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In cyanobacteria many compounds, including chlorophylls, carotenoids, and hopanoids, are synthesized from the
isoprenoid precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate. Isoprenoid biosynthesis
in extracts of the cyanobacterium Synechocystis strain PCC 6803 grown under photosynthetic conditions, stim-
ulated by pentose phosphate cycle substrates, does not appear to require methylerythritol phosphate pathway
intermediates. The sll1556 gene, distantly related to type 2 IPP isomerase genes, was disrupted by insertion of
a Kanr cassette. The mutant was fully viable under photosynthetic conditions although impaired in the utili-
zation of pentose phosphate cycle substrates. Compared to the parental strain the �sll1556 mutant (i) is
deficient in isoprenoid biosynthesis in vitro with substrates including glyceraldehyde-3-phosphate, fructose-
6-phosphate, and glucose-6-phosphate; (ii) has smaller cells (diameter ca. 13% less); (iii) has fewer thylakoids
(ca. 30% less); and (iv) has a more extensive fibrous outer wall layer. Isoprenoid biosynthesis is restored with
pentose phosphate cycle substrates plus the recombinant Sll1556 protein in the �sll1556 supernatant fraction.
IPP isomerase activity could not be demonstrated for the purified Sll1556 protein under our in vitro conditions.
The reduction of thylakoid area and the effect on outer wall layer components are consistent with an impair-
ment of isoprenoid biosynthesis in the mutant, possibly via hopanoid biosynthesis. Our findings are consistent
with an alternate metabolic shunt for biosynthesis of isoprenoids.

Isoprenoids are required for many cell processes including
photosynthesis, membrane stability, electron transport, and the
cellular production of carotenoids, rubber, and fragrances.
More than 30,000 isoprenoid compounds have been described.
Synthesis of the essential 5-carbon building blocks of isopre-
noids, isopentenyl diphosphate (IPP) and dimethylallyl diphos-
phate (DMAPP), can be attributed to one of two pathways.
The mevalonic acid pathway, the sole pathway in animals and
in many bacteria, also occurs in the cytoplasm of plant cells,
where it is responsible for synthesis of sterols and ubiquinones
(18, 20). The 2-C-methyl-D-erythritol-4-phosphate (MEP) path-
way occurs in Escherichia coli and many other bacteria as well
as in cyanobacteria. It is also present in chloroplasts, where it
provides substrates for the synthesis of carotenoids, chloro-
phylls, and quinones. This pathway is believed important for
cyanobacterial photosynthetic pigment biosynthesis including
that of carotenoids and the phytolation of chlorophyll and in
hopanoid synthesis of bacterial and cyanobacterial cell walls
and membranes (8, 20, 24). Most of the MEP pathway genes
have been functionally verified in the gram-negative heterotro-
phic bacterium E. coli (reviewed in references 4, 14, 18, and
20), and this bacterium has thus become the standard for
defining the MEP pathway in other organisms. The MEP path-
way is typically represented as a linear sequence of reactions
commencing with pyruvate (PYR) and glyceraldehyde-3-phos-

phate (GA3P) as substrates with a condensation to 1-deoxy-D-
xylulose-5-phosphate (DXP), leading to the synthesis of IPP
and DMAPP, and is usually assumed to involve an IPP isomer-
ase for IPP and DMAPP interconversion (4, 14, 18, 20).

Our studies have concentrated on the photosynthetic pro-
karyote Synechocystis strain PCC 6803, which possesses ho-
mologs of all the essential genes for the MEP pathway (10).
These recent studies (5, 6) provided evidence that isoprenoid
biosynthesis in cells grown photoautotrophically exhibits some
major differences from the pathway predicted from E. coli as
summarized in Fig. 1. This cyanobacterium does not utilize the
predicted MEP pathway substrates PYR and DXP in vitro.
Instead it utilizes products of photosynthesis as substrates. In
addition it was shown that isoprenoid biosynthesis in cultures
of Synechocystis strain PCC 6803 was not affected in vivo or in
vitro by fosmidomycin (6), the inhibitor of the key MEP en-
zyme deoxyxylulose phosphate reductoisomerase. Collectively,
these results strongly suggest that alternate substrate paths are
used in isoprenoid biosynthesis. In accordance with our data,
we proposed that in this cyanobacterium the linear MEP path-
way as defined for E. coli is not the sole pathway by which
isoprenoids are synthesized under photosynthetic conditions
but rather that products of the pentose phosphate cycle serve
as substrates, and it was hypothesized that they could subse-
quently enter the MEP pathway downstream of MEP (Fig. 1;
also Fig. 6 of reference 6). It was previously found that LytB,
which is at the branch point of IPP and DMAPP synthesis, is
essential for the survival of Synechocystis strain PCC 6803 (3)
and therefore is likely required for the formation of IPP and/or
DMAPP. It is generally expected that an IPP isomerase is
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involved in DMAPP production from IPP (13, 14, 16). How-
ever, in our previous work with Synechocystis strain PCC 6803
we were unable to demonstrate IPP isomerase activity conso-
nant with a lack of the type 1 IPP isomerase gene (10), and it
was suggested that DMAPP and IPP are separately generated
(5, 6), which had been independently also suggested for plant
cell cultures (1). It should be noted that a possible homolog of
a type 2 IPP isomerase in Synechocystis, similar to the Strepto-
myces type 2 IPP isomerase (9), was suggested from sequence
identity (32%) from the sll1556 open reading frame (ORF). To
test this possibility, we created the knockout mutant �sll1556
and examined the recombinant protein from this ORF for IPP
isomerase activity.

