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ABSTRACT: The enzyme ferredoxin-NADP+ oxidoreductase (FNR) fromSynechococcussp. PCC 7002
has an extended structure comprising three domains (FNR-3D) (Schluchter, W. M., and Bryant, D. A.
(1992)Biochemistry 31, 3092-3102). Phycobilisome (PBS) preparations from wild-type cells contained
from 1.0 to 1.6 molecules of FNR-3D per PBS, with an average value of 1.3 FNR per PBS. A maximum
of two FNR-3D molecules could be specifically bound to wild-type PBS via the N-terminal, CpcD-like
domain of the enzyme when exogenous recombinant FNR-3D (rFNR-3D) was added. To localize the
enzyme within the PBS, the interaction of PBS and their substructures with rFNR-3D was further
investigated. The binding affinity of rFNR-3D for phycocyanin (PC) hexamers, which contained a 22-
kDa proteolytic fragment derived from CpcG, the LRC

27 linker polypeptide, was higher than its affinity
for PC hexamers containing no linker protein. PBS from acpcD3mutant, which lacks the 9-kDa, PC-
associated rod linker, incorporated up to six rFNR-3D molecules per PBS. PBS of acpcCmutant, which
has peripheral rods that contain single PC hexamers, also incorporated up to six rFNR-3D molecules per
PBS. Direct competition binding experiments showed that PBS from thecpcD3mutant bound more enzyme
than PBS from thecpcC mutant. These observations support the hypothesis that the enzyme binds
preferentially to the distal ends of the peripheral rods of the PBS. These data also show that the relative
affinity order of the PC complexes for FNR-3D is as follows: (RPCâPC)6-LR

33 > (RPCâPC)6-LRC
27 >

(RPCâPC)6. The data suggest that, during the assembly of the PBS, FNR-3D could be displaced to the
periphery according to its relative binding affinity for different PC subcomplexes. Thus, FNR-3D would
not interfere with the light absorption and energy transfer properties of PC in the peripheral rods of the
PBS. The implications of this localization of FNR within the PBS with respect to its function in
cyanobacteria are discussed.

Ferredoxin-NADP+ oxidoreductase (FNR;1 EC 1.18.1.2)
transfers electrons from ferredoxin (or flavodoxin) to NADP+

to generate NADPH (1). In eukaryotes, the nuclear-encoded,
chloroplast-targeted enzyme is processed to a mature length
of ∼314 amino acids; its three-dimensional structure has been
determined, and it contains two domains: an FAD-binding
domain and an NADP+-binding domain (2-4). In the
cyanobacteriumSynechococcussp. PCC 7002, FNR was
shown to possess a third N-terminal domain that localized
the enzyme to the phycobilisomes (PBS) (5), and subsequent
studies similarly showed the actual mass of FNR in diverse
cyanobacteria to be 45-50 kDa (5-9). With the exception

of GloeobacterViolaceousPCC 7421, the predicted se-
quences of all cyanobacterialpetH genes, encoding FNR,
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1 Abbreviations: APC, allophycocyanin;apcAB, gene encoding the
R andâ subunits of allophycocyanin;apcC, gene encoding the 8-kDa
core linker polypeptide; a.u., absorbance units;cpcBA, genes encoding
theR andâ subunits of phycocyanin;cpcC, gene encoding the 33-kDa
rod linker polypeptide;cpcD, gene encoding the 9-kDa rod linker
polypeptide;cpcG, gene encoding the 27-kDa rod-core linker polypep-
tide; DCPIP, dichlorophenol-indophenol; DMF, dimethyl-formamide;
EDTA, ethylenediamine tetraacetic acid; FNR, ferredoxin-NADP+

oxidoreductase; FNR-2D, FNR containing only the two catalytic
domains; FNR-3D, FNR containing three domains (the CpcD-like
domain and two catalytic domains); LB, Luria-Bertani medium; LC8,
core linker polypeptide of 8 kDa; LCM

99, ApcE, the 99-kDa core
membrane linker phycobiliprotein; LR

9, the 9-kDa, phycocyanin-
associated rod linker polypeptide; LR

33, CpcC, the 33-kDa rod linker
polypeptide; LRC

27, CpcG, the 27-kDa rod core linker polypeptide; LRC
22,

a22-kDaproteolyticfragmentderivedfromCpcG;IPTG,isopropyl-O-D-thio-
galactopyranoside; PAGE, polyacrylamide gel electrophoresis; PBP(s),
phycobiliprotein(s); PBS, phycobilisome(s); PC, phycocyanin;petH,
gene encoding FNR-3D; PMSF, phenyl-methylsulfonyl fluoride; rFNR-
2D, recombinant FNR of two domains; rFNR-3D, recombinant FNR
of three domains; SDS, sodium dodecyl sulfate; WCE(s), whole-cell
extract(s).
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have lengths of 386-440 amino acids, and these sequences
correspond to a protein containing three domains (here
denoted FNR-3D; refs5, 6, and10-13).

The N-terminal extension, which comprises the third
domain of FNR-3D ofSynechococcussp. PCC 7002, is 78%
similar to CpcD, the 9-kDa phycocyanin (PC)-associated,
rod-capping, linker polypeptide, LR

9, of PBS (ref5 and see
Figure 1A). Thus, it was proposed that the enzyme is bound
to the core-distal ends of the peripheral rods of PBS (5).
However, the N-terminal extension of FNR-3D is also similar
to other PBS-associated linker proteins. For example, the
N-terminal domain ofSynechocystissp. PCC 6803 FNR is
69% similar to the C-terminal domain of CpcC, the PC-
associated rod linker polypeptide LR

33, and 65% similar to
ApcC, the allophycocyanin (APC)-associated, core linker
polypeptide LC8 (14). In Synechocystissp. PCC 6803,
evidence has been presented purporting to show that FNR-
3D is bound to the core-proximal PC hexamer of the
peripheral, PC-containing rods of the PBS (14). The linker
polypeptides of PBS are believed to be located mainly in
the central cavity of the toroid-shaped phycobiliproteins; this
localization is supported by the X-ray structure of APC with
the LC

8 linker (15). It is possible that linker polypeptides
somehow interact to form a scaffold-like structure within
the PBS (16). Whether or not this is the case, it is possible
to distinguish various PC subassemblies specifically by their
state of aggregation and by their attached linker polypeptides
(17-19). All of these observations prompted this study of
the interactions of FNR-3D with various PBS substructures
to establish absolutely the localization of FNR-3D within
the PBS.

Synechococcussp. PCC 7002 is an ideal organism for a
detailed study of the interaction of FNR-3D with PBS
substructures. Its PBS are composed of only 12 structural
polypeptides (see model in Figure 1A), and only single genes
encode each polypeptide (17). The DNA sequences of the
genes encoding all of the subunits are known, and all of the
structural genes except that for the essential enzyme FNR
have been inactivated to produce null mutants (17-20). For
example, thecpcCmutant produces PBS whose peripheral

rods contain a single PC hexamer (Figure 1B), and thecpcD3
mutant produces PBS whose peripheral rods are variable in
length and are not terminated by CpcD (Figure 1C). It is
also possible to purify large amounts ofSynechococcussp.
PCC 7002 FNR-3D by overproducing the protein inEs-
cherichia coli (8).

Even though the principal function of FNR is to catalyze
the terminal step of the electron transport chain in organisms
performing oxygenic photosynthesis (1), other functions for
FNR have been proposed. It has been suggested that FNR
participates in cyanobacterial respiration (21), specifically
as an NADPH dehydrogenase (22), and in cyclic electron
transport. The role of FNR-3D in cyclic electron transport
has been suggested by two observations. First, the reduc-
tion of P700+ is not observed when the third domain of
FNR is deleted inSynechocystissp. PCC 6803. Second,
Synechocystissp. PCC 6803 is unable to adapt to high-salt
stress, a condition that creates a high demand for ATP, when
its FNR lacks the N-terminal domain (23). Recently, a role
as a ferredoxin-plastoquinone reductase has been proposed
for the FNR-cytochromeb6f complex in cyclic electron
transport in chloroplasts (24). To fulfill all of these functions,
it is important that FNR be localized in close proximity to
the membrane components that participate in cyclic electron
transport and respiration. Characterization of the structural
relationships among PBS components, thylakoid membrane
components, and FNR-3D could provide information on the
role(s) of FNR-3D in cyclic electron transport.

