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Heme and chlorophyll (Chl) share a common biosynthetic pathway up to the branch point where magnesium
chelatase and ferrochelatase (FeCH) insert either magnesium for Chl biosynthesis or ferrous iron for heme
biosynthesis. A distinctive feature of FeCHs in cyanobacteria is their C-terminal extension, which forms a
putative transmembrane segment containing a Chl-binding motif. We analyzed the �H324 strain of Synecho-
cystis sp. strain PCC 6803, which contains a truncated FeCH enzyme lacking this C-terminal domain. Trun-
cated FeCH was localized to the membrane fraction, suggesting that the C-terminal domain is not necessary
for membrane association of the enzyme. Measurements of enzyme activity and complementation experiments
revealed that the �H324 mutation dramatically reduced activity of the FeCH, which resulted in highly
upregulated 5-aminolevulinic acid synthesis in the �H324 mutant, implying a direct role for heme in the
regulation of flux through the pathway. Moreover, the �H324 mutant accumulated a large amount of proto-
porphyrin IX, and levels of Chl precursors were also significantly increased, suggesting that some, but not all,
of the “extra” flux can be diverted down the Chl branch. Analysis of the recombinant full-length and truncated
FeCHs demonstrated that the C-terminal extension is critical for activity of the FeCH and that it is strictly
required for oligomerization of this enzyme. The observed changes in tetrapyrrole trafficking and the role of
the C terminus in the functioning of FeCH are discussed.

In photosynthetic organisms, tetrapyrrole pigments such as
heme and chlorophyll (Chl) are produced via a common
branched pathway. The initial precursor, 5-aminolevulinic acid
(ALA), is made in three steps from glutamate through glu-
tamyl-tRNA and is subsequently converted via several steps
into the metal-free tetrapyrrole ring, protoporphyrin IX
(Proto), the last common precursor for both Chl and heme
biosynthesis. At the branch point, Proto can act as a substrate
for either ferrochelatase (FeCH), which catalyzes the insertion
of ferrous iron forming heme, or for magnesium chelatase,
which inserts Mg2� to produce the first Chl biosynthetic inter-
mediate, Mg-Proto (Fig. 1A) (for reviews, see references 1 and
37).

Because the levels of heme and Chl vary according to cell
development, growth, or light conditions, special regulatory
mechanisms have evolved which control heme and Chl forma-
tion and coordinate their levels with the synthesis of the cor-
responding apoproteins (23, 37). Stringent control of this path-
way is particularly essential for oxygenic organisms such as
plants and cyanobacteria that have to cope with the problem of
photooxidation. Chl, as well as its intermediates, is readily
excited by light and, unquenched, forms destructive oxygen

species under aerobic conditions. Therefore, for organisms
carrying out oxygenic photosynthesis, it is essential to minimize
cellular levels of unbound, free tetrapyrroles.

Although the enzymatic steps of tetrapyrrole synthesis from
glutamate to Chl and heme are almost completely elucidated
at the genetic level (37), current knowledge of the regulation
and biochemistry of tetrapyrrole metabolism is still lacking.
ALA synthesis was established as the rate-limiting step that
determines the total flux through the pathway (1, 37), and this
step appears to be feedback inhibited by heme (Fig. 1A) (1,
37). Also, insertion of the particular metal is expected to be an
important regulatory step, manifested as a tightly controlled
distribution of Proto between the Mg and Fe chelatases (4, 27,
44). Expression levels and/or activities of these chelatases are
apparently controlled by light, diurnal and circadian rhythmic-
ity (20, 26). In higher plants the activities of both chelatases
oscillate with almost inverse amplitude when plants are grown
in cycles of 12 h of light/12 h of dark (26). Although this can
explain diurnal alteration of Proto distribution to the Chl
branch during daytime and to heme at night, the precise mech-
anism that ultimately controls the unequal distribution of
Proto between both pathways remains unclear.

FeCH is an enzyme of special interest regarding regulation
of tetrapyrrole biosynthesis. FeCH activity may regulate the
flux down both the heme and Chl branches of the pathway via
increased production of heme, which then exerts feedback
control by inhibiting synthesis of ALA at the start of the path-
way (1, 34). It might also control the direction of Proto at the
Chl/heme branch point by differential consumption of this
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common substrate (33, 44). We have recently demonstrated
that FeCH activity is involved in the regulation of Chl biosyn-
thesis, as decreased activity of this enzyme was followed by a
substantial increase in the level of Chl precursors and in the
accumulation of Chl (33).

An intriguing feature of FeCH from cyanobacterial and
chloroplast sources is the hydrophobic C-terminal extension
with a putative Chl-binding motif (CAB domain). This highly
conserved CAB domain is connected to the FeCH catalytic
core by a more variable spacer (see Fig. S1 in the supplemental
material); however, the functions of the spacer and CAB do-
mains are not known.

The data reported herein show that the C-terminal exten-
sion of the FeCH of the cyanobacterium Synechocystis sp.

strain PCC 6803 is essential for accumulation and activity of
FeCH in the cell. We have found that although the C terminus
is not the sole determinant of membrane binding of the FeCH,
deletion of this segment dramatically reduces FeCH activity
both in vivo and in vitro and leads to dramatic changes in
tetrapyrrole biosynthesis. Importantly, analysis of the recom-
binant full-length and truncated FeCHs demonstrated that the
C-terminal extension is essential for oligomerization of the
enzyme. The significance of these data for the function of
FeCH and regulation of tetrapyrrole metabolism in cyanobac-
teria is discussed.