In the present work we report that Sll1556 is not essential
but that the nonlethal Synechocystis strain PCC 6803 mutant
was impaired in the utilization of pentose phosphate cycle
substrates for isoprenoid biosynthesis in vitro. The impair-
ment is correlated with a significant reduction of thylakoid
membranes in the mutant and an increase in outer wall
components. We suggest that DMAPP and IPP biosynthesis
may occur by more than one metabolic path leading to isopre-
noid biosynthesis.

MATERIALS AND METHODS

Cell culture and fractionation. Liquid cultures of the glucose-tolerant Syn-
echocystis strain PCC 6803 (obtained from Wim Vermaas, Arizona State Uni-
versity) were routinely grown at ca. 30°C in continuous light (15 to 20 �mol/m2/s)
with continuous shaking and slow bubbling of 5% CO2 in air. The parental strain

(wild type [WT]) of Synechocystis, referred to throughout the paper as WT, is the
widely used glucose-tolerant strain (29). The culture medium BG-11 was sup-
plemented with 5 mM potassium-TES [N-tris(hydroxymethyl)methyl-2-amin-
oethanesulfonic acid, pH 8.3].

For in vitro assays Synechocystis strain PCC 6803 cells were harvested in the log
phase of growth. Cells pelleted by centrifugation were quickly rinsed in 100 mM
HEPES-KOH (pH 7.7) and 1 mM dithiothreitol (DTT), treated with lysozyme
(10 mg/ml, 60 min, 37°C), rinsed in the same buffer, and broken in a French
pressure cell (20,000 lb/in2, 4°C). The supernatant fraction (3 to 5.5 mg of protein
per ml), after centrifugation at 60,000 � g for 1 h, was stored at �80°C for use
within less than 3 weeks. An alternate improvement in the procedure was to
prepare the 60,000 � g supernatant directly from pelleted frozen cells (�80°C;
0.7 ml), previously rinsed in 100 mM HEPES–1 mM DTT (pH 7.7) and broken
(for 30 s with intermittent cooling, four times) in buffer with a Mini-Bead beater
(Biospec Products Inc., Bartlesville, Okla.). Also, the reaction mixture was pre-
incubated with unlabeled IPP for 20 min (37°C) before addition of [14C]IPP and
further incubation and assayed from 0 to 60 min. The preincubation served to
deplete any residual DMAPP that might have been present in the cells extracts.
It should be noted that the results were essentially the same as with the previous
procedure (6), except that variation in activity with time of stored supernatant
was eliminated, as was a small stimulation from residual MEP previously ob-
served (as in Fig. 3 of reference 6).

Isoprenoid biosynthesis with radiolabeled IPP incorporation. The incorpora-
tion of [14C]IPP into the acid-labile fraction of a petroleum ether extract (6) was
used as an indirect assay for DMAPP synthesis in extracts of Synechocystis strain
PCC 6803 cells. The reaction mixture was composed of the cell-free supernatant
fraction (60,000 � g) with 100 mM HEPES-KOH (pH 7.7), 5 mM glutathione,
5 mM MgCl2, 2.5 mM MnCl2, 500 �M ATP, 250 �M CTP, 100 �M thiamine-PP,
10 �M coenzyme B12 (5�-deoxyadenosyl-cobalamine), 1 mM NADPH, 500 �M
NADP, and 1 mM flavin adenine dinucleotide (FAD). Each incubation was
carried out in a total volume of 1 ml with a final concentration of 8.5 �M
[1-14C]IPP (Amersham) (and 8.25 � 105 dpm/ml) at 37°C. Following a 20-min
preincubation with 3.0 �M IPP, [14C]IPP and compounds tested were added
individually or in combination: DMAPP (2 �M), DXP (500 �M) (Echelon
Research Labs Inc., Salt Lake City, Utah), GA3P (1 mM), fructose-6-phosphate
(FR6P; 500 �M), glucose-6 phosphate (GL6P; 500 �M), MEP (500 �M) (Ech-
elon Research Labs. Inc.), and PYR (500 �M). Aliquots of 0.2 ml (0.2 to 0.46 mg
of protein) were assayed for radioactivity.