In this paper, we show that the N-terminal domain of FNR-
3D is essential for the binding of the enzyme to PBS. Under
saturating enzyme conditions, a wild-type PBS binds ap-
proximately two molecules of FNR. Using wild-type PBS,
PBS isolated from mutants ofSynechococcussp. PCC 7002
(see models in Figure 1), and PC-containing subcomplexes,
the affinity of the FNR-3D for the various PC complexes
has the following order: (RPCâPC)6-LR

33 > (RPCâPC)6-LRC
27

> (RPCâPC)6. This hierarchy of affinities supports the original
hypothesis that FNR is localized at the distal ends of the
peripheral rods of PBS (5) and suggests that FNR-3D is
displaced to the ends of the rods during assembly.

EXPERIMENTAL PROCEDURES

Growth Conditions for Cyanobacterial Cultures. Synecho-
coccussp. PCC 7002 was grown photoautotrophically in
medium A+ (25) under continuous illumination from cool-
white fluorescent lamps at an intensity of∼250µE m-2 s-1.
Cell suspensions were bubbled with 2-5% (v/v) CO2 in air.
Cells were grown in 25-mL and 1.8-L liquid cultures at 38
°C or at room temperature (∼22 °C), respectively. The same
growth medium with the addition of 100µg of kanamycin
mL-1 was used for mutant strains. Mid- to late-exponential
phase cells were used for all experiments.

Preparation of Whole-Cell Extracts and Isolation of PBS
by Sucrose Density Gradient Centrifugation. Synechococcus
sp. PCC 7002 cells were harvested by centrifugation, washed,
and resuspended in 0.65 M Na+/K+-phosphate buffer, pH
8.0, containing 1 mM NaN3, 20 µg of PMSF mL-1, and 10
mM Na-EDTA. Whole-cell extracts (WCEs) were produced
by disrupting cells by four successive passes through a
French pressure cell operated at 18 000 psi. Triton X-100
was added to the WCE to a concentration of 1.2% (v/v).

FIGURE 1: Schematic models of phycobilisomes. (A) Hemidiscoidal
PBS with tricylindrical APC core ofSynechococcussp. PCC 7002.
Genes encoding various components of these PBS are indicated
with their translation products. (B) Schematic model for PBS
isolated from thecpcCmutant strain after exposure to saturating
amounts of rFNR-3D. (C) Schematic model for PBS isolated from
thecpcD3mutant strain after exposure with saturating amounts of
rFNR-3D.
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The solution was gently stirred for 30 min at room temper-
ature and then centrifuged for 30 min at 23 500g. All sucrose
gradients were prepared in 0.75 M Na+/K+-phosphate buffer,
pH 8.0, containing 10 mM EDTA, 1 mM NaN3, and 20µg
of PMSF mL-1. All samples were added in 0.65 M Na+/
K+-phosphate buffer pH 8.0 in the presence of the same
inhibitors as above. Sucrose gradients were prepared as
previously described (26). The ultracentrifugation was carried
out for 12 h at 20°C at 65 000g in a Beckman Ti 60 rotor.
The fractions containing PBSs were collected from the step
gradients and assayed for sucrose concentration with an Abbe´
refractometer. Fractions were also analyzed for absorbance
at 630 and 650 nm, for diaphorase activity, and by SDS-
PAGE.

Insertional InactiVation of the cpcC Gene in Synecho-
coccus sp. PCC 7002.For the construction of acpcCmutant,
a derivative of pAQPR2 was used in which thecpcCgene
was insertionally inactivated. Plasmid pAQPR2 harbors a
3.0-kb HindIII fragment encodingcpcBACfrom Synecho-
coccussp. PCC 7002 inserted into vector pBR325; the insert
is oriented oppositely from the insert in pAQPR1 described
previously (19). The insert encodes thecpcBandcpcAgenes,
encodes theâ and R subunits of the phycocyanin, respec-
tively, as well as thecpcCgene, which encodes the 33-kDa
rod-linker polypeptide (LR33) (19). The cpcC gene was
inactivated by inserting a 1.32-kbSalI fragment, derived from
plasmid pRL161 and encoding theaphII gene of Tn5, which
confers resistance to the antibiotic kanamycin, into a unique
XhoI site within thecpcCcoding region (19). This construct
was used to transformSynechococcussp. PCC 7002 cells.
The transformants were screened on A+ plates supplemented
with kanamycin. Full segregation of thecpcC gene inter-
ruption was verified by PCR analysis (data not shown).

Expression and Purification of the rFNR-3D.For over-
expression of thepetHgene encoding the rFNR-3D protein,
theSynechococcussp. PCC 7002petHgene was cloned into
the expression vector pET3a (Novagen, Madison, WI),
resulting in the pET3a::petH1.6A expression plasmid. Cells
of E. coli strain BL21 (DE3) (5) harboring pET3a::petH1.6A
were grown in LB medium with addition of 50 nM riboflavin
and 100µg mL-1 ampicillin. Induction of FNR-3D protein
expression was achieved by addition of 0.5 mM IPTG. Cells
containing the overproduced FNR protein were harvested and
resuspended in 0.1 M Tris-HCl pH 8.0, 10 mM EDTA, and
0.1 M NaCl. Cells were broken by ultrasonic disruption or
by two passages through the French press at 18 000 psi.
Unbroken cells, debris, and membranes were removed by
low-speed centrifugation at 6400g at 4 °C. The supernatant
was slowly adjusted to 60% of saturation with solid
(NH4)2SO4 and stirred for 30 min. The rFNR-3D was pelleted
by centrifugation at 23 500g for 20 min. To obtain rFNR-
2D, the supernatant from the 60% (NH4)2SO4 fractionation
was adjusted to 90% of saturation with solid NH4SO4 and
incubated and centrifuged as stated previously. Each pellet
was suspended in 50 mM Tris-HCl pH 8.0, 10 mM EDTA,
and 0.1 M NaCl and dialyzed against the same buffer. The
dialyzed sample was loaded onto a Cibacron blue column
(25 × 1.5 cm) and washed with loading buffer. The rFNR-
3D was eluted with a linear NaCl gradient (0.1-1 M; 400
mL) prepared with 50 mM Tris-HCl buffer pH 8.0 supple-
mented with 10 mM EDTA, 1 mM NaN3, and 20µg of
PMSF mL-1. The FNR concentration in each 5.0-mL column

fraction was determined by using theε458 of 9.5 mM-1 cm-1

(27). The enzyme had an apparent molecular mass of 45 kDa
and was judged to be>95% pure by SDS-PAGE. FNR-
2D was purified by a similar procedure.

