhibition, and
points below the line denote decreased cellular levels upon ferrochelatase
inhibition. Error bars, S.D. (n = 3-4). A, Mg- and Zn-BChls. B, Mg- and
Zn-metalloprotoporphyrins IX. C, PPIX. D, heme. E, total porphyrins,
expressed as the molar sum of the porphyrins measured in A-D.

inhibitor (Fig. 4C). However, the PPIX level in the bchD mutant
increased 18-fold in response to 2.0 um NMPP (Fig. 4C), in
stark contrast to the changes in the amounts of Zn-BChl and
Zn-PPIX, in terms of both magnitude and direction of change.

Heme levels declined in both the wild type and bchD mutant
strains treated with NMPP. The wild type levels decreased to
0.65-fold that of untreated cells, whereas the bchD mutant
showed a larger decrease, down to 0.37-fold that of untreated
cells (Fig. 4D). The cellular decrease in heme is thought to be
due to the combined effect of inhibition of new heme synthesis
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FIGURE 5. Relative porphyrin levels in the wild type and bchD mutant
strains. Cultures were grown until mid-log phase, cells were harvested, and
pigments were extracted. PPIX and metalloporphyrins were measured by
fluorescence, BChls by absorption spectroscopy, and heme by chemilumines-
cence. Measurements of porphyrin molar concentrations in extracts of equal
numbers of cells of each strain were normalized by dividing by the wild type
values. Error bars, S.D. (n = 3-4).
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and dilution of the heme pool present in the culture inoculum
by cell growth and division.

The molar sum of all of the porphyrins measured in this
inhibition experiment showed an interesting difference in
trend between the wild type and bchD mutant strains with
increasing concentrations of NMPP. Although the concentra-
tions of total measured porphyrins in the wild type and bchD
mutant were the same in the absence of NMPP, at 2 um NMPP,
the bchD mutant had a level 0.27-fold that of wild type (Fig. 4E).
This effect was due to a combination of the wild type level
increasing and the bchD mutant level decreasing as the NMPP
concentration increased. To further investigate the porphyrin
distribution in wild type and bchD mutant pathways in the nor-
mal state, we analyzed the relative amounts of several key types
of porphyrins in more detail below.

Porphyrin Levels in the Wild Type and bchD Mutant Strains—
After discovering that in the bchD mutant, ferrochelatase is the
likely source of Zn-PPIX and that PPIX levels are highly
dependent on the activity of this enzyme, we quantitatively
determined the relative porphyrin metabolite concentrations
in both strains. It was found that the bchD mutant contained
4.6-fold more PPIX per cell than the wild type strain (Fig. 5).
The same relationship held true to a lesser extent for heme,
which was 3.6-fold more abundant in the bchD mutant, and
there was 4.9-fold more Zn-PPIX in the bchD mutant com-
pared with Mg-PPIX in the wild type strain. However, the
metabolite concentrations of the final product of the BChl
pathway showed an opposite relationship to the early metabo-
lites; the bchD mutant contained Zn-BChl at a level only 0.2-
fold that of wild type Mg-BChl.

When all of these measured porphyrin metabolite concen-
trations were added up, the wild type and bchD mutant porphy-
rin levels were remarkably similar, with the bchD mutant hav-
ing 96% of the wild type level (Fig. 5). This result indicates that
although the total amounts of measured porphyrins in the BChl
and heme pathways are the same in the two strains, the porphy-
rins in the bchD mutant are redistributed to the early parts of
the pathway. The pattern of metabolite levels observed in the
bchD mutant pointed to multiple steps limiting the Zn-BChl
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FIGURE 6. Alterations in DV-PChlide and metalloprotoporphyrin IX lev-
els caused by nicotinamide treatment of the wild type and bchD
mutant strains. Semiaerobic cultures were grown until Ag5, = 1.0, water
or nicotinamide (12 mm) was added, and semiaerobic growth continued
for 33 h. Extracts of cells were scanned using a fluorescence spectropho-
tometer, and deconvoluted emission at 638 nm (DV-Mg-PChlide) or 634
nm (DV-Zn-PChlide) was measured; Mg-PPIX and Zn-PPIX fluorescence
was obtained from excitation at 420 nm and emission at 595 and 588 nm,
respectively. Error bars, S.D. (n = 3-4).

pathway, choking off the production of Zn-BChl and causing
early intermediates to build up.