The incorporation of [14C]IPP into allylic prenols was verified by extraction
into petroleum ether (boiling point, 55 to 110°C) after hydrolysis (0.5 N HCl,
37°C, 20 min) as in the work of Ershov et al. (5, 6), and each extracted sample
was counted in 10 ml of ScintiSafe Econo 2 cocktail (Fisher Scientific). Verifi-
cation that [14C]IPP was incorporated into isoprenoids had been previously
established by reversed-phase column chromatography (5). Each 0.5-ml sample
of the petroleum ether extract was applied to a silica gel 6, RP-18 (EM Indus-
tries) column (24 by 1 cm), previously equilibrated in and then eluted with 100%
acetonitrile. The following alcohols served as calibration standards: isopentenyl
alcohol (C5), geraniol (C10), linalool (C10), farnesol (C15), nerolidol (C15), and
geranyl geraniol (C20) (Aldrich). Controls for phosphatase activity showed that
the petroleum ether extract had very few counts without acid hydrolysis, indi-
cating little or no phosphatase activity. Furthermore, the 14C incorporation into
isoprenoids was time course dependent, where longer chains, i.e., �C10, became
predominant with increased time of incubation (data not shown).

Cloning and disruption of Synechocystis strain PCC 6803 gene sll1556. The
nucleotide sequence of Synechocystis strain PCC 6803 ORF sll1556 (10) was
obtained at Cyanobase (http://www.kazusa.or.jp/cyanobase/). Oligonucleotide
primers sll1556N (GAGAGGATCCATGGATAGCACCCCCCACCGTAAG;
the initiation codon is underlined) and sll1556C (TCGTCAACCAGAGCAAA
ATGTC) were designed, with the assistance of the program Primer3 (21), to
amplify the entire ORF and introduce NcoI and BamHI sites at the N terminus.
Genomic DNA was extracted from a Synechocystis strain as earlier described
(29). The PCR was performed using an MJ Research (Waltham, Mass.) PTC-
150-25 MiniCycler with a heated lid. The Advantage-HF2 PCR kit (Clontech
Laboratories, Inc.) was used in a reaction volume of 50 �l in 100-�l thin-walled
tubes. After an initial denaturation for 1 min at 94°C, amplification was for 30
cycles at 94, 60, and 68°C for 10, 60, and 150 s, respectively, with a final extension
for 10 min at 68°C. The amplified sll1556 PCR product was purified by extraction
with phenol-chloroform, precipitated with sodium acetate and ethanol, washed
with 70% ethanol, dried, and resuspended in Tris-EDTA (TE) buffer (23). After
digestion with BamHI, a 1.1-kb fragment containing sll1556 was purified by gel
electrophoresis (1% agarose), recovered using the Geneclean kit (Bio 101, Inc.,
Carlsbad, Calif.), and cloned in frame in the BglII and PvuII sites of plasmid
vector pBAD/His-B (Invitrogen) to give plasmid pBAD/His-sll1556. The sll1556

FIG. 1. The isoprenoid biosynthetic MEP pathway as determined
for E. coli beginning with PYR plus GA3P leading to the formation of
MEP from DXP and through subsequent steps via the LytB enzyme to
IPP and DMAPP (3, 14, 17, 18, 19, 20, 30). Fosmidomycin (white
arrow) inhibits the synthesis of MEP and blocks the growth of the
bacterium. Asterisks denote differences in Synechocystis strain PCC
6803 where PYR, DXP, and MEP do not serve as substrates in vitro;
where IPP isomerase activity has not been observed; and where fos-
midomycin does not inhibit isoprenoid biosynthesis or growth in the
cyanobacterium (6), and the triangle indicates where pentose phos-
phate cycle substrates may possibly enter downstream of MEP.
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insert was sequenced to confirm the reading frame and the absence of mutations
introduced by PCR.

A kanamycin resistance gene, originally obtained from Tn903, was excised as
a 1.3-kb EcoRV-EcoRV fragment and cloned into the MscI site within sll1556
(Fig. 2) to give plasmid pBAD/His-sll1556Kan. This plasmid was linearized by
digestion with EcoRI (a site present in the multiple cloning site of the vector)
and then extracted with phenol-chloroform, precipitated, and resuspended in TE
as described above. This linearized plasmid preparation was used to transform
Synechocystis strain PCC 6803 essentially as described by Williams (29). Segre-
gation of the sll1556::Kanr (�sll1556) mutant was confirmed by PCR (Fig. 2) with
the primers and reaction conditions described above.

Expression and purification of proteins. E. coli strain Rosetta (Novagen)
containing plasmid pBAD/His-sll1556 (see above) was grown in Luria-Bertani
medium supplemented with ampicillin (150 �g/ml) at 30°C at 300 cycles of
shaking/min until the culture reached an A600 of approximately 0.5. At this point
20% arabinose was added to give a final concentration of 0.2%. After 16 h of
further growth at 20°C, the culture flask was chilled in ice water and cells were
harvested at 500 � g for 10 min at 4°C. Well-drained cell pellets were frozen at
�80°C. The recombinant protein was also produced using growth at 30°C with
3 h of induction in Top10 cells (Invitrogen).

For production of recombinant Streptomyces type 2 IPP isomerase, conditions
were the same except that isopropyl-�-D-thiogalactopyranoside (IPTG; 2 mM
final concentration) was used as the inducer, with cells being grown at 20°C for
16 h before harvest. Cells contained the plasmid pQCLD41 (9).