Isolation of Phycocyanin from Phycobilisomes.The isola-
tion of PC complexes from PBS ofSynechococcussp. PCC
7002 was performed as described (28). The first fraction
eluted was PC, and the second fraction contained the PC-
22-kDa linker complex, with the characteristic absorption
spectrum of complex PC-LRC

27 (28).
Absorption Spectra.Absorption spectra were recorded with

a DW2 Aminco spectrophotometer or with a Beckman model
DU 650 spectrophotometer. The molar extinction coefficient
at 630 nm used for the PBS from the wild type andcpcD3
mutant strains was 3.3× 107 M-1 cm-1, calculated using
extinction coefficients at 630 nm of PC and APC and the
PBS model forSynechococcussp. PCC 7002 (17). Theε630

for PC (Râ) protomers was 395 mM-1 cm-1 and was 134
mM-1 cm-1 for APC (Râ) protomers (26). The PBS model
used has 36 APC (Râ) protomers (i.e., a tricylindrical core)
and two PC (Râ)6 hexamers in each of six peripheral rods,
for a total of 72 (Râ) protomers of PC (ref17, see also Figure
1A,C). For PBS from the wild type and thecpcD3mutant,
an ε650 of 1.98 × 107 M-1 cm-1 was calculated by
multiplying theε630 by 0.57, which is the ratio of absorption
at 650 and 630 nm obtained from their absorption spectra.
Using a model of 36 APC (Râ) protomers and 36 PC (Râ)
protomers (ref19 and also see Figure 1B), the extinction
coefficients calculated for PBS of thecpcCmutant were 1.9
× 107 M-1 cm-1 at 630 nm and 1.68× 107 M-1 cm-1 at
650 nm. The latter value was calculated from the spectro-
scopic ratio 650/630 nm) 0.88 determined from the
absorption spectrum. To calculate the concentration of PBS
in mixtures from thecpcC and cpcD3 mutant strains,
simultaneous equations were solved using the absorbance
values at 630 and 650 nm together with the extinction
coefficients for each as described previously. Finally, the
extinction coefficient used for PC (Râ)6 hexamers at 630
nm was 1.5× 106 M-1 cm-1, and that used for the hexameric
PC-LRC

22 complex was 1.8× 106 M-1 cm-1 at 638 nm (28).
ActiVity Measurements of FNR.FNR diaphorase activity

was measured as the reduction of DCPIP by NADPH and
was followed at 600 nm using a 0.5 cm path-length cell
containing 50 mM Tris-HCl pH 8.0, 100µM DCPIP, and
100µM NADPH against a reference cell containing the same
buffer with 50µM DCPIP (29). The turnover number of the
diaphorase activity for rFNR-3D, which was used to calculate
the FNR concentration of the gradient fractions, was
determined by calculating the difference between the total
activity of the centrifuge tube, in which rFNR-3D was added,
minus the total basal activity of the tube, divided by the
nmoles of enzyme added. A turnover number was determined
for each experiment.

SDS-PAGE Analyses.SDS-PAGE analyses were per-
formed on 14% (w/v) polyacrylamide slab gels (30). The
proteins were stained with Coomassie blue R-250. Densi-
tometric scans were performed with a Pharmacia LKB
UltroScan XL and analyzed with the Program GSXL version
2.1. The relative molar amounts of protein per band were
obtained as described (31). The scaling factors used were
9.7 for LCM; 4.5 for FNR-3D; 3.3 for LR33; 2.7 for LRC

27; 1.8
for all PBPs; and 0.9 for LR9 and LC

8. All stoichiometries
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were calculated relative to six molecules of the 27-kDa LRC
27

linker polypeptide (17); the LRC
27 linkers connect the six

peripheral rods of the PBS to the core.
Determination of the Stoichiometries of FNR in Wild-Type

PBS. Six centrifuge tubes were prepared with identical
sucrose gradients. The blue, PBS-containing supernatant (25
mL; 9.3 a.u. at 630 nm) in 0.65 M Na+/K+-phosphate buffer,
pH 8.0, containing 1 mM NaN3, 20 µg of PMSF mL-1, and
10 mM Na-EDTA obtained after low-speed centrifugation
of a wild-type WCE was split into five equal aliquots of 5
mL. No additions were made to two aliquots that served as
controls of the basal diaphorase activity in the gradient
(Figure 2A). rFNR-3D was added (1.05, 2.1, and 3.15 nmol,
respectively) to the three remaining aliquots. A sixth sucrose
gradient was used to determine the sedimentation behavior
of 2.1 nmol of rFNR-3D alone. After centrifugation, 21
fractions of 1.2 mL were collected from bottom to top from
each centrifuge bottle using a peristaltic pump and tubing
fitted with a capillary tip. The turnover number of the
diaphorase activity for the rFNR-3D, which was used to
calculate the FNR concentration for this experiment, was
obtained as described earlier.

RESULTS

FNR-3D is Associated With the PBS.Figure 2A shows
the combined sedimentation profiles of a sucrose gradient,
which had been loaded with the blue-colored, PBS-containing
supernatant from the detergent solubilized WCE ofSynecho-
coccussp. PCC 7002, and a gradient that had been loaded
with the purified rFNR-3D fromSynechococcussp. PCC
7002. The diaphorase activity profile for the WCE alone
(Figure 2A, circles) shows three obvious peaks corresponding
to fractions 8, 14, and 18. The most rapidly sedimenting

fraction contained the PBS and 78% of the FNR activity.
The middle peak contained a mixture of comigrating phyco-
biliproteins with apparent masses of∼250 kDa, and the most
slowly sedimenting peak (fraction 18) contained uncom-
plexed FNR since this fraction corresponds to the peak
position of purified rFNR-3D (Figure 2A, diamonds). To
determine if the two more slowly sedimenting fractions of
enzyme activity were artifacts of the purification procedure,
or if these fractions truly were present in fresh WCEs,
identical sucrose gradients were analyzed to compare the
sedimentation profile of FNR activity for crude PBS and
previously purified PBS. Both of these samples showed the
same three peaks of FNR activity obtained previously (data
not shown). These sedimentation profiles indicated that some
continuing dissociation of the PBS occurred during the
second centrifugation. It was subsequently found that, by
reducing the number of passages of cells through the French
press, cell breakage and the yield of soluble proteins was
diminished. However, ammonium sulfate fractions of such
WCEs indicated that only∼3% of the total diaphorase
activity was found in the 40% saturated ammonium-sulfate
supernatant, whereas the majority (97%) of the activity was
found associated with the pellet fraction containing PBS (data
not shown). Thus, this shortened procedure led to a much
greater retention of FNR on the PBS. On the basis of these
observations, we conclude that 97% or more of the FNR
activity is associated with PBS in wild-typeSynechococcus
sp. PCC 7002 cells under standard growth conditions.

Experiments to determine the interaction between the PBS
and the different concentrations of rFNR-3D were performed
to establish the saturability and stoichiometry of the binding
of exogenously added rFNR-3D to PBS. The experiments
in Figure 2B show that rFNR-3D binds to the PBS and that

FIGURE 2: Sucrose density gradient analysis of phycobilisomes from wild-typeSynechococcussp. PCC 7002. FNR activity is expressed as
µmol of DCPIP min-1 mL-1. Panel A shows the patterns of fractions obtained from two different sucrose gradients. One gradient was
loaded with WCE fromSynechococcussp. PCC 7002 wild-type cells after solubilization with Triton X-100. The FNR activity (b) and the
absorbance at 630 nm (9) of each fraction are indicated. The second gradient was loaded with only 2.1 nmol of purified rFNR-3D (( FNR
activity). Panel B shows the FNR activity (expressed asµmol of DCPIP min-1 mL-1) present in fractions collected from three different
sucrose gradients. Increasing amounts of rFNR-3D (1.05 (9), 2.1 (2), and 3.15 (b) nmol) were added to three equivalent aliquots of a
Triton X-100-solubilized WCE from the wild-type strain ofSynechococcussp. PCC 7002 prior to loading on the gradients. Panel C shows
the FNR activity in fractions collected from gradients containing WCE from the wild-type strain ofSynechococcussp. PCC 7002 solubilized
by Triton X-100 (b) alone or after incubation with rFNR-2D (3µmol of DCPIP min-1 mL-1, or ∼1 nmol of rFNR-2D) ([). The scale for
FNR activity for panels B and C is the same as that in panel A.

Localization of FNR Biochemistry, Vol. 42, No. 47, 200313803



it is possible to saturate the FNR binding sites on PBS with
rFNR-3D. The amount of enzyme bound to PBS increased
significantly after reconstitution with the rFNR-3D, even after
the addition of only 1.05 nmol of rFNR-3D. The level of
FNR bound remained almost constant when PBS were mixed
with 2.10 and 3.15 nmol of rFNR-3D. The excess enzyme
was recovered in the upper part of the gradients. These results
show that there are a limited number of sites for FNR-3D in
PBS. The calculated stoichiometry of FNR per PBS was∼2
in these experiments. This result agrees with previous
estimates for bothSynechococcussp. PCC 7002 (5) and
Synechocystissp. PCC 6803 (14). The initial FNR level in
the wild-type PBS varied from 1.0 to 1.6 per PBS with an
average of 1.3 molecules of FNR per PBS.