To further delineate locations of pathway bottlenecks,
we again used nicotinamide to inhibit the conversion of DV-
PChlide to MV-PChlide to probe how much DV-PChlide con-
centrations changed when an artificial blockage in this step was
introduced to the pathway. As shown in Fig. 6, the addition of
nicotinamide caused a 15-fold increase in DV-Mg-PChlide flu-
orescence in wild type cultures, whereas there was only a 3.8-
fold increase in DV-Zn-PChlide fluorescence in bchD mutant
cultures. Previously, DV-Mg-PChlide has been observed
excreted from cells (31), but we limited our analysis to intracel-
lular concentrations of this metabolite.

The buildup of DV-PChlide seems to be confined to the step
just prior to the inhibition because there was no detectable
increase in Mg-PPIX fluorescence in wild type or Zn-PPIX
fluorescence in the bchD mutant cultures when nicotinamide
was added (Fig. 6). This result indicates that in the 33-h period
during which conversion of DV-PChlide to MV-PChlide was
inhibited by nicotinamide, more material was moving through
the pathway and accumulating in the wild type strain than in
the bchD mutant.

DISCUSSION

Previous work has established that the bchD mutant is unable
to grow photosynthetically (24), produces Zn-BChl but neither
Mg-BChl nor bacteriopheophytin «, and assembles light-har-
vesting and reaction center complexes containing Zn-BChl
(25). Building on these prior results, the aims of the current
work were 2-fold: 1) to elucidate the Zn-BChl biosynthetic
pathway in the bchD mutant and 2) to explore why this pathway
produces so little Zn-BChl relative to the amount of Mg-BChl
produced in the wild type strain.

In this paper, the data indicate that the production of Zn-
PPIX and Zn-BChl requires the ferrochelatase enzyme, and we
identify the first three metabolic intermediates of the Zn-BChl
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biosynthetic pathway as Zn-PPIX, Zn-PPIX-MME, and DV-
Zn-PChlide. Furthermore, determination of the concentration
of pathway intermediates in the bchD mutant revealed large
amounts of intermediates early in the pathway, whereas low
amounts of the Zn-BChl end product were found, indicating
that a bottleneck exists in the pathway.

The Zn-BChl Biosynthetic Pathway in the bchD Mutant
Begins with Zn-PPIX and Proceeds through a Zinc-early Mech-
anism Catalyzed by Ferrochelatase—Our discovery of a Zn-
PPIX pool along with the isolation and identification of two
zinc-containing intermediates from the beginning of the BChl
biosynthetic pathway indicate that a zinc-early mechanism
operates in the bchD mutant. This finding differentiates the
pathway of Zn-BChl synthesis in the R. sphaeroides bchD
mutant from that of A.rubrum and Parachlorella kessleri,
which 1) possess a functional Mg-chelatase; 2) use a (B)Phe
intermediate as substrate for Zn>" chelation; 3) utilize a Zn**
chelation reaction aided by acidic culture conditions that drive
Zn*" into (B)Phe; and 4) do not produce any zinc-containing
intermediates (26, 27, 41). None of the conditions under which
Zn-(B)Chl is produced in other organisms are present in bchD
mutant cultures, which synthesize Zn-BChl without first pro-
ducing Mg-BChl or bacteriopheophytin 4, grow at neutral pH
(where Zn?" is less soluble), and appear to utilize Zn>** as a
physiological substrate.