Recombinant proteins were purified after cell breakage by sonication and
eluted from a Ni-nitrilotriacetic acid (NTA) column with 100 mM imidazole–
Tris-HCl, pH 8.0. Alternatively, cells were extracted with the B-PER bacterial
protein extraction reagent (Pierce Biotechnology Co.) and the recombinant
protein was purified on Ni-NTA minicolumns (Qiagen, Chatsworth, Calif.) by
elution with buffered 125 mM imidazole (50 mM phosphate, 300 mM NaCl, 1
mM DTT, pH 8.0). In Fig. 3 are shown the purified proteins on sodium dodecyl

sulfate-polyacrylamide gels after Coomassie blue staining. The size estimates of
41.6 kDa for Sll1556 of Synechocystis sp. strain PCC 6803 and of 37 kDa for the
type 2 IPP isomerase of Streptomyces sp. strain CL190, with the use of molecular
mass markers (Low Range) from Bio-Rad Laboratories, are consistent with the
expected molecular masses (including the His tag).

Enzymatic activity tests. (i) IPP isomerase assay. For the type 2 IPP isomerase
assay we used the procedure developed by Kaneda et al. (9). Assays were
conducted with FAD with and without NADPH or with flavin mononucleotide
(FMN) with and without NADPH. We thus confirmed the requirement for FAD
(or FMN) and NADPH. Briefly, the activity was measured by [14C]IPP incor-
poration into the petroleum ether layer, dependent on the acid lability of
DMAPP as described above. Each reaction mixture at 37°C (0.5-ml final volume)
contained 8.5 �M [14C]IPP, 100 mM HEPES (pH 7.7), 2 mM DTT, 5 mM
MgCl2, 5 mM MnCl2, 1 mM NADPH, 1 mM FAD (or FMN), and recombinant
protein (over a range of 0.1 to 50 �g/0.5 ml). We also used the standard assay
developed for the type 1 IPP isomerase according to the work of Spurgeon et al.
(25) to ascertain activity of the recombinant proteins with and without cell
supernatants.

(ii) Glycolate oxidase. The Sll1556 protein was tested for glycolate oxidase
activity by two separate methods. The first was according to the work of Zelitch
(33), involving the loss of color at 620 nm of 2,6-dichlorophenylindophenol
(DCPIP). The oxidase assay in 1.0 ml (final volume) contained 30 mM potassium
phosphate buffer (pH 8.0), 0.003% DCPIP, with or without 5 mM FMN, 42 mM
imidazole, 30 mM potassium cyanide, and Sll1556 protein (ca. 3 �g). After a
20-min incubation the validity of the glycolate oxidase assay was verified by
addition of spinach glycolate oxidase (EC 1.1.2.15) (ca. 5 �g). Phenylhydrazone
formation was used for the second assay by measuring the increased optical
density at 324 nm. Reaction conditions were as described above, except that 3
mM phenylhydrazine replaced DCPIP and cyanide, and the assay validity was
verified by addition of glyoxylic acid.

(iii) Lactate dehydrogenase. The Sll1556 protein was tested for lactate dehy-
drogenase activity by the decrease of optical density at 340 nm by modifying the
procedure in reference 12. A 1.0-ml incubation mixture contained 30 mM Tris-
HCl, 5 mM MgCl2, with or without 5 mM FMN, 50 mM pyruvic acid, 1 mM
NADH (or NADPH), 1 mM DTT, and Sll1556 protein (ca. 3 �g). Lactate
dehydrogenase in NADH (rabbit muscle EC 1.1.1.27) was added to validate the
incubation conditions.

Protein concentrations were determined as in the work of Ershov et al. (5) by
the bicinchoninic acid assay and the Micro BCA protein assay (Pierce Biotech-
nology Co.) with bovine serum albumin as the standard. Except where otherwise

FIG. 2. (Top) Schematic illustration of Synechocystis strain PCC
6803 genomic DNA encompassing gene sll1556 (gray arrow). A kana-
mycin-resistance gene (Kanr; white arrow) was inserted in the MscI site
to inactivate the gene. (Bottom) Agarose gel electrophoresis of PCR
products obtained using genomic DNA from the WT strain (WT) and
mutant sll1556::Kanr indicates complete segregation of the mutant
(i.e., all gene copies have been inactivated).

FIG. 3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
of His-tagged recombinant proteins purified on Ni-NTA columns and
stained with Coomassie blue. (A) Sll1556 protein (ca. 41.6 kDa) of
Synechocystis strain PCC 6803; (B) type 2 IPP isomerase (37 kDa) of
Streptomyces sp. strain CL190. The molecular mass range is as indi-
cated on the left.
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indicated, the chemicals used in this study were purchased from Sigma Chemical
Co.

Electron microscopy. Cells from the log phase of growth, rinsed in 0.25 M
phosphate buffer (pH 7.0), were fixed in 2.0% phosphate-buffered glutaralde-
hyde (2 h) and rinsed several times in buffer. The secondary fixation in 1% OsO4

(2 h) was also followed by several phosphate buffer rinses. For transmission
electron microscopy cells were dehydrated in ethanol and propylene oxide before
embedment in Epon resin. Sections were stained with 1% uranyl acetate and lead
citrate and examined in a Zeiss EM10 CA microscope.