PBS were also incubated with a recombinant, two-domain
enzyme (FNR-2D) that lacks the N-terminal, CpcD-like
domain to show that the binding assay was specific for FNR-
3D. This form of FNR is spontaneously produced by
proteolysis inE. coli. Figure 2C compares the sedimentation
profiles of wild-type PBS and the same PBS after incubation
with FNR-2D. The faster sedimenting fractions also con-
tained the diaphorase activity associated with the PBS, but

no increase in the amount of FNR activity associated with
the PBS was observed after incubation with FNR-2D.
Likewise, the intermediate fraction, which contains the
activity associated with dissociated PC complexes, did not
show an increase in diaphorase activity after incubation with
FNR-2D. Only the most slowly sedimenting zone, containing
uncomplexed, FNR-2D, showed an increase in diaphorase
activity. The data in Figure 2B,C show that the binding of
FNR-3D to PBS can be saturated and that PBS do not bind
FNR-2D lacking the CpcD-like domain, strongly supporting
the hypothesis that the N-terminal, CpcD-like domain with
similarity to LR

9 is responsible for the binding of FNR-3D
to PBS.

The N-terminal domain of FNR-3D ofSynechococcussp.
PCC 7002 has sequence similarity with the linker polypep-
tides of PBS from numerous cyanobacteria. As shown in
Figure 3, the amino acid sequence of this domain consists
of 75 amino acids with very high sequence similarity to the
peripheral rod-capping linkers associated with PC (LR

9, 69%).
A region of approximately 60 amino acids also has high
sequence similarity to the C-terminal region of 30-kDa, PC-
associated rod linkers (LR ∼30, 59%). A region of ap-

FIGURE 3: Amino acid sequence comparison of the N-terminal domain of FNR-3D with cyanobacterial linker proteins. Dots indicate
identical amino acid, dashes indicate insertions/deletions introduced to maximize the sequence similarity, and the percent similarity is
shown at the right. The FNR N-terminal domain sequences shown are derived from the following organisms: [1]Synechococcussp. PCC
7002 (5); [2] Synechocystissp. PCC 6803 (10); [3] Nostocsp. PCC 7120 (13); [4] AnabaenaVariabilis (GI: 2498066); [5]Anabaenasp.
PCC 7119 (12); [6] Thermosynechococcus elongatus(11); and [7]Synechococcussp. WH 8102 (GI: 23133339). The amino acid sequences
of peripheral rod-capping linker polypeptides (CpcD) are derived from the following organisms: [8]Synechocystissp. PCC 6803, LR8.9

(10); [9] Synechocystissp. PCC 6714 (GI: 18147769); [10]Thermosynechococcus elongatus, LR
9 (GI: 1709964); [11]Synechococcussp.

PCC 7002, LR9 (19); [12] Mastigocladus laminosus, LR
8.9 (32); [13] Spirulina platensis(GI: 5726480); [14]Synechococcussp. PCC 6301,

LR
9 (33); [15] Calothrix sp. LR

9.7 (34); [16] Calothrix sp. PCC 7601, LR8.1 (35); and [17]Nostocsp. PCC 7120, LR8.9 (13). Amino acid
sequences of the C-terminal domain of PC-associated linkers (CpcC) were derived from the following organisms: [18]Synechocystissp.
PCC 6803, LR32.1 (10); [19] Synechocystissp. PCC 6714 (GI: 18147768); [20]Nostocsp. PCC 7120 (13); [21] Mastigocladus laminosus,
LR

34.5 (32); [22] Calothrix sp., LR
32.1 (36); [23] Mastigocladus laminosus, LR

32.1 (32); [24] Synechococcussp. PCC 6301, LR30 (33); [25]
Thermosynechococcus elongatus, LR

32 (GI: 1709956); [26]Synechococcussp. PCC 6301, LR33 (33); [27] Nostocsp. PCC 7120, LR34.5

(13); [28] Calothrix sp., LR
39 (34); and [29]Synechococcussp. PCC 7002 (19).
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proximately 35 amino acids has sequence similarity to the
small, APC-associated core linkers (LC

8, 59%). Since the
CpcD proteins are typically 70-85 amino acids, the similar-
ity spans nearly the entire sequence of this linker class.
However, since rod linkers of the CpcC class are typically
273-291 amino acids long, the similarity is confined only
to the C-terminus of this linker class. The similarity to the
LC

8 linker class (apcCgene products) only corresponds to
about half of the molecule (37 out of 67 amino acids).
Significantly, the region of similarity forms secondary
structure elements, which are known to form direct contacts
with the â subunits of the APC (15). On the basis of these
sequence similarities, the interactions of FNR-3D with
different phycobiliprotein-linker complexes, including PC
LR

33 and PC-LRC
27, were studied to establish which PC-

containing complexes had the highest affinity for FNR-3D
within the PBS.

Sucrose Gradient Centrifugation Analysis of Phycocyanin
Complexes Isolated from Synechococcus sp. PCC 7002 After
Incubation with rFNR-3D.Two fractions containing PC were
purified from PBS isolated from wild-typeSynechococcus
sp. PCC 7002 cells. One fraction contained a 22-kDa-linker
polypeptide fragment (L22) bound to PC, and the other one
contained only PC. The shape of the absorption spectrum of
PC-L22 (data not shown) with a sharp peak at 638 nm
demonstrates that (RPCâPC)6-(L22)1 is a complex between PC
and a proteolytic fragment derived from the LRC

27 polypeptide
(28, 37, 38). Figure 4A shows that two zones of diaphorase
activity could be resolved on a sucrose density gradient after
incubation of 19.2 nmol of rFNR-3D with 4 mL of
phycocyanin (OD630 ) 10). In this experiment, a 1.4-fold
excess of PC, calculated as (Râ)6 hexamers, was added over
the rFNR-3D. The first zone (fractions seven to 10) of
diaphorase activity (Figure 4, closed circles) matches the first
half of the absorbance profile (Figure 4, closed squares) for
PC, which has its maximum in fraction 10. The stoichiometry

in fractions seven to 10, estimated as rFNR-3D:(RPCâPC)6,
was 0.52( 0.1. The second zone (fractions 13-17) of
diaphorase activity corresponds to free rFNR-3D. Figure 4B
shows the absorbance and diaphorase activity profiles after
sucrose density gradient centrifugation of a mixture of rFNR-
3D with the PC-LRC

22 complex. There is a much closer
correspondence between the distribution of FNR activity
(Figure 4B, closed circles) and the 630 nm absorption (Figure
4B, closed squares) when compared to the profile in Figure
4A. The distributions of both activity and absorbance are
narrower and more symmetric, which suggests that only PC
hexamers are present. According to the activity measured
for fractions seven to 10, there is 0.62( 0.08 FNR-3D per
(RPCâPC)6-(LRC

22)1 complex. To establish further the relative
affinities of the two types of PC complexes for rFNR-3D,
smaller amounts of enzyme (4.8 and 9.6 nmol) were
incubated with the PC complexes. The ratios of rFNR-3D
per PC hexamer (rFNR-3D:(RPCâPC)6) after gradient analysis
were 0.14( 0.02 and 0.27( 0.015, respectively. Under the
same conditions, the PC (RPCâPC)6-(LRC

22)1 linker complex
exhibited a higher affinity for the enzyme than PC (RPCâPC)6

alone. The ratios of rFNR-3D per (RPCâPC)6-(LRC
22)1 were

found to be 0.21( 0.04 and 0.43( 0.04, respectively.
The inset in Figure 4A shows the electrophoretograms of

isolated PC, before and after the incubation with rFNR-3D.
Figure 4B also shows the electrophoretograms of the PC-
LRC

22 linker complex before and after the incubation with
rFNR-3D. The stoichiometries of the LRC

22 linker polypeptide
fragment with respect to the PC (Râ) protomers are consistent
with the assignment of this complex as a hexamer: (RPCâPC)6-
(LRC

22)1. The binding assays and analyses described previ-
ously indicate that up to one rFNR-3D can bind to such
complexes and that the PC-LRC

22 complex has a higher
affinity for FNR than PC hexamers alone.

