
transitions whereas PSII light did not induce state 2. The light

independent general ability to perform state transitions indicated

that Stm3 was most likely not affected by a mutation in a gene

that is directly connected to the mechanism of state transitions (i.e.

LHC kinase/phosphatase activation and regulation system).

LHC-Phosphorylation is Intact in Mutant Stm3. In vivo LHC

phosphorylation rates were studied in WT and Stm3 by immuno-

blotting with anti-phosphothreonine antibodies. As presented in

Fig. 1D, LHC proteins of WT and Stm3 became phosphorylated

when intact cells were incubated under state 2 conditions and no

differences in the pattern of phosphorylated LHC proteins could

be detected. Similar results were obtained in vitro using radiolabelled

ATP to phosphorylate isolated thylakoid membranes (data not

presented). These results clearly indicated that the LHC kinase/

phosphatase activation system in Stm3 is indeed functional.

The Nuclear Gene nab1 is Disrupted in Stm3. Southern blotting

analysis confirmed only one integration site of plasmid pSP124S in

the nuclear genome of Stm3 (Fig. 2A).

Genetic crosses between WT and Stm3 were performed to test

whether the ble marker was tightly linked with the Stm3 phenotype.

From these crosses, all clones with phleomycin sensitivity exhibited

normal fluorescence phenotype whereas clones showing phleomycin

resistance also showed a perturbed state transitions which let us

suggest that Stm3 is a ble-tagged mutant.

Initial approaches to determine the site of insertion of plasmid

pSP124S in Stm3 by plasmid rescue were not successful because

2.490 bp of the vector DNA including regions necessary for bacterial

plasmid amplification and ampicillin resistance were lost in the

course of the transformation. Instead LMS-PCR (Strauss et al

2001) was performed to clone endogenous DNA flanking the ble

cassette in Stm3. The success of this method for Stm3 underlines

the fact that LMS-PCR is an important alternative in the analysis

of C. reinhardtii tagged mutants as it does not rely on an intact

transformed vector to identify flanking regions.

2 kb genomic DNA flanking the inserted vector were sequenced

(Fig. 2B) and identified as part of an ORF belonging to a putative

gene submitted as nab1 to the databases (Acc.no. AY157846 ). The

gene encodes a protein of mass 26.5 kDa with two predicted RNA

binding domains. The function of the gene product is currently being

investigated.

To confirm that disruption of nab1 caused the phenotype in Stm3,

mutant Stm3 was successfully complemented in a co-transformation

approach using a self-constructed vector containing the endogenous

nab1 gene in combination with a second vector mediating emetine

resistance as a dominant selectable marker.

The identification of nab1 in C. reinhardtii underlines the feasibil-

ity of our forward genetic approach to identify novel components

involved regulating light-driven state transitions.
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Susana Frago1, Guillermina Goñi1, Ana Serrano1, Stephen G.
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INTRODUCTION

Biochemical and structural studies indicate that electrostatic

and hydrophobic interactions play an important role in formation of

optimal complexes for efficient electron transfer between ferredoxin-

NADPþ reductase (FNR) and ferredoxin (Fd) (Medina et al 2004).

Moreover, it has been shown that several charged and hydrophobic

residues on the FNR surface are also critical for the interaction with

flavodoxin (Fld) (Medina et al 2004), although, so far, no key

residue on the Fld surface has been found to be the counterpart of

FNR side-chains (Casaus et al 2002, Nogués et al 2003). In this

study, side-chains with a hydrophobic character on the Anabaena
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Fld surface have been modified. Thus, the W57R, W57K, W57E,

I59E/I92E and I59A/I92A Fld mutants have been produced and

their binding and electron transfer abilities with FNR evaluated.

Taking into account the role played by the residues in the 50’s and

the 90’s loops in Fld in the modulation of the redox properties of the

bound FMN redox cofactor (Swenson et al 1994, Zhou et al 1996,

Lostao et al 1997) the midpoint reduction potentials of these

mutants have been determined.

MATERIALS AND METHODS

Biological material. Site-directed mutagenesis to produce Anabaena

PCC7119 Fld mutants was carried out by using the QuickChange

mutagenesis kit and suitable synthetic oligonucleotides. Mutations

were verified by DNA sequence analysis. The expression and purifica-

tion of the Fldmutants was as described previously (Lostao et al 1997).