For scanning electron microscopy cells were fixed in glutaraldehyde as de-
scribed above and were then collected on a Nuclepore (0.5-�m-pore-size) filter,
dehydrated in ethanol (75 to 100%) for critical point drying, and shadowed with
gold-palladium in a Denton Vacuum DCP-1 apparatus for examination with a
Hitachi S-4700 scanning electron microscope.

Multiple sequence alignment and construction of neighbor-joining tree. The
predicted amino acid sequences of bacterial type 2 IPP isomerases and polypep-
tides of undetermined function related to these enzymes were aligned using the
program Clustal X (27) with the Blosum series weight matrix. All parameters
were set at their default values. A neighbor-joining tree (22) was constructed
from the alignment, with gaps excluded from the analysis and correction made
for multiple substitutions (11). One thousand bootstrap trials were carried out
with a random number generator seed of 111. The tree was displayed using the
program NJplot (15).

RESULTS

Sll1556 and IPP isomerase activity in vitro. The gene sll1556
of Synechocystis strain PCC 6803 was identified as a probable
type 2 IPP isomerase based on 32% amino acid sequence
identity with a homologous gene of Streptomyces (9). In fact,
Kaneda et al. (9) were the first to identify the FMN- or FAD-
plus-NADPH-requiring novel type 2 IPP isomerase, which
lacks homology with the well-characterized IPP isomerase
(type 1) (7, 16, 25). The type 2 IPP isomerase activity has also
been shown in Bacillus subtilis (26) and in Staphylococcus au-
reus (9) (Table 1). In several protein databases the ORF
sll1556 is annotated as IPP isomerase type 2 or as FMN-
dependent lactate dehydrogenase. Genes related to sll1556 of
Synechocystis strain PCC 6803 are also found in a number of
other cyanobacteria. However, notably absent are predicted
homologs in three strains of Prochlorococcus marinus (SS 120,

MED 4, and MIT 9313) as well as in Synechococcus sp. strain
WH 8102 and “Gloeobacter violaceus” PCC 742 (Table 1). To
our knowledge, activity for neither IPP isomerase (type 2) nor
lactate dehydrogenase has been functionally demonstrated for
Sll1556 nor for a related protein in any of the cyanobacteria
listed in Table 1. This prompted us to first assay the IPP
isomerase activity of the expressed Sll1556 recombinant pro-
tein of Synechocystis and to examine the consequences of in-
activating this gene.

IPP isomerase activity could not be demonstrated (Fig. 4)
with the recombinant Sll1556 protein purified on Ni-NTA col-
umns (Fig. 3) under the conditions used for the homologous
Streptomyces gene product. Yet, as seen in Fig. 4, IPP isomer-
ase activity was obtained with the recombinant protein of
Streptomyces, consistent with the previous report (9). Our re-
sults confirm the initial observation that the type 2 isomerase
requires FAD (or FMN) and NADPH (data not shown). The
recombinant enzyme of Streptomyces was very active initially
but declined over time at 0°C (Fig. 4), and its activity was
totally abolished by freezing with or without 50% glycerol.
Numerous alternate purification conditions were also tried in
isolating the protein including breakage of E. coli cells by
sonication, decreasing or omitting DTT, Tris-HCl (pH 7.9)
buffer substitution, FMN presence throughout, and varying the
protein concentration, but definitive IPP isomerase activity
could not be demonstrated for the sll1556 gene product. It was
concluded that if this gene product is an IPP isomerase it must
require conditions as yet unknown or that the protein has a
different function.

Pentose phosphate cycle substrate stimulation of isoprenoid
biosynthesis is impaired in the �sll1556 mutant. If the sll1556
gene product is involved in isoprenoid biosynthesis, then this
should be reflected in the mutant where the gene has been
inactivated (as in Fig. 2). Isoprenoid biosynthesis, requiring
both DMAPP and IPP for formation of compounds of C10 and
greater, was measured in vitro for WT and �sll1556 as in the

TABLE 1. Demonstrated IPP isomerase function in bacteria and genes (by gene bank identification numbers)
related to IPP isomerase in cyanobacteria

Organism Type 1 Type 2 Source reference or databasea

Organisms with IPP isomerase function demonstrated:
Escherichia coli � 7
Bacillus subtilis � 26
Streptomyces sp. strain CL190 � 9
Staphylococcus aureus � 9

Cyanobacteria with genes related to type 2:
Anabaena (Nostoc) strain PCC 7120 gi:17133727 (all4519) Kazusa DNA Research Institute, Japan
“Nostoc punctiforme” PCC 73102 gi:23128293 DOE Joint Genome Institute, USA
Synechocystis strain PCC 6803 gi:2829616 (sll1556) Kazusa DNA Research Institute, Japan
“Synechococcus elongatus” PCC 7942 Draft genome prediction DOE Joint Genome Institute, USA
“Thermosynechococcus elongatus” BP-1 gi:22295127 (tll1403) Kazusa DNA Research Institute, Japan
“Trichodesmium erythraeum” BP-1 gi:23041526 DOE Joint Genome Institute, USA