It is important to note that the enzyme preparation used
for the binding experiments to the PC-LRC

22 linker complex

FIGURE 4: Sucrose density gradient analysis of PC hexamers and PC-LRC
22 complexes after incubation with rFNR-3D. Panel A shows the

properties of fractions collected from a sucrose gradient loaded with PC (Râ)6 hexamers after mixing with 18.4 nmol of rFNR-3D. Panel
B shows the profile from a sucrose gradient loaded with the PC-(RPCâPC)6-(LRC

22)1 complex after mixing with 18.4 nmol of rFNR-3D. PC
was monitored at 630 nm (9), and FNR activity (b) is expressed asµmol of DCPIP min-1 mL-1. Samples (50µg of total protein) from
peak activity fractions of the experiments shown in Figure 3A,B were separated by SDS-PAGE. Insets: electrophoretograms of PC and
PC-LRC

22 linker complexes before (left lane) and after (right lane) incubation with rFNR-3D. The identities of the polypeptides are indicated
at the left of the electrophoretograms.
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and PC hexamers was the same. The enzyme aliquots added
to each solution were identical, and the experiments were
conducted in parallel. However, the turnover number ob-
tained for the enzyme in the presence of the (RPCâPC)6-
(LRC

22)1 linker complex was consistently 1.3-1.5-fold higher
than that for the enzyme bound to PC hexamers that did not
contain a linker polypeptide. Studies are currently in progress
to explore this observation further.

Sucrose Gradient Centrifugation Analysis of Whole-Cell
Extracts from cpcC Mutant Cells After Triton X-100 Solu-
bilization.PBS from thecpcCmutant contain peripheral rod
substructures composed of a single disk of hexameric PC
(Figure 1C), as opposed to the two PC hexamers typically
found in the rods of wild-type PBS as shown in Figure 1A.
Although only one PC hexamer is missing from the
peripheral rods, two PC-associated linker polypeptides, LR

33

and LR
9 (compare Figure 1A with 1C), are missing from the

PBS of thecpcC mutant. Each of these linkers contains a
region that is similar in sequence to the N-terminal domain
of FNR-3D (see Figure 3). The LR

33 linker polypeptide is
required for binding a second hexameric PC disk to each
peripheral rod (see Figure 1A). The LR

9 linker is the rod-
capping linker (Figure 1A), which limits the rod elongation
by preventing the binding of additional PC-LR

33 complexes
to the peripheral rods and which thereby causes the average
rod length to be only two PC hexamers in wild-type PBS
(18). Accordingly, it could be expected that the binding of
the LR

9 linker would also block the binding of FNR-3D to
the peripheral rods. The absence of both linkers from the
PBS of thecpcCmutant is thus predicted to allow a much
greater amount of rFNR-3D to be bound to such PBS when
compared to wild-type PBS.

A representative sedimentation pattern from the PBS of
the cpcC mutant cells is shown in Figure 5A. Diaphorase
activity (circles) and absorbance at 630 nm (squares) were
plotted for each fraction recovered from the sucrose gradient.
Two peaks were clearly distinguished in the 630 nm

absorbance profile, and the faster sedimenting fraction
contained the PBS (19). When a careful comparison is made
between the sedimentation profile of extracts from the wild
type and thecpcC mutant, the more slowly sedimenting
fraction in the wild-type extract can be seen to sediment
further than the same fraction in thecpcCmutant. By using
the molecular mass markers aldolase (158 kDa) and catalase
(232 kDa), it was shown that this fraction corresponds to
PC hexamers in the wild type, while in thecpcC mutant
this peak corresponds to PC trimers (data not shown). The
PBS-containing zone had∼87% of the total absorbance at
630 nm in the gradient for the wild type, but this zone in
the cpcC mutant gradient contained only 61% of the total
630 nm absorbance. As noted previously, 78% of the FNR
derived diaphorase activity in the wild-type extract was
bound to the PBS. However, in thecpcC extract, 84% of
the FNR diaphorase activity is found in the PBS fraction.
Thus, the PBS of thecpcCmutant, which contain peripheral
rods with only one PC hexamer, can still bind FNR-3D at
least as effectively as wild-type PBS. These observations are
consistent with the observed interactions between rFNR-3D
and the (RPCâPC)6-(LRC

22)1 linker complexes as described
previously.

The basal level of FNR activity associated with the PBS
of thecpcCmutant did not differ significantly from that of
wild-type PBS. However, when excess rFNR-3D was
incubated with a WCE derived from thecpcC mutant, an
approximately 6-fold increase in the enzyme activity associ-
ated with the PBS fraction was observed (Figure 5B; note
the change in the scale for FNR activity as compared to
Figure 5A). This difference in the binding behavior of rFNR-
3D to PBS of the wild type andcpcCmutant strains indicates
that there are no more than two sites available for FNR-3D
binding to the wild-type PBS, which correspondingly must
have at least four sites blocked by LR

9. In the PBS from the
cpcCmutant, which contain LRC

27 but are lacking LR33 and
LR

9, six sites are available for FNR-3D binding (as illustrated
in Figure 1B).

Sucrose Gradient Centrifugation Analysis of Whole-Cell
Extracts from cpcD3 Mutant Cells Solubilized with Triton
X-100. The PBS of thecpcD3 mutant strain lack the LR9

linker polypeptide (18). Electron microscopic analyses of
PBS of this mutant showed that the number of PC hexamers
in individual peripheral rod substructures was more variable
than in the wild-type PBS. Hence, it was concluded that LR

9

binds to the core distal face of hexamers containing the LR
33

linker polypeptide to prevent the tandem joining of PC
hexamers containing the LR

33 linker (ref 18, also see Figure
1C). The sedimentation profiles of WCEs from thecpcD3
mutant did not differ significantly from the wild-type extracts,
either in the absorbance profiles at 630 nm or the diaphorase
activity profile (compare Figures 2A and 6A). However, after
the WCE from thecpcD3 mutant was mixed with rFNR-
3D, the sedimentation profile showed that the amount of
enzyme incorporated by PBS was nearly six times greater
than that of wild-type PBS (see Figure 6B). The concentra-
tion of PBS in the experiments shown in Figures 1, 5, and
6 are different. The differences in the absorbance scales of
these figures are largely due to the difference in the molar
extinction coefficients for the PBS of the wild type andcpcC
andcpcD3mutant strains (see Experimental Procedures). For
example, the molar extinction coefficient at 630 nm of the

FIGURE 5: Sucrose density gradient analysis of whole-cell extracts
from the cpcC mutant of Synechococcussp. PCC 7002 after
solubilization with Triton X-100. Panel A shows the properties of
fractions of the sucrose gradient with PBS from thecpcCmutant.
In panel B, 6.9 nmol of rFNR-3D was incubated with the same
amount of extract prior to loading on the sucrose gradient. The
diaphorase activity (b) is plotted asµmol of DCPIP min-1 mL-1,
and the absorbance units (a.u.) at 630 nm (9) of each fraction are
indicated.
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PBS of thecpcD3 mutant is 1.7-fold greater than that for
the PBS of thecpcC mutant. PBS from both thecpcD3
mutant and thecpcCmutant lack the LR9 linker and are able
to bind up to six rFNR-3D per PBS (Figure 1B,C). However,
the PBS from thecpcC mutant and PBS from thecpcD3
mutant differ in the manner by which they interact with
rFNR-3D. In the PBS of thecpcCmutant, the PC complex
that is available in the peripheral rods to bind FNR-3D is
(RPCâPC)6-(LRC

27)1, while in the PBS of thecpcD3mutant,
it is the (RPCâPC)6-(LR

33)1 complex that is available. To
assess whether these two types of complexes differ in their
binding affinity for FNR-3D, competition-binding experi-
ments were performed as described next.