MATERIALS AND METHODS

Growth conditions. Cells of Synechocystis strain PCC 6803 were grown pho-
toautotrophically in liquid BG-11 medium (31) supplemented by 10 mM TES
[N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid] at 30°C and 30 �mol
of photons m�2 s�1 (normal light) on a rotary shaker.

Construction of mutants of Synechocystis strain PCC 6803. The C1.8 mutant
strain carrying a short deletion in the Chl-binding CP47 protein was previously
constructed by Tichy and Vermaas (38). The �H324 mutant was constructed in
several steps. First, a zeocin resistance cassette was placed immediately behind
the hemH gene by PCR-mediated insertion (18). Second, DNA from the result-
ing WTzeo (where WT is wild type) strain was isolated and used as the template
for site-directed mutagenesis based on the PCR megaprimer method (15). A
PCR product was prepared containing the hemH gene with a stop codon intro-
duced at amino acid position 324, the zeocin cassette, and corresponding up-
stream and downstream regions. This PCR product was directly used to trans-
form the WT to prepare the �H324 strain. Synechocystis transformants were
selected on medium with increasing amounts of zeocin (3 to 24 mg liter�1).
Oligonucleotides used for mutagenesis are described in Table S1 in the supple-
mental material.

Fractionating of Synechocystis cells. A total of 50 ml of cells (an optical density
at 750 nm [OD750] of � 0.5) were washed and resuspended in the thylakoid
buffer containing 20 mM HEPES, pH 7.4, 10 mM MgCl2, 5 mM CaCl2, and 20%
glycerol. The cell suspension was mixed with glass beads and broken in a Mini-
BeadBeater, and the resulting homogenate was divided into halves. To prepare
a whole-cell extract, the first part was solubilized by 1% �-dodecyl-maltoside and
centrifuged at 32,000 � g for 10 min at 4°C to discard unbroken cells. The second
part was centrifuged at 100,000 � g for 30 min at 4°C, and the supernatant
containing soluble proteins was transferred to a new tube. Pelleted membranes
were washed in thylakoid buffer and suspended in the same buffer containing 1%
�-dodecyl-maltoside, and unbroken cells were discarded by centrifugation.

Western blotting and immunoblotting. Unless otherwise stated, soluble or
membrane proteins were denatured by 2% sodium dodecyl sulfate (SDS) and 2%
dithiothreitol for 30 min at room temperature and separated by SDS-polyacryl-
amide gel electrophoresis (PAGE) in a denaturing 12 to 20% linear-gradient
polyacrylamide gel containing 7 M urea (16). Proteins separated in the gel were
transferred onto a polyvinylidene difluoride membrane. The membrane was
incubated with specific primary antibodies and then with secondary antibody-
horseradish peroxidase conjugate (Sigma, Germany). The anti-FeCH antibody
kindly provided by Annegret Wilde (Humbold University, Germany) was raised
in rabbits against recombinant Synechocystis glutathione S-transferase-FeCH
prepared in Escherichia coli. To examine the association of FeCH with mem-
branes, the isolated membranes were treated with 2 M NaCl in 0.1 M CAPS
[3-(cyclohexylamino)-1-propanesulfonic acid; pH 11.0] or 0.1 M Na2NO3 for 30
min at 4°C and pelleted by centrifugation. The washed membranes were resus-
pended in thylakoid buffer (described above) and separated by SDS-PAGE.

FeCH activity assay. FeCH activity was monitored spectrofluorometrically at
35°C by directly recording the rate of zinc-Proto formation using a Spectronic
Unicam series 2 spectrofluorometer (3). The reaction mixture (1.5-ml final vol-
ume) contained 0.3 M Tris-HCl (pH 8.0), 0.03% Tween 80, 2 �M Proto, and 1.5
�M ZnSO4. The measurement of Synechocystis native FeCH was initiated by
adding proteins in amounts corresponding to 0.3 ml of cells at an OD730 of 1.
This value was calculated from the Chl content in the analyzed sample and Chl
level per OD730 unit of the particular strain. Recombinant FeCHs were assayed
by adding of 5 �g of solubilized E. coli membranes into the reaction mixture.

Quantification of Chl and its intermediates. Chl was extracted from cell
pellets (10 ml; OD730 of �0.5) with 100% methanol, and its content was mea-
sured spectrophotometrically (29).

For quantitative determination of Chl precursors in the cells, 100 ml of culture

FIG. 1. (A) The tetrapyrrole biosynthetic pathway in cyanobacte-
ria. FeCH (circled) lies at the branch point between heme and Chl
biosynthesis, sharing the same substrate Proto with the magnesium
chelatase. The positions of the Chl precursors relevant for this study
are also shown. This model of pathway regulation (reviewed in refer-
ences 1 and 37) proposes that activity of the glutamyl-tRNA reductase
(GluTR) at the beginning of the pathway is inhibited by heme (dotted
line), which in turn controls synthesis of the ALA and ultimately the
total flux through the pathway. (B) Schematic presentation of the
Synechocystis FeCH with catalytic and C-terminal CAB domains con-
nected by a spacer. The position of the zeocin (zeo) resistance cassette
is also indicated. Amino acid alignment of the FeCH C terminus shows
the FeCH truncation in the �H324 strain; the black dot indicates a
stop codon.
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at an OD730 of �0.4 was filtered through a 4-�m-pore-size cellulose filter to
remove all precipitated pigments in the growth medium and harvested. Cells
were extracted by 1 ml of alkaline acetone (acetone–0.1 N ammonium hydroxide;
9:1, vol/vol) using a Mini-BeadBeater with six breaking cycles. Subsequently, the
sample was centrifuged, and the supernatant containing extracted pigments was
collected. The pellet was then extracted twice by 1 ml of alkaline acetone with
one breaking cycle. Combined supernatants were extracted once by an equal
volume of hexane to remove Chl and immediately subjected to high-performance
liquid chromatography analysis with a Vydac 201TP54 column (250 mm by 4.6
mm; C18 reverse-phase silica gel). The tetrapyrroles were quantified essentially
as described previously (33).