Cyanobacteria lacking type 2-related genes:
“Gloeobacter violaceus” PCC 742 Kazusa DNA Research Institute, Japan
Prochlorococcus marinus SS 120 Genoscope, France
Prochlorococcus marinus MED 4 DOE Joint Genome Institute, USA
Prochlorococcus marinus MIT 9313 DOE Joint Genome Institute, USA
Synechococcus sp. strain WH 8102 DOE Joint Genome Institute, USA

a Kazusa DNA Research Institute, Kazusa, Japan; DOE Joint Genome Institute, Walnut Creek, Calif.; Genoscope, Evry, France. USA, United States of America.
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work of Ershov et al. (6). Basically, the [14C]IPP incorporated
in the cell supernatant extract (60,000 � g) is retrieved in the
petroleum ether fraction (after acid hydrolysis). Analysis by
reverse-phase chromatography verified that the labeled isopre-
noids were compounds of C10 and greater (5) (data not
shown). This incorporation into isoprenoids larger than C5

indicates DMAPP production. Furthermore, stimulation of
isoprenoid biosynthesis was obtained by the addition of exog-
enous DMAPP with both WT and �sll1556 mutant superna-
tant (Fig. 5A and B, respectively). Hence, we equate [14C]IPP
uptake with DMAPP production under our in vitro conditions.
Also, in WT supernatant [14C]IPP stimulation was observed
with pentose phosphate cycle intermediates (Fig. 5A), in ad-
dition to stimulation by DMAPP. Typical MEP pathway inter-
mediates such as MEP, PYR, and DXP (data not shown) did
not stimulate [14C]IPP incorporation above that obtained with
the incubation cofactor mixture alone in WT. Pentose phos-
phate cycle intermediates (such as GL6P and FR6P) which
may feed into the MEP pathway downstream (or possibly at
alternate sites) were again active as had been previously shown
for the WT (6).

However, with the �sll1556 mutant there was no stimulation
of isoprenoid synthesis with FR6P, GA3P, MEP, or GL6P
(data not shown) nor with the cofactor mixture alone (Fig. 5B),
indicating a lack of DMAPP production with these substrates.
These results clearly imply that the missing factor, probably an
enzyme, is required for incorporation of these pentose phos-
phate cycle components into the formation of a pool of iso-
prenoids.

The stimulation of pentose phosphate cycle substrates could
be restored upon addition of the Sll1556 protein to the mutant
�sll1556 supernatant as seen in Fig. 5C. The inferred produc-
tion of DMAPP, as indicated by [14C]IPP incorporation, oc-
curred with GA3P, FR6P, and GL6P (data not shown) but not

FIG. 4. [14C]IPP conversion to DMAPP (as described in Materials
and Methods) by IPP isomerase type 2 (of Streptomyces sp. strain
CL190) but not by the Sll1556 protein (of Synechocystis strain PCC
6803). Symbols: F, freshly purified recombinant Sll1556 protein of
Synechocystis strain PCC 6803 (1.0 �g/500 �l); }, Streptomyces sp.
freshly purified enzyme (0.57 �g/500 �l); �, Streptomyces sp. freshly
purified enzyme stored for 24 h at 0°C (1.14 �g/500 �l). The Sll1556
protein lacks IPP isomerase activity, whereas freshly purified Strepto-
myces sp. strain CL190 protein is clearly active, and this activity de-
clined upon storage. The incubation mixture consisted of 8.5 �M
[14C]IPP, 100 mM HEPES, 2 mM DTT, 5 mM MgCl2, 5 mM MnCl2,
1 mM NADPH, and 1 mM FAD, pH 7.7 (37°C).

FIG. 5. (A) [14C]IPP incorporation into the isoprenoid fraction of
the supernatant of WT is stimulated by FR6P and GA3P, indicating
DMAPP production. (B) In the supernatant of the �sll1556 mutant the
same substrates failed to stimulate [14C]IPP incorporation. (C) Recon-
stitution of activity by addition of Sll1556 protein at an 0.15-�g/ml final
concentration in the reaction mixture. Symbols: Œ, FR6P (500 �M); ■ ,
DMAPP (2 �M); �, GA3P (1 mM); F, GA3P (1 mM) plus PYR (500
�M); E, MEP (500 �M); }, incubation cofactor mixture (500 �M
ATP, 250 �M CTP, 100 �M thiamine PP, 1 mM NADPH, 500 �M
NADP, 1 mM FAD, 5 mM glutathione, 5 mM MgCl2, 2.5 mM MnCl2,
10 �M coenzyme B12, 100 mM HEPES-KOH, pH 7.7) incubated at
37°C. Incorporation with radiolabeled [14C]IPP (8.5 �M) followed
preincubation with IPP (3 �M) (Materials and Methods).
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with MEP or the Sll1556 protein alone. In fact, the restoration
of activity with FR6P under the same experimental conditions
was equivalent to, or greater than, that obtained with the WT
(with the addition of 2.0 �M DMAPP–0.5 mM FR6P). The
Sll1556 protein is likely an enzyme as judged by the increased
activity upon higher Sll1556 concentrations (data not shown)
and because heating of the protein (2 min, 100°C) destroyed
the activity. The nature of this apparent enzyme was subse-
quently further investigated.