Competition Binding Experiments of FNR-3D to Phyco-
bilisomes from the cpcC and cpcD3 Mutants.To establish
the relative affinity of FNR-3D for PBS of thecpcC and
cpcD3mutants, equimolar concentrations of both types of
PBS were mixed and incubated with 6.9 nmol of rFNR-3D.
After sucrose gradient centrifugation and fraction, the activity
profile overlaps nicely with the 630 nm absorbance profile
of the PBS, and∼80% of the added rFNR-3D was
incorporated into the two types of PBS. To establish the
distribution of the enzyme between the two types of PBS,
the concentration of each type was calculated, and the FNR
activity was plotted against the fraction number. As expected,
PBS from thecpcD3mutant sedimented more rapidly than
PBS from thecpcCmutant. The FNR activity was higher in
the PBS fraction that was more rapidly sedimenting; thus,
the ratio of FNR per PBS was higher for PBS of thecpcD3
mutant than for PBS of thecpcCmutant (data not shown).
To determine more precisely the relative affinity of the PBS
from the cpcC and cpcD3 mutant strains for FNR-3D, an
analysis of sucrose gradient fractions by SDS-PAGE and
densitometry was performed.

A mixture of the two types of PBS and a limiting amount
of enzyme was again subjected to sucrose density gradient
fractionation. A very narrow peak of FNR activity and 630

nm absorbance was obtained (Figure 7A). Fractions 3 and 5
were chosen for SDS-PAGE and densitometric analyses,
and the results are shown in Figure 8. The mixed PBS
fractions from four individual centrifuge tubes were pooled
and dialyzed against 0.65 M Na+/K+-phosphate buffer pH
8.0. The PBS from the pooled fraction were precipitated with
240 mg of ammonium sulfate mL-1, and the PBS were
resuspended in the same buffer before application to a second
sucrose gradient to improve the PBS separation. The FNR
activity and the calculated distribution of PBS from the two
mutant strains are shown in Figure 7B. The enzyme activity
associated with the more rapidly sedimenting PBS from the
cpcD3mutant was greater than that associated with the more
slowly sedimenting PBS from thecpcCmutant. Fractions 7
and 9 were selected for SDS-PAGE and densitometric
analyses.

PBS from the wild-type strain and from thecpcC and
cpcD3mutant strains and the two mixtures of PBS from the
latter two strains were analyzed by SDS-PAGE (Figure 8
and Table 1). As expected, PBS from thecpcCmutant did
not contain the LR33 and LR

9 linker polypeptides (Figure 8,
compare lane 3 with lanes 1 and 2), while PBS from the
cpcD3mutant (Figure 8, lane 4) only lacked the LR

9 linker
polypeptide. The polypeptide compositions of the PBS from
Synechococcussp. PCC 7002 wild-type strain and thecpcC
andcpcD3mutant strains were also analyzed quantitatively
by densitometric analysis of the SDS-PAGE gel. The

FIGURE 6: Sucrose density gradient analysis of whole-cell extract
from thecpcD3mutant ofSynechococcussp. PCC 7002. Panel A
shows the properties of fractions from the sucrose gradient of PBS
from the cpcD3 mutant. In Panel B, 6.9 nmol of rFNR-3D was
incubated with the same amount of extract as in panel A prior to
sucrose gradient centrifugation. The diaphorase activity (b) is
plotted asµmol of DCPIP min-1 mL-1, and the absorbance units
(a.u.) at 630 nm (9) of each fraction are indicated.

FIGURE 7: Sucrose density gradient analysis of a competition-
binding experiment for FNR-3D and a mixture of PBS isolated
from thecpcCandcpcD3mutants ofSynechococcussp. PCC 7002.
WCE from thecpcD3mutant (OD630 ) 12.2; 14.2 mL) and WCE
from thecpcCmutant (OD630 ) 12.3; 10.1 mL) were mixed. This
mixture was incubated with 3.45 nmol of rFNR-3D and aliquoted
(4 mL) onto sucrose density gradients. Panel A shows the FNR
activity (b), plotted asµmol of DCPIP min-1 mL-1, and the
absorbance units (a.u.) at 630 nm (9) of the fractions are obtained
from one of these gradients. The PBS fractions were collected from
four of these gradients, pooled, dialyzed against 0.65 M Na+/K+-
phosphate, and applied to a second sucrose gradient that was
centrifuged for only 5 h. Panel B: samples from this second gradient
were collected and assayed for FNR activity and absorbance at 630
and 650 nm. Panel B shows the PBS concentrations (nmol of PBS
mL-1) for each fraction; the amount of each type of PBS was
calculated from the absorbance profile as described in the Experi-
mental Procedures. The concentration of PBS from thecpcD3
mutant (2) and from thecpcCmutant ([) are shown for the first
11 fractions from the gradient together with the diaphorase activity
(b), expressed asµmol of DCPIP min-1 mL-1.
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calculated stoichiometries of the PBS components for the
wild type, thecpcCmutant, thecpcD3mutant, and fractions
from the competition binding experiments shown in Figure
7A,B are presented in Table 1. The PBS analyzed in Figure
8 and Table 1 for thecpcD3andcpcCmutant strains were
the same PBS as those used for the experiments in Figure
7A,B. For the mixtures derived from the experiments shown
in Figure 7A,B, the content of the PBS from thecpcD3strain
in each fraction can be directly calculated from the content
of the LR

33 linker. The mixtures that were enriched for the
LR

33 also had higher contents of FNR-3D. This can be
illustrated by the following stoichiometric ratios: for fraction
3, the ratio of FNR-3D to the LR33 linker is 3.2:6.4, while
this ratio was 1.86:1.67 for fraction 5, which contains a
higher proportion of PBS from thecpcC mutant. The
percentage of PBS from thecpcD3mutant in fraction 3 was
estimated to be 82% by densitometry. This value is in good

agreement with the 76% value estimated from the absorbance
profile data. Correspondingly, densitometric analyses and
absorbance profile estimates for the content of PBS from
the cpcD3 mutant in fraction 9 were 21 and 23%, respec-
tively. Using the information from these densitometric
analyses, the distribution of FNR-3D between the two types
of PBS could be calculated from simultaneous equations.
From the data in Figure 8 (lanes 5-8), a content of
approximately four FNR-3D molecules per PBS from the
cpcD3 mutant and about 1.3 FNR-3D molecules per PBS
from the cpcC mutant could be calculated. The calculated
values from the analysis of lanes 9 and 10 of Figure 8 were
approximately three FNR-3D molecules per PBS from the
cpcD3 mutant and 1.6 FNR-3D per PBS from thecpcC
mutant strain.

The FNR distribution was also determined by similar
densitometric methods in an experiment in which the molar
ratio of PBS from thecpcCandcpcD3mutants was 3:1 (data
not shown). Even under these highly unfavorable binding
conditions for the PBS from thecpcD3mutant, high ratios
of FNR per PBS were observed in LR

33-enriched fractions.
These data confirmed that PC hexamers associated with the
LR

33 linker have a higher affinity for FNR-3D than PC
hexamers associated with the LRC

27 linker polypeptide.