Evidence for ferrochelatase as the first enzyme of the Zn-
BChl pathway in the bchD mutant comes mainly from the
NMPP inhibition experiments, consistent with earlier work
showing that R. sphaeroides ferrochelatase has the ability to uti-
lize Zn>" as well as Fe>" although at lowered activity (42). We
found that when ferrochelatase was inhibited in vivo, the
amounts of both the first and last metabolites in the Zn-BChl
pathway were significantly decreased. The decrease in Zn-PPIX
levels in the bchD mutant when ferrochelatase is inhibited is
similar to what was seen in ALA-fed rat hepatocytes that pro-
duce Zn-PPIX (43). The addition of ALA, the precursor to
PPIX, resulted in the production of excess PPIX and Zn-PPIX,
but when the hepatocytes were also treated with NMPP, the
levels of Zn-PPIX decreased, pointing to ferrochelatase as the
source of Zn-PPIX (43). The similarity between the effect of
NMPP on Zn-PPIX levels in rat hepatocytes and the bchD
mutant indicates that the effect observed in these experiments
is robust and consistent across phyla as well as pointing to fer-
rochelatase as the biological source of Zn-PPIX in the bchD
mutant.

Although our experiments did not directly address the pos-
sibility that the BchHI subunits of the Mg-chelatase in the bchD
mutant could somehow chelate Zn>" into PPIX, the fundamen-
tal difference between the response of the wild type and bchD
strains to ferrochelatase inhibition with NMPP makes this pos-
sibility unlikely (Fig. 4). If the BchHI subunits, instead of ferro-
chelatase, produced Zn-PPIX, then the levels of Zn-PPIX and
Zn-BChl in the bchD mutant should have followed the same
trend as Mg-PPIX and Mg-BChl levels in the wild type strain
(Fig. 4, A and B). Instead, the effect was opposite, showing that
the wild type Mg-chelatase is not inhibited by NMPP, whereas
the enzyme responsible for Zn-PPIX and Zn-BChl production
in the bchD mutant is inhibited by NMPP. Furthermore, exper-
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FIGURE 7. Proposed biosynthetic pathway of Zn-BChl in the bchD mutant. The solid line denotes negative feedback activity of heme on ALA synthase.
The dotted line denotes proposed PPIX feedback on ALA synthase. Enzymes shown are as follows. ALA-synthase, 6-aminolevulinic synthase; HemH,
ferrochelatase; BchM, S-Adenosylmethionine:magnesium protoporphyrin IX O-methyltransferase; BchE and AcsF, magnesium protoporphyrin IX
monomethyl ester cyclases; BciA and BchJ, 8-vinyl reductase; BchLNB, protochlorophyllide reductase; BchF, 3-vinyl bacteriochlorophyllide a hydroxyl-
ase; Bch(, 3-hydroxyethyl bacteriochlorophyllide a dehydrogenase; BchXYZ, chlorin reductase; BchG, bacteriochlorophyll synthase; BchP, geranylgera-
nyl reductase. Metabolites shown are as follows. Succ-CoA, succinyl-CoA; Gly, glycine; 8-ALA, 8-aminolevulinic acid; PPIX, protoporphyrin IX; Zn-PPIX,
Zn-protoporphyrin IX; Zn-PPIX-MME, Zn-protoporphyrin IX monomethyl ester; DV-Zn-PChlide, divinyl-Zn-protochlorophyllide; Zn-BChl, Zn-bacterio-

chlorophyll a.

iments on the R. sphaeroides bchHID genes expressed in E. coli
showed no Mg-chelatase activity or production of Zn-PPIX in
the absence of the bchD gene product (17). Although this obser-
vation is not proof, it provides evidence that the Mg-chelatase
BchHI subunits are unlikely to carry out the observed Zn?"
chelation. Moreover, Zn-PPIX has been observed in organisms
such as yeast, rats, and humans (43-45), all of which possess a
ferrochelatase but no Mg-chelatase, consistent with the idea
that ferrochelatase is the source of Zn-PPIX in the bchD
mutant.