Analysis of pigments in growth medium. For quantification of Proto precipi-
tated in growth medium, a 4-�m-pore-size cellulose filter (see the previous
paragraph) was frozen in liquid nitrogen, powdered in a 2-ml Eppendorf tube,
and dissolved in 0.5 ml of alkaline acetone. Acetone was then extracted with 250
�l of hexane to remove Chl. Proto was diluted in 20 ml of 0.1 M KOH–0.03%
Tween 80 and quantified spectroscopically using an authentic standard (Sigma,
Germany). To determine pigments dissolved in growth medium, 100 ml of
culture was filtered through a 0.22-�m-pore-size filter to remove cells. The
filtrate was loaded onto an Oasis HLB extraction cartridge (Waters), and bound
pigments were eluted with 1 ml of methanol and analyzed spectroscopically.

Determination of ALA-synthesizing capacity. A total of 100 ml of Synechocystis
cells at an OD730 of 0.4 were supplemented with 3 mM levulinic acid to inhibit
ALA condensation into porphobilinogen. After 2 h cells were harvested, resus-
pended in 0.3 ml of double-distilled H2O, and mixed with 20 �l of 50% trichlo-
roacetic acid. Precipitated proteins were discarded by centrifugation, and the
supernatant was adjusted to pH 6.7 by 90 �l of 0.5 M Na3PO4. The supernatant
was then mixed with 20 �l of ethylacetoacetate, boiled for 15 min at 100°C, and
cooled on ice. A total of 400 �l of modified Ehrlich’s reagent was added to the
supernatant, and ALA accumulation was determined by absorption at 553 nm
(21).

Cloning and expression of WT and truncated FeCH in E. coli. The Synecho-
cystis hemH gene was amplified by PCR using gene-specific oligonucleotides and
Synechocystis genomic DNA as a template. The resulting PCR product was
cloned into the pET9a-His6 vector (14). Oligonucleotides were used to insert a
stop codon into the Synechocystis hemH gene at amino acid position 324 using the
pET9a-His6-hemH vector as a template and QuickChange site-directed mu-
tagenesis (Stratagene). pET9a-His6-hemH and pET9a-His6-�H324 plasmids
were transformed into E. coli BL21(DE3) cells. The cultures were induced
overnight at 20°C using 0.4 mM isopropyl-�-D-thiogalactopyranoside. About 10
colonies from each transformation were monitored for protein expression by
SDS-PAGE, and those accumulating comparable amounts of each recombinant
FeCH per cell were used for further experiments.

Preparation and solubilization of E. coli membrane proteins. A total of 100 ml
of induced cells (OD600s of 2 to 3) were washed and resuspended in the buffer
containing morpholineethanesulfonic acid-KOH (pH 6.1), 10 mM MgCl2, 5 mM
CaCl2, 20% glycerol, and 0.2 mM Tris(2-carboxyethyl)phosphine. The cell sus-
pension was broken in a Mini-BeadBeater, and the resulting homogenate was
centrifuged at 32,000 � g for 20 min at 4°C to pellet membranes. Membranes
were solubilized for 30 min at room temperature in 0.5 ml of the same buffer with
2% �-dodecyl-maltoside and centrifuged to discard cell debris. Total protein in
the sample was quantified by a bicinchoninic protein assay kit (reducing agent
compatible; Pierce) and adjusted to 1 �g/�l.

Purification of the recombinant FeCHs and determination of their aggrega-
tion states. A mixture of 300 mM NaCl and 10 mM imidazole was added to the
E. coli membranes solubilized in the thylakoid buffer as described above. This
solution was filtered through a 0.22-�m-pore-size filter and loaded onto a Pro-
teus immobilized metal affinity chromatography mini-column (Pro-Chem) equil-
ibrated with thylakoid buffer containing 0.3 M NaCl, 10 mM imidazole, and 0.1%
�-dodecyl-maltoside. The resin was washed with the same buffer containing 35
mM imidazole, and the recombinant His6-tagged FeCH was eluted with thyla-
koid buffer containing 200 mM imidazole and 0.5% �-dodecyl-maltoside. Non-
denaturing PAGE was performed with a precast 4 to 16% native PAGE bis-Tris
gel system (Invitrogen) at 10 V/cm at 4°C. A total of 0.5 �g of protein in the
thylakoid buffer was loaded for each sample, and after the electrophoresis the gel
was stained with Coomassie brilliant blue.

Gel filtration chromatography was carried out on a BioSep SEC-S3000 300- by
7.80-mm column (Phenomenex) connected to a Waters 996 photodiode array
detector (Waters, Milford, MA). The column was equilibrated with thylakoid
buffer containing 0.1% �-dodecyl-maltoside. The flow rate was 0.2 ml/min.

RESULTS

Phenotype of the �H324 mutant of Synechocystis strain PCC
6803. In the genome of the cyanobacterium Synechocystis,
there is only one recognizable gene for FeCH, hemH, which
has a strong similarity to algal and plant genes coding for
FeCH, including the hydrophobic C-terminal region, within
which there is a CAB domain (Fig. 1B; see also Fig. S1 in the
supplemental material). In order to provide information re-
garding the function of this C-terminal extension of FeCH, we
prepared mutant �H324 with a stop codon introduced at po-
sition 324, which approximates to the termination point in the
soluble FeCH from Bacillus subtilis (Fig. 1B). To construct this
strain, we first introduced a gene encoding zeocin resistance,
yielding the strain WTzeo, and in the next step we used DNA
from WTzeo as a template to prepare the �H324 mutant using
megaprimer PCR site-directed mutagenesis (15).