Other suggested Sll1556 enzyme functions. There is little
doubt that the Sll1556 protein has activity as evident from the
reconstitution experiments (Fig. 5C), which suggests that the
protein influences another route to DMAPP production and
isoprenoid biosynthesis. A BlastP search suggests that the
sll1556 gene product is functionally similar to FMN-dependent
alpha-hydroxy acid dehydrogenases, as well as IPP isomerase
(type 2). Glycolate oxidase and lactate dehydrogenase are sug-
gested albeit with rather low similarities. Hence, their substrate
utilization was assayed by standard procedures (see Materials
and Methods) with enzymes of known function to verify the
assay conditions. We could not confirm glycolate oxidase ac-
tivity nor activity for lactate dehydrogenase.

The �sll1556 mutation affects membrane development. A
comparison of the cell morphology of WT Synechocystis strain

PCC 6803 and the �sll1556 mutant was made using cultures in
the log phase of growth and of similar cell densities (Table 2).
Cells of the WT, when grown under moderate-light conditions
(20 �mol/m2/s) are typically coccoid in shape except during
division, when the daughter cells are oblong (Fig. 6). In scan-
ning electron micrographs the cell diameter is 1.53 	 0.12 �m
for mutant cells and 1.75 	 0.11 �m for WT cells. The outer
wall layer of the mutant is considerably more fibrous than
that of the WT. These fibrous extensions may be elongated
stretches of outer wall layers. They are more coarse than fim-
briae (28) but could be related to some of the coarser pili
observed in Synechocystis strain PCC 6803 (2, 32). Negatively
stained images of whole mounts of fixed cells did not reveal pili
on either WT or mutants, which does not rule out their pres-
ence. Thylakoid membranes in sectioned cells (Fig. 7) tended
to be peripherally arranged but could also fill the cell center.
Also common were discontinuations of thylakoid membranes
near the cell wall, suggestive of recent cell divisions. In the
mutant there were fewer thylakoids (ca. 6.8) per central cell
section than in WT (ca. 9.4). Growth over a range of light
intensities (ca. 4, 20, and 200 �mol/m2/s) varied (data not
shown), but the mutant and WT cultures had about the same
growth rate at the respective light intensities, suggesting that

TABLE 2. Comparison of Synechocystis strain PCC 6803 WT and �sll1556 mutant

Characteristic WT �sll1556 mutant

Cell diam (�m) 1.75 	 0.1 (SD) 1.53 	 0.1 (SD)
No. of thylakoids/section 9–11 5–8
Outer wall Smooth More fibrous
IPP isomerase Deficient Deficient
Isoprenoid production in vitro Pentose phosphate cycle substrate stimulation No pentose phosphate cycle substrate stimulation

FIG. 6. Scanning electron micrographs of Synechocystis strain PCC 6803 WT (A) and �sll1556 mutant (B) cells from log-phase cultures (as is
evident from several new daughter cells that are kidney shaped). The WT cells have a relatively smoother outer surface than do the mutant cells,
and the mutant cell surfaces have greater fibrous extensions, shown at greater magnification in panel C, than do the WT cells. Bars, 2 (A and B)
and 0.15 (C) �m.
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the lesser thylakoid content in the mutant was not a limiting
factor.

DISCUSSION

That the Sll1556 protein is an IPP isomerase (type 2) was not
demonstrated under our in vitro conditions, although we were
able to confirm the activity of the Streptomyces homolog (Fig.
4). With an amino acid identity of only 32% we must consider
that the function of Sll1556 may not be that of an IPP isomer-
ase. A BlastP analysis together with searches of databases of
cyanobacterial genomes revealed a number of gene sequences
related to sll1556 as a putative IPP isomerase type 2 (Table 1),
but as noted above a functional confirmation for purified gene
products is lacking. Activities suggested from gene sequence
annotations, such as glycolate oxidase and FMN-dependent

lactate dehydrogenase, were also not obtained. Sequence com-
parisons with Sll1556 indicate that homologous proteins simi-
lar to that in Synechocystis strain PCC 6803 are present in five
other cyanobacteria: Anabaena (Nostoc) strain PCC, “Nostoc
punctiforme” PCC 73102, “Synechococcus elongatus” PCC
7942, “Thermosynechococcus elongatus” BP-1, and “Trichodes-
mium erythraeum” BP-1. For the species listed in Table 1 and
shown in the tree (Fig. 8) the sll1556-related gene similarities
are ca. 30% between bacteria and cyanobacteria and ca. 50%
among cyanobacteria. Many of these were designated as IPP
isomerases in databases, but the functional annotation can be
considered valid only for the three bacterial species for which
type 2 IPP isomerase has been functionally verified (9, 26).
Even though a meaningful relatedness is suggested from the
tree (Fig. 8), any functional designation for the Sll1556 protein
and its probable cyanobacterial homologs (ca. 50% similarity)
is at this time premature.