DISCUSSION

A previous study by van Thor et al. (14) concluded that
FNR is bound to PBS via the core-proximal hexamer of PC
in Synechocystissp. PCC 6803, and these authors further
concluded that FNR is not bound at the core-distal binding
sites on PC that are normally occupied by CpcD. The results
presented here show very clearly that their model suggesting
that FNR is somehow bound to wild-type PBS through an
interaction with the (RPC âPC)6-LRC

27 complex is not correct.
Although FNR-3D certainly can bind to core-proximal (RPC

âPC)6-LRC
27 complexes in PBS isolated from acpcCmutant

strain, the peripheral rod complexes containing this linker
protein are shown here to be identical since up to six binding
sites for FNR-3D are available in such PBS. The very same
situation is found for PBS from a mutant lacking only CpcD;
these PBS also can bind a maximum of six FNR-3D
molecules per PBS. However, this is clearly not the case in
wild-type PBS, for which a maximum of two FNR-3D

Table 1: Calculated Subunit Stoichiometries for Phycobilisomes Before and After Incubation with Exogenous rFNR-3Da

W.T.
PBS

cpcCmutant
PBS

cpcD3mutant
PBS

f #3b

figure 7A
f #5

figure 7A
f #7

figure 7B
f #9

figure 7B

LCM
99 1.8 2.1 1.85 1.84 1.78 1.61 1.72

FNR-3D 1.17 1.06 0.93 3.2 1.86 2.43 2.05
LR

33 7.2 0 7.8c 6.4 1.67 5 2.6
LRC

27 6a 6 6 6 6 6 6
PBPd 134 245 227 181 230 180
LR

9 + LC
8 10.2 5.5 5.25 6.3 6.4 5.8 5.2

% cpcD3 mutant PBSc 100 82 21 64 33
% cpcD3 mutant PBSe 76 23 73 42
a The number of subunits was obtained by densitometric analysis of SDS-PAGE gels as described in the Experimental Procedures. The calculated

stoichiometries are the average of two electrophoretograms loaded with 50 and 100µg of protein per sample, respectively. The data were normalized
by assuming that there are six copies of the LRC

27 linker per PBS. The PBS analyzed from thecpcCandcpcD3mutant strains was the same PBS
used for the competition experiments.b f #x indicates the fraction number from the figure indicated.c An average of 7.8 subunits of LR

33 per PBS
was obtained for PBS from thecpcD3mutant. This value should thus be found for any fraction containing 100% PBS of this type. By determining
the ratio of content of this linker protein in various mixtures to this value, the percent composition of PBS from thecpcD3mutant can thus be
estimated.d Values for PBP are approximate and represent the total number ofR andâ subunits of all phycobiliprotein types.e Percent content of
PBS from thecpcD3mutant estimated from absorbance data.

FIGURE 8: SDS-PAGE analysis of fractions from sucrose density
gradient analyses of various PBS preparations and from the binding
competition experiments. Lanes 1 and 2 contain wild-type PBS (50
and 100µg of protein, respectively). Lane 3 contains PBS (100µg
protein) from thecpcCmutant. Lane 4 contains PBS (50µg protein)
from thecpcD3mutant. Lanes 5 and 6 contain PBS (50 and 100
µg of protein, respectively) from fraction 3 (Figure 7A). Lanes 7
and 8 contain PBS (50 and 100µg of protein, respectively) from
fraction 5 (Figure 7A). Lanes 9 and 10 contain PBS (50 and 100
µg of protein, respectively) from fraction 7 (Figure 7B). Lanes 11
and 12 contain PBS (50 and 100µg of protein, respectively) from
fraction 9 (Figure 7B). Polypeptides are identified with labels
between lanes 2 and 3.
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molecules can be bound per PBS. These observations, as
well as thein Vitro binding studies of FNR-3D with PC
complexes (see below), show that, while FNR-3D can bind
to the core-proximal (RPC âPC)6-LRC

27 complex, it is not
bound in this manner in PBS isolated from the wild type or
thecpcD3mutant strain ofSynechococcussp. PCC 7002. If
FNR-3D was binding to a site other than that normally
occupied by either the C-terminal domain of CpcC or the
CpcD protein, then this site should be available for binding
additional FNR-3D molecules in wild-type PBS, but such
binding was clearly not observed. It is an open question
whether FNR could bind to APC in a mutant unable to
synthesize the LC8 core linker, ApcC, which has much lower
sequence similarity to CpcD.

Nakajima et al. (11) were the first to show a direct
interaction between FNR and PC by purifying a complex of
the two proteins, although the exact stoichiometry between
FNR and PC was not determined, and the size of the purified
complex was estimated to be only 78 kDa. It is shown here
that FNR-3D can bind to PC hexamers but that the binding
affinity of FNR-3D is somewhat greater to a (RPC âPC)6-
LRC

22 linker complex. However, binding-competition studies
between PBS of acpcC mutant and those from acpcD
mutant ofSynechococcussp. PCC 7002 show that peripheral
rods containing CpcC (LR33) have a higher affinity for FNR
than peripheral rods containing only CpcG (LRC

27). Therefore,
one can conclude that the relative binding affinities of FNR-
3D for PC complexes has the following order: (RPC âPC)6-
LR

33 > (RPC âPC)6-LRC
27 > (RPC âPC)6. Given this order of

affinities, FNR is most likely bound to core-distal (RPC

âPC)6-LR
33 complexes that are not capped by CpcD.

As shown in the studies presented here and as noted above,
FNR-3D can bind to PC hexamers that include a 22-kDa
fragment derived from LRC

27. Such complexes would nor-
mally associate with a second PC hexamer through an
interaction with the C-terminus of CpcC, the LR

33 linker.
Evidently, the CpcD-like domain of FNR-3D, which clearly
has strong sequence similarity to the C-terminus of CpcC
(Figure 3) as well as CpcD, can bind to the toroid-shaped
PC trimer whose central cavity is not blocked by its
interaction with CpcG (LRC

27). This observation is interesting
since CpcD either does not bind to such complexes or binds
with much lower affinity and is lost during the preparation
of PBS from thecpcCmutant strain. Similar results can be
observed for the PMB2 mutant ofSynechocystissp. PCC
6803, whose PBS include FNR and the LRC

27 linker but lack
CpcD and two peripheral rod linkers of 33 and 35 kDa (39).
Therefore, our findings suggest that FNR could bind to PC
complexes as the PBS are being assembled but that this
process is controlled by a competition determined by the
relative affinity of FNR-3D for each trimer of PC and the
phycobiliprotein linkers.

Two major questions remain regarding the CpcD domain
of FNR-3D: when and why did this extra CpcD-like domain
evolve? Nearly all characterized cyanobacteria that employ
phycobiliproteins organized into PBS as their light harvesting
antennae havepetHgenes that encode an N-terminal, CpcD-
like domain. However, an interesting exception to this
observation is found inGloeobacterViolaceusPCC 7421
(40). On the basis of the absence of thylakoid membranes
and its 16S rRNA sequence,G. Violaceus PCC 7421 is
believed to have diverged very early from the remainder of

the cyanobacterial lineage. Interestingly, itspetH gene (S.
Tabata and T. Kaneko, personal communication) predicts an
FNR protein of only 296 amino acids, and no CpcD-like
domain is present at its N-terminus. ThepetH gene ofG.
Violaceus encodes only the two catalytic domains; this
situation is similar to that for the FNR of chloroplasts and
cyanelles (see below). One possibility is thatG. Violaceus
diverged from the ancestor(s) of most other cyanobacteria
prior to the evolutionary event that fused acpcD-like gene
at the 5′ end of thepetHgene. Phylogenetic analyses of FNR
sequences (data not shown) are consistent with this possibil-
ity.

Another interesting case is found in the living fossil,
Cyanophora paradoxa, which is a biflagellated eukaryotic
protist that harbors peptidoglycan-surrounded plastids called
cyanelles (41). Like most cyanobacteria, cyanelles synthesize
phycobiliproteins that form hemidiscoidal PBS (42). The
FNR of C. paradoxais encoded in the nucleus rather than
the cyanelle, and the protein is synthesized as a larger
precursor with a plastid import sequence that is capable of
directing the protein into pea chloroplasts (43). However,
this FNR lacks the CpcD-like domain of cyanobacterial FNR
proteins and thus is unlikely to be associated with the PBS.
It is possible that the cyanobacterium, which was the ancestor
of the endosymbionts that evolved into cyanelles and
chloroplasts, did not possess FNR with a CpcD-like domain.
This could actually have been a later development in
cyanobacterial descendants of that ancestral organism, and
this improvement might have then been passed down to the
ancestors of all extant cyanobacteria. Alternatively, the
cyanobacterial ancestor of cyanelles and chloroplasts might
have had an FNR with a CpcD-like domain that was lost
when thepetH gene was transferred to the nucleus or that
was rapidly and extensively modified to become the chloro-
plast/cyanelle import sequence. Since FNR of higher plant
chloroplasts can be isolated in a complex with the cyto-
chromeb6f complex (24), it would be interesting to know
whether this is also the case with the FNR in the cyanelles
of C. paradoxaand in the chloroplasts of red algae.