The resulting �H324 mutant grew poorly (Table 1) and
excreted large quantities of a red-brown compound that pre-
cipitated in the medium (see below). The time course of Chl
accumulation during growth of �H324 in liquid culture was
unusual. At low cell densities, accumulation of Chl in the cell
was substantially higher than in the WT, whereas at higher
ODs (�0.5) the Chl content per cell rapidly decreased (Fig.
2A). This loss of Chl is probably related to a decrease in light
tolerance of this strain and accumulation of tetrapyrroles in
cells (Fig. 2B) (see below). �H324 was unable to grow at a light
intensity of 500 �mol of photons s�1 m�2 (see Fig. S2 in the
supplemental material) and was two times more sensitive to
fluridone, an inhibitor of carotenoid biosynthesis (5), than the
WT, suggesting that the light sensitivity of �H324 is caused by
photooxidative damage (see Fig. S2 in the supplemental ma-
terial]).

It should be noted that introduction of the gene for zeocin
resistance had no effect on either autotrophic growth or Chl
accumulation (Table 1).

Analysis of tetrapyrrole metabolism. We showed previously
that FeCH modulates accumulation of tetrapyrroles, which are
known to mediate increased sensitivity to oxidative stress (33).
To determine the effect of C-terminal truncation of FeCH on
the Chl/heme biosynthetic pathway, levels of Proto, Mg-Proto
monomethyl ester (Mg-PME), protochlorophyllide (PChlide),
and chlorophyllide (Chlide) were quantified in the strains stud-
ied in the present work. Cells were grown under normal light
conditions and harvested at an OD730 of �0.4, at which point
the �H324 strain still accumulates normal amounts of Chl. In
the control WTzeo strain, levels of Chl precursors were two to
three times higher than in the WT, suggesting that insertion of

TABLE 1. Growth rate and Chl content of mutant and wild-type
strains of Synechocystis strain PCC 6803

Strain Doubling time (h)a Chl content
(mg/liter/OD730 unit)

WTzeo 13 	 0.5 4.5 	 0.15
�H324 23 	 0.5 3.3–6.5b

C1.8zeo 67 	 2 3.8 	 0.15
C1.8/�H324 19 	 0.5 6.6 	 0.25c

a Photoautotrophic growth at 30 �mol of photons m�2 s�1.
b As shown in Fig. 2A.
c At an OD730 of �0.4.

2088 SOBOTKA ET AL. J. BACTERIOL.



the zeocin cassette 3
 to the hemH gene affects tetrapyrrole
biosynthesis (Fig. 2B). However, a much higher accumulation
of Proto was detected in the �H324 mutant, reaching a level
�45-fold higher than in WT, and levels of Mg-PME and
PChlide were also very high (Fig. 2B).

As indicated above, the �H324 cells released a red-brown
precipitate into the growth medium. This precipitate was sep-
arated from the cells and medium by filtration through 4-�m-
pore-size filter, and spectroscopic analysis showed that this
precipitate is almost pure Proto (Fig. 2C). The extent of accu-
mulation of this pigment in the growth medium of �H324 was
surprising; we estimated that 1 liter of growth medium from
cells grown to a density of �0.4 (OD730) contained about 1.9
mg of Proto, which corresponds to almost half of the cellular
Chl content. Small amounts of precipitated Proto were also
found in the growth medium of WTzeo (Fig. 2C), which corre-
lates with the increased accumulation of Proto in �H324 and
WTzeo cells. No other tetrapyrrole intermediates except Proto
were precipitated or dissolved in the growth medium of any of
the strains studied.

To explain this substantial accumulation of Proto in �H324,
the rate of ALA synthesis was assayed, since it is generally
accepted as the key control point for the whole tetrapyrrole
pathway and since increased ALA supply induces accumula-
tion of tetrapyrroles (1). Importantly, we found that in the
�H324 strain, the rate of ALA synthesis increased approxi-
mately fivefold in comparison with the WT or WTzeo (�H324,
1,074 	 72; WT, 219 	 47; and WTzeo, 247 	 29 �mol of ALA
per liter of cells at an OD730).

To summarize, the truncation of FeCH resulted in a strain
suffering strongly from photooxidative stress as a consequence
of disturbed tetrapyrrole biosynthesis and accumulation of
phototoxic intermediates of this pathway.

Localization, accumulation, and activity of FeCHs. Based on
homology with light-harvesting complex (LHC) proteins, the
FeCH C-terminal sequence may form a transmembrane seg-
ment containing a CAB domain. Deletion of this segment
could lead to altered activity, localization, and/or destabiliza-
tion of FeCH, affecting tetrapyrrole metabolism in �H324 mu-
tants.

First, we addressed the localization of Synechocystis FeCH.
Isolated WT membranes were treated with 2 M NaCl in 0.1 M
CAPS (pH 11) or 0.1 M Na2NO3, salts known to remove
extrinsic membrane proteins (2). After the salt treatment
FeCH remained associated with the membrane, demonstrating
that the full-length enzyme is anchored to the membrane by a
putative helical segment (Fig. 3A).