Evidence for the ability of BChl pathway enzymes down-
stream of Mg-chelatase, such as BchM and BchE, to accept
zinc-containing substrates, comes from our identification of
Zn-PPIX-MME and DV-Zn-PChlide in the bchD mutant (Figs.
2 and 3). Additionally, studies of several enzymes from the chlo-
rophyll anabolic and catabolic pathways were shown to utilize
zinc-containing substrates with similar efficiency to magnesi-
um-containing substrates (46 —49).

Based on strong support coming from several different lines
of evidence in this work, we propose a model of a novel variant
of Zn-BChl biosynthesis operating in the bchD mutant (Fig. 7).
This variant pathway utilizes ferrochelatase in place of Mg-
chelatase to add a Zn>" to PPIX, forming Zn-PPIX. This Zn-
PPIX then proceeds through the otherwise native BChl biosyn-
thetic pathway, producing Zn-BChl.

Distribution of Metabolites and Regulation of the Zn-BChl
Pathway—Overall, the total amount of measured porphyrins in
the bchD mutant pathway was equivalent to that found in the
wild type pathway, but, in contrast to the wild type strain, the
early BChl biosynthetic intermediates in the bchD mutant are at
higher levels than the (Zn-)BChl end product (Fig. 5). Although
it is known that heme is a negative feedback signal that regu-
lates ALA synthase (13, 50), leading to a prediction that higher
heme levels should result in lowered amounts of other porphy-
rins, experiments on other Mg-chelatase mutants indicate that
this model is too simplistic. Higher than normal levels of both
heme and PPIX were seen in a Chlamydomonas strain with a
knock-out in a gene encoding a homolog of the BchH Mg-che-
latase subunit (51), and Rhodobacter capsulatus bchH, bchD,
and bchl mutants all accumulated PPIX, although heme levels
were not measured (52, 53).

Measurement of the total amount of porphyrins in the
wild type and bchD mutant strains in the ferrochelatase
inhibition experiment sheds light on additional regulatory
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mechanisms of porphyrin pathways in R. sphaeroides. The
decline in heme levels in both strains due to the action of the
NMPP (Fig. 4D) would have signaled ALA synthase to
increase flux through the pathway, increasing porphyrin
production (12, 13). The wild type strain used Mg-chelatase
to convert PPIX to Mg-PPIX and Mg-BChl, keeping PPIX
levels from increasing beyond 2-fold above uninhibited lev-
els (Fig. 4C) at 2 um NMPP, but in the process increasing the
sum of all measured porphyrins 1.5-fold. In contrast to
the wild type, the bchD mutant had a 0.4-fold decrease in the
total amount of measured porphyrins as NMPP concentra-
tion increased (Fig. 4E). Contributing to this decrease were
lowered levels of Zn-BChl, Zn-PPIX, and heme, whereas
PPIX production, which does not depend on ferrochelatase,
increased nearly 7-fold more than the increase seen in the
wild type strain. The increases in PPIX levels in the bchD
mutant, although large, did not fully compensate for the
decreases in other metabolite levels, so we speculate that
there is a signal in the bchD mutant that modulates ALA
synthase activity in addition to the signal from lowered heme
levels. This signal in the bchD mutant decreased the flux
through the pathway from ALA to PPIX in cells exposed to
the inhibitor NMPP, causing a decrease in total porphyrins
from uninhibited levels (Fig. 4E). Based on the limited num-
ber of metabolites measured here, the likely candidate for
this negative regulation is PPIX (Fig. 7), which was the sole
intermediate in the bchD mutant that increased in the ferro-
chelatase inhibition experiments (Fig. 4C).