A very interesting and relevant situation is found in
Prochlorococcus marinus. P. marinusis very closely related
to some marineSynechococcussp., includingSynechococcus
sp. WH8102, butP. marinusdiffers from true cyanobacteria
by not producing PBS and by using chlorophyll proteins as
light harvesting antennae, although some strains can syn-
thesize small amounts of PBP (44). FNR of P. marinushas
an N-terminal extension that is shorter than the CpcD-like
domains of cyanobacteria. While this domain bears relatively
little sequence similarity to the CpcD-like domains of most
cyanobacterial FNR proteins, it has a somewhat greater level
of similarity (∼30%) to the CpcD-like domain ofSynecho-
coccussp. WH8102 FNR (Figure 3). It seems that the
N-terminal domain ofP. marinusFNR is rapidly diverging
from the sequence of its close relative,Synechococcussp.
WH8102, and from those of other cyanobacteria. The
vestiges of a CpcD-like domain are still recognizable, but
sinceP. marinushas no PBS, the sequence has diverged to
become shorter and is extensively modified. It should be clear
from this discussion that FNR sequences are potentially
interesting evolutionary markers for both ancient and recent
cyanobacterial evolution. Future studies may reveal whether
the ancestor of chloroplasts and cyanelles diverged before
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the fusion of the CpcD-like domain to FNR or whether this
feature was lost after the primary endosymbiotic event that
led to eukaryotic phototrophs.

The other remaining question pertains to the functionality
of this enzyme in cyanobacteria: why should FNR be bound
to the peripheral rods of PBS? It was originally proposed
that the purpose of this positioning was to maintain the
enzyme in close proximity to the stromal surface of the
thylakoid membrane to keep FNR close to PS I, the source
of reduced ferredoxin (5). After the structures of PS I and
PS II became available, Bald et al. (45) modeled the
interactions among the reaction centers and the PBS in
cyanobacterial thylakoid membranes, and they proposed two
models for interaction of the PBS with PS I. The most
sterically favored model was one in which the PBS interacted
with PS I via FNR located at the end of the peripheral rods
of the PBS rather than a model in which the PBS cores
interacted with the PS I trimers. More recently, McConnell
et al. (46) have performed studies on state transitions and
presented a model for state transitions that also takes into
account these X-ray structures. Their model also favors an
interaction of the PBS with PS I via FNR that is bound to
the distal ends of the peripheral rods. Glazer et al. (47) found
evidence for connections between PBS and PS I when they
usedN-ethylmaleimide to disrupt interactions dependent upon
accessible sulfhydryl groups. This treatment only disrupted
energy transfer from PBS to PS I, and the only proteins in
either complex that appeared to be affected were FNR and
CpcD (47). As noted previously in the results presented here,
the turnover numbers for the PBS- or PC-bound FNR were
somewhat larger than for the free enzyme. The structural
basis for this enhanced enzymatic activity is not known at
present, but nevertheless, it appears that PBS-bound FNR is
more active than the free enzyme. van Thor et al. (14, 23)
have reported that aSynechocystissp. PCC 6803 mutant,
which produces a truncated FNR protein lacking the CpcD-
like domain, is unable to adapt to salt stress. ThepetHmRNA
levels and PS I-dependent cyclic electron transport activities
are normally elevated under salt shock conditions but do not
increase in a mutant that produces an FNR lacking the CpcD
domain under the same stress conditions. They conclude that
FNR requires an interaction with the thylakoid membrane,
which is dependent upon the CpcD-like domain, to adapt to
high salt stress (23). Also, evidence for a membrane-
associated form of FNR in the marine cyanobacterium
Synechococcussp. PCC 7002 was reported (5). However,
the location and role of a postulated acylation of FNR has
still not been resolved.

Another possible role for the tethering of FNR to the distal
ends of the peripheral rods of PBS near the thylakoid
membrane is to facilitate its involvement in PS I-mediated
cyclic or respiratory electron transport. If one considers that
a maximum of two FNR-3D molecules can be bound per
PBS in wild-typeSynechococcussp. PCC 7002, and if all
six peripheral rods are equivalent in their ability to bind FNR-
3D, then more than half of the PBS should have at least one
FNR bound to those peripheral rods adjacent to the thylakoid
membrane surface, and 6.6% of the PBS would have both
enzymes in close contact with the membrane surface. This
amount of FNR would be sufficient for the observed levels
of cyclic electron transport, and it is possible that these
enzymes might be able to participate in the direct reduction

of plastoquinone with electrons from ferredoxin. The cal-
culated pI of the CpcD-like domain of cyanobacterial FNR
is ∼10, and the net positive charge is larger in the hinge
region. Thus, if there is an additional binding interaction
between FNR and a protein (e.g., through a PS I subunit) or
the lipids of the thylakoid membranes, then it is possible
that an even greater proportion of the FNR would be bound
to the peripheral rods in closest proximity to the thylakoid
membrane. This might facilitate a ternary interaction between
FNR, PS I, and ferredoxin as has been suggested (14).

We have measured the FNR-mediated oxidation of
NADPH in the presence of benzoquinones and naphtho-
quinones, which are excellent electron acceptors (data not
shown). Thus, it is certainly possible that FNR has a quinone
reductase activity, and the crucial point is whether FNR-3D
is able to perform its electron-transfer reactions at the
membrane interface between the lipid and the aqueous
environment. It has been suggested that the interaction of
PBS with the thylakoid membrane also occurs via multiple,
weak interactions with lipid headgroups (48).

Plastoquinone is found in the thylakoid membrane and is
highly hydrophobic because of its C-45 isoprenoid tail. Any
transfer of electrons from FAD to plastoquinone would have
to occur in a surface-accessible pocket that is shielded from
bulk solvent water. The PQ molecule would have to leave
the lipid bilayer, at least partially, to reach the catalytic site
of FNR-3D by facilitated diffusion into this hydrophobic
channel. Interestingly, a hydrophobic cavity in FNR has been
described for both the spinach as well as theAnabaena
Variabilis enzymes (3, 49). This cavity is sufficiently large
to accommodate the headgroup of plastoquinone. Whether
other membrane components are required to allow such an
interaction to occur is an intriguing but unresolved question.

If it should be important for FNR to be near the thylakoid
membrane, as appears to be the case in chloroplasts, one
difference between chloroplasts and cyanobacteria is the site
of FNR attachment (the cytochromeb6f complex vs the PBS).
Although specific interactions with these two macromolecular
assemblies might be sufficient for FNR localization, it
remains possible that electrostatic interactions between FNR
and thylakoid surface are also important in this localization.
In P. marinus, the N-terminal domain of FNR has a net
positive charge of nine. Within the N-terminal 74 amino
acids, there are 10 positive and five negative charges within
the first 60 amino acids, and there are five positive and one
negative charges from residues 61 to 74. The high content
of positive charge implies that the protein would exhibit
strong electrostatic interactions with polyanions. Thus, it is
possible thatP. marinus FNR could associate with the
thylakoid membrane via electrostatic interactions with an-
ionic lipids of the membrane.G. ViolaceusPCC 7421 has
bundle-shaped PBS that are 50-70 nm long (50); if FNR
were attached to the thylakoid-distal ends of the long
phycobiliprotein rods of these PBS by a similar CpcD-like
domain, then the FNR would be nearly 75 nm from the
thylakoid membrane surface. This may be the reasonG.
Violaceusdoes not have, or never acquired, the CpcD-like
domain of FNR. It will be interesting to determine the
localization of FNR inP. marinusandG. Violaceus. It will
also be interesting to localize FNR in cyanobacterial het-
erocysts since these specialized cells have very high demands
for ATP but have highly reduced PBS contents.
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