To assess localization and accumulation of truncated FeCH,
a whole-cell extract of the �H324 mutant was fractionated into
cytosolic and membrane fractions, which were separated by
SDS-PAGE, and blotted, and FeCH was detected by antibod-
ies. The truncated FeCH exhibited the expected molecular
mass of 38 kDa, and it was evident that the mutation signifi-
cantly impaired accumulation of the enzyme, resulting in levels
approximately 10% of the WT (Fig. 3B). In the whole-cell
extract of the �H324 truncation mutant, another faint band
with a molecular mass slightly greater than WT FeCH can be
observed (Fig. 3B, highlighted by a black triangle). However,
this band is very probably an unspecific cross-reaction of the
anti-FeCH antibody with a soluble protein as it is also visible in

FIG. 2. Analysis of pigments in WT and mutants of Synechocystis strain
PCC 6803. (A) Chl accumulation in Synechocystis strains during photo-
autotrophic growth. Data shown are from three experiments; the error bars
indicate the standard deviation. (B) Quantification of the relative contents of
Proto, Mg-PME, PChlide, and Chlide in Synechocystis cells harvested at an
OD730 of 0.4. Chl precursors were extracted with alkaline acetone and quan-
tified by a combination of high-performance liquid chromatography and spec-
trofluorometry. Values represent mean 	 standard deviations from three
separate extractions. (C) Absorbance spectra of the precipitate isolated from
the growth medium of �H324 (solid line) and WTzeo (short dash). The WT
accumulated undetectable amounts of Proto. The inset shows the absorbance
of 10 �M Proto standard diluted in the same solution.
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the soluble fraction of both the WT and the truncated mutant
but missing in the membrane fractions, where the FeCH is
located (Fig. 3B). As shown in Fig. 3B, the truncated enzyme
is located almost exclusively in the membrane fraction despite
its lack of the putative transmembrane CAB domain. In the
soluble fraction, no WT enzyme was found, and only a very
weak signal was detectable for the �H324 FeCH after longer
exposure of the Western blot (20 min versus 2 min) (Fig. 3B).
The FeCH level also decreased to �50% in the WTzeo strain,
suggesting that insertion of the resistance cassette influenced
FeCH accumulation (Fig. 3C).

To compare the accumulation of FeCHs with their respec-
tive activities, FeCH was assayed in whole-cell extract and
membrane and soluble fractions by spectrofluorometry using
Proto and zinc as substrates. Consistent with the results of

immunodetection, almost all FeCH activity in the WT was
localized in membranes, and only traces of activity (�5%)
were found in the soluble fraction, most probably as a contam-
ination of the soluble fraction by nonsedimented membranes
(Fig. 3D and E). In contrast, FeCH activity in the �H324
mutant reached 6% of WT, which would correspond to the
decreased FeCH accumulation in the mutant. However, all the
activity was localized in the soluble fraction (Fig. 3D and E)
where only traces of FeCH were detected by immunoblotting
(Fig. 3B). In agreement with FeCH immunodetection, the
FeCH activity in the WTzeo strain was reduced to 60% (Fig.
3E), which may be the reason for the accumulation of Chl
precursors observed in this strain (Fig. 2B).

Assessment of the in vivo activity of truncated FeCH. Pre-
vious results (33) suggested that a decrease in in vitro FeCH

FIG. 3. Localization, accumulation, and in vitro activity of FeCH in Synechocystis strains. (A) Membranes prepared from the WT strain were
washed with 2 M NaCl, pH 11, or 0.1 M Na2CO3 and centrifuged, and the pellet was separated by SDS-PAGE, blotted, and cross-reacted with
anti-FeCH antibody. The lower panel shows the membrane stained with Ponceau red as a loading control; the peripheral subunit of ATPase,
included as a marker protein for removal by salt washing, is indicated by an asterisk. (B) Whole-cell extract, membrane protein fraction, and soluble
fraction from analyzed strains were prepared as described in Materials and Methods. The amount of protein loaded for each sample corresponded
to 150 �l of cells at an OD730 of 1. FeCH was detected by an anti-FeCH antibody; the exposure time is indicated. The band resulting from an
unspecific cross-reaction is marked by a black triangle. Below is the membrane stained with Ponceau red. (C) Different amounts of the FeCH in
membrane fractions of the WT and WTzeo strains. Samples were prepared, and the FeCH was detected as described above. (D) In vitro FeCH
activity in whole-cell extract fractions (Cell; black symbols) and in membranes (Mem; gray symbols) as determined by continuous spectrofluoro-
metric assay. Activities were monitored as an increase in fluorescence of zinc-Proto using excitation and emission wavelengths of 420 and 590 nm,
respectively. (E) Comparison between FeCH activities measured in whole-cell extract, the soluble fraction, and the membrane fraction of studied
strains. The values are the means of three independent experiments. au, arbitrary units.
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activity to a level similar to that found in the whole-cell extract
of �H324 (�6% of WT) in the present work has a minimal
effect on the Synechocystis phenotype and cannot explain the
changes in tetrapyrrole metabolism observed in the �H324
mutant (Fig. 2). Moreover, there is a discrepancy in this strain
between the very low FeCH activity found solely in the soluble
fraction and the FeCH protein found mostly in the membrane
fraction (Fig. 3).

To estimate the in vivo activity of FeCH, we employed an
assay used previously to complement the C1.8 mutant of Syn-
echocystis strain PCC 6803 (33). The C1.8 mutant, with a mu-
tation in the Chl-binding CP47 protein, grows very slowly (Ta-
ble 1), but its photosynthetic performance can be restored by
spontaneous mutations in the hemH gene that reduce FeCH
activity (31). The C1.8 strain is almost fully photoautotrophic
when FeCH activity is reduced to a level which is 5 to 10% of
WT (33; also, R. Sobotka, unpublished data). The reason this
assay is effective for assaying for low FeCH activity in vivo is
that, within limits, it is possible for Synechocystis to tolerate low
FeCH activity, while at the same time lowered FeCH allows
increased flux down the Chl branch to relieve problems in Chl
synthesis. However, if FeCH activity is reduced even further,
autotrophic growth is retarded.