The elevated levels of early BChl biosynthetic intermediates
in the bchD mutant indicate a bottleneck in the pathway. The
bchD mutant contains 3.6—4.9-fold more PPIX, heme, and
(Mg/Zn-)PPIX than the wild type strain, whereas the amount of
Zn-BChl end product is only 0.2-fold that of wild type (Fig. 5).
Using nicotinamide to probe the location of the bottleneck
revealed only a 0.3-fold increase in DV-Zn-PChlide accumula-
tion in the bchD mutant compared with wild type DV-Mg-
PChlide accumulation (Fig. 6). This value closely mirrors the
relative BChl levels between wild type and bchD mutant strains
(Fig. 5), suggesting that a bottleneck in the pathway is upstream
of the conversion of DV-PChlide to MV-PChlide.

The proposed Zn-BChl biosynthetic pathway in the bchD
mutant is an example of a naturally occurring “mutasyn-
thetic” pathway, where the elimination of a biosynthetic
enzyme in a pathway (usually the first) is compensated for by
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supplying an alternative substrate (54, 55). In general, this
practice is used to feed cells an exogenous substrate to pro-
duce novel end products for drug discovery, but in this case,
R. sphaeroides itself supplies the alternative substrate
endogenously. Mutasynthetic pathways typically are limited
by early substrate availabilities, whereas we found high levels
of early substrates in the Zn-BChl pathway and lowered
metabolite levels at later steps, although similar situations
have been seen in metabolic engineering efforts using other
organisms (56). The general principle learned from these
efforts is the importance of matching enzyme levels with
substrate levels so that inhibitory intermediates do not accu-
mulate (57). It is possible that the same principle applies in
the Zn-BChl pathway bottleneck in the bchD mutant; how-
ever, enzyme levels and affinity for zinc-containing sub-
strates are currently unknown.

Evolutionary Significance of the Zn-BChl Biosynthetic
Pathway—The structure and evolutionary origin of ferro-
chelatase and Mg-chelatase are very different despite cata-
lyzing similar reactions. Ferrochelatase is a single subunit of
115 kDa (39), whereas Mg-chelatase is a 1.1-1.2-MDa com-
plex consisting of 2—3 copies of BchH, 6 copies of Bchl, and
6 copies of BchD (58). Although both enzymes are located in
the cytoplasm, the ferrochelatase may be membrane-associ-
ated (17, 39). Both enzymes catalyze the insertion of a diva-
lent cation, but ferrochelatase catalyzes the reaction in the
absence of ATP (39), whereas Mg-chelatase requires ~15
ATPs per insertion event (59). Mg-chelatase is related to
other AAA™ -chelatases, such as the aerobic cobaltochela-
tase formed by CobNST (60), whereas ferrochelatase is in a
class of non-homologous chelatases that includes the anaer-
obic cobaltochelatases CbiK and CbiX (61).

Considering the many differences between these two
enzymes, it is surprising that the loss of Mg-chelatase revealed a
connection between ferrochelatase and the BChl biosynthetic
pathway. This may be fortuitous, because of the similar cellular
localization of these two chelatases and a relaxed substrate
specificity of the BChl biosynthetic enzymes, or it could indi-
cate a deeper association between heme and BChl biosynthesis.
Is it possible that production of Zn-PPIX by ferrochelatase and
subsequent entry into the BChl biosynthetic pathway reveal an
ancestral pathway that functioned prior to the evolution of Mg-
chelatase? The ancestor of all photosynthetic organisms has
been proposed to have resembled a purple bacterium that lived
in a reduced anaerobic environment containing Mg2+, Fet,
and Zn?" (62, 63). The relative abundance of these cations is
highly dependent on pH, with acidic conditions favoring Zn>"
availability and neutral conditions favoring the loss of soluble
Zn>" as ZnS, ZnCl,, and Zn(OH,), precipitates (64— 66). It is
interesting to speculate that a ferrochelatase in an ancestral
organism produced both heme and Zn-PPIX due to the promis-
cuous nature of early enzymes (67). In light of the suggested
evolutionary linkage of cytochrome b and the reaction center
proteins in Rhodobacter (33), the use of a single enzyme to pro-
duce two cofactors would be a parsimonious way to embark on
the development of a primitive light-driven electron transfer
system.
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