A requirement for an IPP isomerase would apply only if an
organism had only one pathway by which IPP and DMAPP are
produced, as implied by a linear pathway as assumed for E. coli
(Fig. 1). Yet, even for E. coli it has been shown that an IPP
isomerase is not essential (7). In addition, Kuzuyama and Seto
(14) further reported (cf. reference 14 and Table 1) that a
number of bacteria do not possess genes for either type of IPP
isomerase, thus indicating considerable diversity.

There is little doubt that the sll1556 gene product affects
isoprenoid biosynthesis in vitro. Since the �sll1556 mutant was
impaired in inferred DMAPP production by lack of stimula-
tion by FR6P and other pentose phosphate cycle substrates
(Fig. 5B), it can be assumed that it was deficient in an alternate
path of isoprenoid production. The rather significant mem-
brane reduction in the mutant implies that this alternate path
could be very significant under certain conditions. These re-
sults require further exploration of pentose phosphate cycle
substrates under varied in vivo and in vitro conditions to clarify
the nature and role of the Sll1556 protein.

FIG. 7. Transmission electron micrographs of a Synechocystis strain
PCC 6803 WT cell (A) and a �sll1556 mutant cell (B). Thylakoid
density in �sll1556 mutant cells was typically less than that in WT cells.
Bar, 0.3 �m.

FIG. 8. Neighbor-joining tree of the known bacterial type 2 IPP
isomerases and related polypeptides encoded in cyanobacterial ge-
nomes. Type 2 IPP isomerase has been functionally determined for
only the top group. Bootstrap values greater than 50% (for 1,000 trials)
are indicated. See Table 1 for accession numbers of the polypeptides.

VOL. 186, 2004 sll1556 INACTIVATION IN SYNECHOCYSTIS STRAIN PCC 6803 4691



The analysis of the WT Synechocystis strain PCC 6803 and
the �sll1556 mutant, as summarized in Table 2, reveals some
notable physiological and morphological phenotypical charac-
teristics. It is well known that hopanoids are present in the
membranes (thylakoids, cell membranes, and wall layers) of
cyanobacteria (8, 24). Hence, a reduction in thylakoid synthesis
in the mutant (Fig. 7) is readily attributable to reduced isopre-
noid biosynthesis, since isoprenoid precursors are essential
building blocks of carotenoids, chlorophylls, and certain qui-
nones required for construction and assembly of the photosyn-
thetic apparatus. Modifications in normal isoprenoid biosyn-
thesis are also consistent with alterations of the outer wall
layers (glycocalyx or pili?), as suggested by the greater fibrous
appearance of the outer surface in the mutant (Fig. 6B and C).
It is likely that these combined effects result from a deficiency,
but not absence, of isoprenoid biosynthesis.

Under normal photosynthetic conditions the Sll1556 protein
is dispensable: the growth of the mutant culture in mineral
medium did not differ significantly from that of the WT (at the
same light intensity). It is likely that the cells rely more heavily
on an alternate metabolic path. Differences in metabolite uti-
lization can depend on the organism’s environment. For ex-
ample, recently Yang et al. (31) analyzed the fluxes of central
metabolites by monitoring the products from [13C]glucose in
Synechocystis strain PCC 6803 under different conditions. They
found significant differences of the flow through the pentose
phosphate pathway and through the glycolytic path between
cells grown heterotrophically and those grown photomix-
otrophically.

This brings us back to the presumption of a linear isoprenoid
production pathway via MEP in Synechocystis strain PCC
6803. For E. coli there is clear support for the proposed
MEP pathway (14, 17, 18, 19, 20, 30) (Fig. 1) for isoprenoid
biosynthesis as mentioned in the introduction. Both organ-
isms have essential genes for the MEP pathway. However, as
noted above for Synechocystis, the MEP pathway is not the
only pathway of isoprenoid biosynthesis under photosyn-
thetic growth conditions. It was previously shown that pen-
tose phosphate cycle substrates lead to isoprenoid biosyn-
thesis (6), which we confirmed here. Furthermore, our
present results with the �sll1556 mutant show that in addi-
tion to the pentose phosphate cycle substrates there may yet
be another path to DMAPP biosynthesis, and perhaps also
to IPP synthesis. Although we fully recognize the essential
nature of the MEP pathway for the survival of Synechocystis
strain PCC 6803, our previous and present results lead us to
suggest alternate paths.

These studies of the sll1556 mutant have provided further
evidence to suggest that isoprenoid biosynthesis in this photo-
synthetic cyanobacterium is more complex than predicted from
E. coli. It appears that biosynthesis of isoprenoids in this or-
ganism is not linear but involves more than one pool of sub-
strates and probably at least one alternate path to DMAPP
biosynthesis. An alternate route to DMAPP production from
pentose phosphate cycle substrates can be metabolically ad-
vantageous for a photosynthetic organism at optimal growth
conditions where an increased supply of isoprenoids would
enhance thylakoid and cell wall synthesis.
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