For complementation, C1.8 was transformed by PCR frag-
ments containing the mutated hemH gene from the �H324
strain, and autotrophic colonies were selected on medium with
no glucose. Regarding the effect of the zeocin cassette on the
FeCH activity, a C1.8zeo strain was prepared in order to create
a proper control. As in the WTzeo strain, the activity of FeCH
in C1.8zeo was reduced by �30%; nevertheless, as expected,
this decrease was insufficient to increase the Chl level (by
diverting flux down the Chl branch) (Fig. 1A) and improve the
autotrophic growth rate of C1.8 (Table 1 and Fig. 4B).

Autotrophic transformants were repeatedly obtained for the
�H324 transformations (data not shown). Interestingly, PCR
analysis showed that autotrophic C.1.8/�H324 transformants
were not fully segregated (they contained WT copies of hemH)
even after cultures were restreaked several times onto new

plates (Fig. 4A). The unsegregated strain had a doubling time
of about 15 h, which is similar to the WT (Table 1), and did not
accumulate Proto in the medium. This suggests that the C1.8/
�H324 transformants can achieve optimal FeCH activity but
only by keeping a copy, or copies, of the WT hemH gene.
Indeed, the fully segregated C1.8/�H324 strain prepared by
segregation on zeocin plates (Fig. 4A) grew more slowly than
the unsegregated strain, and, as found for the �H324 mutant,
it accumulated Chl (Table 1, Fig. 4B) and released significant
quantities of Proto into the growth medium (result not shown).

This experiment showed clearly that the �H324 mutation
very strongly affects the FeCH activity in vivo. Previous work
has shown that no more than 5 to 10% of WT FeCH activity is
required for normal growth of Synechocystis and that such a
level is optimal for suppression of the C1.8 mutation (33). The
fact that the fully segregated C1.8/�H324 strain grows more
slowly than the unsegregated strain and also accumulates a
significant level of Proto implies that the �H324 FeCH pos-
sesses very low (��5%) activity.

Activity and aggregation of recombinant FeCHs. To confirm
that the C-terminal domain is required for the functioning of
Synechocystis FeCH, recombinant full-length and truncated
FeCHs were prepared in E. coli using the pET9a-His6 vector
(Novagen) and QuickChange mutagenesis (Stratagene).

Following induction of the E. coli strains, 46-kDa and 38-
kDa polypeptides were produced that corresponded to the
predicted sizes of full-length and truncated Synechocystis
FeCHs, respectively (Fig. 5A). Accumulation levels of both
recombinant enzymes were comparable, and each was detect-
able as a major species of the whole-cell extract, which allowed
a simple comparison of their in vitro activities. Soluble and
membrane fractions were prepared in a manner similar to that
used for fractions from Synechocystis and, as in Synechocystis,
both recombinant FeCHs were associated with the E. coli
membranes (Fig. 5A).

Solubilized membrane fractions, each containing a similar
amount of recombinant FeCH (Fig. 5A) (see Materials and
Methods), were assayed for FeCH activity by the same method
used for measurement of the Synechocystis enzyme. Whereas
the enzymatic activity of recombinant WT FeCH was clearly
detectable (Fig. 5B), the activity of the �H324 enzyme was at
the detection limit of our assay (�2%) when 5 �g of mem-
brane protein was assayed (Fig. 5B). We confirmed by a suc-
cessful complementation of the �hemH strain of E. coli that
the recombinant �H324 FeCH retains some residual activity
(not shown). No indigenous FeCH activity was detected in a
control sample prepared from E. coli transformed with an
empty pET9a-His6 plasmid (not shown), probably due to the
fact that the assay conditions were optimized for the Synecho-
cystis enzyme, and a small amount of total membrane protein
was used for measurement.

For Saccharomyces cerevisiae and animal FeCHs, the ho-
modimer has been shown to be the active form of the enzyme
(11, 24). To elucidate the aggregation state of the Synechocystis
enzymes, both WT and truncated recombinant FeCHs were
purified by affinity chromatography from solubilized mem-
branes (Fig. 6A), and their molecular sizes were determined.
On a native gel WT FeCH migrates as two bands and partially
as high-molecular-mass aggregates (�500 kDa). The mobilities
of the observed bands are consistent with the sizes expected for

FIG. 4. Complementation of the C1.8 strain by the mutated �H324
hemH gene. (A) Segregation of the C1.8/�H324 mutant on the plate
with no glucose (selection on autotrophy) and on the plate with 12
�l/ml of zeocine (fully segregated mutant). The hemH gene was am-
plified using total chromosomal DNA as a template; the mutant gene
copy gave rise to a larger PCR fragment due to the insertion of the
zeocin resistance cassette. (B) Absorbance spectra of methanol ex-
tracts from C1.8 mutants of Synechocystis strain PCC 6803. Pigments
were extracted from the same volume of cells at an OD730 of � 0.4; Chl
is represented by the 664-nm peak.
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monomeric and dimeric WT FeCHs, each with a detergent
micelle (see below). In contrast, the truncated enzyme mi-
grated to a position consistent only with a monomeric form
(Fig. 6B).

When analyzed by gel filtration, WT FeCH migrated in
two forms with different retention times; the major peak
eluted at 39 min, which corresponds to an FeCH complex
with a molecular mass of about 160 kDa. The second peak
eluted at 42.5 min (�60 kDa), consistent with a monomeric
FeCH (Fig. 6C). As the size of a �-dodecyl-maltoside mi-
celle is 50 kDa (32), the molecular mass of observed FeCH
complex is between a hypothetical dimer (140 kDa) and a
trimer (185 kDa) covered by detergent. However, it is gen-
erally not simple to determine the masses of membrane
proteins by gel filtration; calibration of the column with
soluble proteins leads to inaccurate results (45). Truncated
FeCH from the �H324 strain eluted only as a monomer with
a predicted size of about 45 kDa (Fig. 6C). Given that the
FeCH dimer has been described in other organisms (11, 24),
we suggest that the FeCH oligomer shown on Fig. 6 is a
homodimer, the formation of which strictly depends on the
presence of the C-terminal extension.

DISCUSSION

In this study, we have investigated the function of the C-
terminal extension of FeCH, a unique feature of this enzyme in
photosynthetic organisms that has been preserved during evo-
lution from cyanobacteria to higher plants. This region con-
tains a putative CAB domain and a more variable spacer con-
necting the CAB domain with the catalytic core (see Fig. S1 in
the supplemental material). It has been proposed that the
function of the CAB domain is to direct FeCH to a specific
membrane location within the chloroplast (39) and to anchor it
there (13). It has also been hypothesized that FeCH is regu-
lated through the binding of Chl to this domain (40). In con-
trast to plants, cyanobacteria do not contain multihelix CAB
proteins such as LHC and related Chl binding peripheral an-
tenna proteins, although genes coding for small single-helix
CAB proteins have been found in genomes of many cyanobac-
teria (8). The Synechocystis genome encodes four small CAB-
like Scp proteins sharing high sequence similarity to the FeCH
CAB domain. Interestingly, Scp proteins appear to participate
in regulation of tetrapyrrole biosynthesis (42), which might
indicate a similar regulatory role for the FeCH C terminus.

In other groups of organisms the FeCH is also extended by
characteristic forms of a C-terminal domain (see Fig. S1 in the
supplemental material). In the mitochondrial FeCH and in
FeCHs from some bacteria, this region contains cysteinyl li-
gands for a [2Fe-2S] cluster (7). Another distinct C terminus
has been found in plant FeCH isoforms localized to nonpho-

FIG. 5. Localization and activities of recombinant FeCHs. (A) Lo-
calization of recombinant WT and truncated FeCH overexpressed in
E. coli. Five micrograms of soluble proteins (S) and 10 �g of mem-
brane proteins (M), prepared from E. coli strains as described in
Materials and Methods, were separated by SDS-PAGE, and the gel
was stained with Coomassie brilliant blue. Recombinant FeCHs are
marked by asterisks. (B) In vitro activity of recombinant FeCHs. Five
micrograms of solubilized membranes, each containing a comparable
amount of recombinant enzyme (as depicted in panel A) was assayed
for FeCH activity essentially as described for Synechocystis. In three
independent experiments including protein expression, the activity of
the �H324 enzyme was always under the detectable threshold (�2%).
au, arbitrary units.

FIG. 6. Aggregation state of the recombinant FeCHs (A) A total of
0.5 �g each of the purified recombinant WT and truncated FeCH
(�H324) was separated by 12% SDS-PAGE, and the gel was stained
with Coomassie brilliant blue. (B) The same samples analyzed by
nondenaturing PAGE. M indicates a position of FeCH monomer.
(C) Gel filtration of the WT and truncated recombinant FeCH
(�H324) on the BioSep SEC-S3000 column. Positions of standards are
shown at the top of the graph. Standards are as follows: BD, blue
dextran (void volume); TH, thyroglobulin (669 kDa); AF, apoferritin
(443 kDa); AM, �-amylase (200 kDa); ADH, alcohol dehydrogenase
(150 kDa); BSA, bovine serum albumin (66 kDa); CA, carbonic anhy-
drase (29 kDa).
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tosynthetic tissue (36). The functions of these C-terminal do-
mains also remain to be elucidated.

Our results suggest that the FeCH CAB domain forms an
integral membrane segment, consistent with the results on
green algae and plants (35, 39). However, using an enzyme
truncated at the C terminus, we have demonstrated that this
domain is not essential for membrane association. Thus, the
truncated FeCH may resemble animal, yeast, and some bacte-
rial FeCHs where an internal �50-amino-acid segment at the
N terminus was identified as being responsible for the mem-
brane association (6, 10, 41). This hydrophobic segment, which
is also the access route to the active site (41), is preserved in
Synechocystis FeCH (see Fig. S1 in the supplemental material)
and appears to be sufficient to maintain an association of
FeCH with membrane as a peripheral protein.

The C terminus of FeCH is important for production of
normal levels of this enzyme in the Synechocystis cell since its
removal in the truncation mutant resulted in a level �20% of
the levels seen in the WTzeo strain. As noted earlier, introduc-
tion of the zeocin cassette itself probably decreased the
amount of FeCH by �50%. (Fig. 3). Since we demonstrated
that the recombinant full-length enzyme forms a complex,
most probably a homodimer, via the C terminus (Fig. 6), it is
likely that dimerization can stabilize FeCH in the Synechocystis
cell. For yeast and animal FeCHs, the homodimer is the func-
tional form of the enzyme required for stability (11, 24); and
from the crystal structure of human FeCH, it is clear that the
C-terminal extension promotes dimerization. The plastid
FeCH probably also forms a homodimer (35). Moreover,
dimerization of the FeCH CAB domain could arise from its
high homology to two paired CAB helices within the structure
of the LHC2 complex (19).

In contrast to yeast and animal FeCHs, where elimination of
the C-terminal domain results in complete loss of activity (6),
the truncated Synechocystis enzyme remained active as it is
possible to prepare the fully segregated �H324 mutant and to
use this truncated construct to complement the �hemH strain
of E. coli. However, the membrane-bound FeCH of the �H324
strain functions dramatically less efficiently both in vivo and in
vitro and in comparison with the full-length enzyme retains
only traces (�2%) of activity. This was demonstrated by a high
level of accumulation of Proto in the �H324 mutant of Syn-
echocystis strain PCC 6803 and by rescue of photoautotrophic
growth of the C1.8 mutant (Table 1). Furthermore, we did not
find any in vitro activity of either native or recombinant �H324
FeCH associated with the cell membrane. We envision that, as
in the case of yeast or animal FeCH, the homodimer is the fully
active form of the Synechocystis FeCH. Moreover, as the
dimerization of Synechocystis FeCH strictly depends on the
presence of the C terminus with the CAB domain, it is tempt-
ing to speculate that the dimerization in vivo can be controlled
via interaction with other CAB proteins, such as Scps, or with
pigment molecules.

It is intriguing that it is possible to detect low activity of the
FeCH in the soluble fractions (Fig. 3E) from Synechocystis
even though the protein is almost undetectable by immunolog-
ical methods. However, based on data from complementation
of the C1.8 strain, in vitro activity of FeCH in the soluble
fraction of the �H324 mutant is not relevant for the in vivo
performance of the cell. Synechocystis possesses about 10 cop-

ies of its chromosome, and therefore unsegregated C1.8/
�H324 cells with nine almost nonfunctional copies of the
�H324 hemH gene could still “gain” �10% of FeCH activity
for optimal growth. This explains why the C1.8/�H324 mutant
achieves the best possible growth rate by keeping a copy of the
WT hemH gene (Fig. 4A). Moreover, we described previously
two Synechocystis strains with point mutations in the catalytic
domain of FeCH that cause a decrease in in vitro activity to 5
to 10% of the WT level with no apparent effect on phenotype
(33).

The �H324 strain differs from a previously described ScpA�

mutant of Synechocystis strain PCC 6803, where the hemH
gene was interrupted by the kanamycin resistance cassette at
position 332 (9). The ScpA� mutant grew as the WT and did
not accumulate Proto. Interestingly, a light-sensitive strain
with a deletion of photosystem I and carrying the ScpA� mu-
tation was able to grow at normal light intensities (9), which is
completely opposite to the phenotype of the �H324 mutant. It
is therefore possible that the 8-amino-acid region missing in
the �H324 FeCH but still present in the ScpA� enzyme is
important for FeCH function. Unfortunately, the ScpA�

FeCH possesses an extra 19-amino-acid segment at the C
terminus, which arises from a frameshift of the kanamycin
cassette, thus making interpretation of the ScpA� mutation
problematic.

It is interesting that, despite the dramatic decrease in FeCH
activity in the �H324 mutant, no depletion of phycobilisomes
was observed that would indicate heme deficiency (Fig. S3). A
similar “excess” of FeCH capacity in normally growing WT
cells has been observed in other organisms: a 10-fold decrease
in FeCH activity in the purple bacterium Rhodobacter spha-
eroides or a 16-fold decrease in B. subtilis had no effect on cell
viability (12, 25). Perhaps under nonstress conditions the ma-
jority of FeCH is not fully active in vivo; however, this deacti-
vation is not detectable in an artificial in vitro assay.

In different groups of organisms, deficient FeCH activity
leads to accumulation of Proto (10, 28, 43). In the �H324
mutant the accumulation of this compound is increased dra-
matically; �H324 cells excrete about 3.3 �mol/liter of Proto
into the growth medium, compared to 90 �mol/liter in an E.
coli strain metabolically engineered for the industrial produc-
tion of Proto (17). It is not surprising that the growth of the
�H324 mutant is impaired by light or by decreased carotenoid
content (Fig. S2) as tetrapyrroles generally are readily excited
by light and, unquenched, cause the formation of destructive
radicals (43).

This uncontrolled accumulation of Proto in the �H324
strain can be explained by an almost fivefold increase in the
rate of synthesis of the initial precursor ALA. Thus, our data
support the model in which ALA synthesis and subsequent
total metabolic flow through the tetrapyrrole pathway are con-
trolled by heme availability (1). Heme probably interacts di-
rectly with the glutamyl-tRNA reductase, the first committed
enzyme of the tetrapyrrole pathway, causing a decrease in its
enzymatic activity (Fig. 1A) (30, 34).

The �H324 mutant accumulates significantly more Chl in
the initial phase of growth than the WT (Fig. 2A), suggesting
that a portion of the excess Proto can be metabolized by Mg
chelatase. This is consistent with our recent discovery that Chl
biosynthesis can be regulated by FeCH activity (33). In addi-
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tion, introduction of the �H324 mutation into the C1.8 strain
almost doubled cellular Chl content and rescued its photoau-
totrophic growth (Fig. 4B and Table 1). Further evidence sup-
porting the regulatory role of FeCH has arisen from an analysis
of the WTzeo strain. Introduction of the zeocin cassette closely
behind the hemH gene affected accumulation of FeCH, per-
haps by destabilization of hemH mRNA. Nevertheless, only a
40% decrease in FeCH activity was followed by a threefold
increase in the level of Chl precursors.

On the other hand, it is apparent that only a limited amount
of overproduced Proto in �H324 is metabolized by the Chl
branch, and the rest accumulates in the cell and is exported
into the medium. This shows that the distribution of substrate
between Fe and Mg chelatases is an important regulatory step
in tetrapyrrole trafficking. Moreover, as the �H324 mutant
accumulates PChlide but no Chlide (Fig. 2B), there might be
an additional regulatory or feedback mechanism that operates
within the Chl branch in a manner similar to that regulated by
the FLU protein in higher plants (22).
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