Spectroscopic analysis. UV/Vis spectra of Flds were recorded on a

Kontron Uvikon 942 or on a CARY 1. Dissociation constants and

binding energies for the complexes between WT FNRox and the

different Fldox forms were obtained by differential spectroscopy

(Medina et al 1998, Nogués et al 2003). Fitting the experimental

data to the theoretical equation for a 1:1 complex allowed the

calculation of Kd and De. Errors in the estimated values were

	15 %. The FNR-dependent NADPH-cytochrome c reductase ac-

tivity was assayed using the different Fld mutants as the electron

carrier from FNR to cytochrome c (Medina et al 1998, Nogués et al

2003). Errors in the estimated Km and kcat values were 	15% and

	10% respectively. Unless otherwise stated all measurements were

carried out at 25 8C in 50mM Tris/HCl, pH 8.0.

Reduction potential determinations. Midpoint reduction poten-

tials of Fld mutants were determined by anaerobic photoreduction

in the presence of 1mM dRf and 2mM EDTA at 25 8C using a

saturated calomel electrode as reference (Mayhew 1999). Solutions

were made anaerobic by several cycles of evacuation and flushing

with O2-free N2. Stepwise Fld photoreduction was achieved by

irradiating the solution with a 250W lamp for periods of approxi-

mately 1min. The solution potential was monitored using a Sycopel

Ministat potentiostat. Equilibration of the system was considered

established when the measured potential remained stable for 20min,

and the UV–Vis spectrum was then recorded. The concentrations of

the different redox species in equilibrium were determined from the

absorbance spectra. The midpoint potentials for the redox couples

were calculated by linear regression analysis of plots of potential

versus logarithm of concentration ratio (oxidised/semiquinone or

semiquinone/hydroquinone) according to the Nernst equation,

E ¼ Em þ ð0:059=nÞ log ð½ox�=½rd�Þ ð1Þ
The midpoint potentials are reported relative to the potential of the

standard hydrogen electrode. Typical experimental solutions

contained 25–40 mM protein, 1–3mM indicator dyes, 1mM dRf and

2mM EDTA at 25 8C. The following dyes were used as mediators:

1mM anthraquinone-2,6-disulfonate and 1mM anthraquinone-2-

sulfonate for the determination of Eox/sq; 1mM benzyl viologen and

1mM methyl viologen for the determination of Esq/rd. Error in the

Eox/sq and Esq/red was estimated 	5mV.

RESULTS

Reduction Potentials. Redox titration of the different Fld mutants

allowed Nernst plots representations for Eox/sq and Esq/rd (Fig. 1,

Table 1). In general, although both midpoint reduction potentials

change for the mutants with regard to the WT Fld, larger effects are

seen inEox/sq (�72 toþ76mV) than inEsq/rd (þ49mV). The effects are

different for the mutants at position ofW57 and the double mutants at

I59/I92. Replacement ofW57 by a positively charged side-chainmakes

both Eox/sq and Esq/rd less negative, whereas much more moderate

effects are observed inW57E. In all thesemutants only a small decrease

in the maximal amount of stabilised semiquinone is observed.

However, simultaneous replacement of I59 and I92 by either Glu

or Ala considerably shifts the Eox/sq to more negative values and the

Esq/rd to less negative. Thus, in these two mutants the potentials for

the two steps tend to converge so that the semiquinone that is

stabilised decreases from 97% for WT Fld to 82% and only 61%

for I59E/I92E and I59A/I92A, respectively (Table 1).

Steady-State Kinetics Analysis of the Different Fld Mutants.

kcat values obtained for FNR when using the different Fld mutants

as electron carriers in the Fld-mediated NADPH-dependent cyto-

chrome c reductase assay for the W57E, I59E/I92E and I59A/I92A

were 1.5-fold lower than those reported when using WT Fld

(Table 2). However, introduction of positively charged residues at

position W57 produced a considerable increment of the enzyme

turnover. More noticeable are the effects observed in the FNR Km

values, since all the mutations introduced at position 57 considerably

increase this parameter (up to a factor of 3-fold), suggesting a
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Figure 1: (A) UV–Visible spectra obtained during redox titration of I59E/I92E Fld, 25 8C, Tris/HCl 50mM, pH 8.0. (B) Oxidised/semiquinone
and semiquinone/reduced Nernst plots for the different Fld forms.
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weaker interaction, whereas the value remains similar to that of WT

for the I59E/I92E and I59A/I92A variants. Taking into account

these parameters it turned out that the catalytic efficiency (kcat/Km)

of FNR when using the different Fld variants was slightly lower for

W57E, I59E/I92E and I59A/I92A Flds, whereas slightly increased

for the W57K variant.

Interaction of Fldox Variants with WT FNRox. The visible differ-

ence spectrum of the WT Fldox:FNRox complex has been proposed

to arise from alteration of the FNR flavin environment upon

Fld association, and shows absorption maxima around 390 and

464 nm (Medina et al 1998, Casaus et al 2002). Similar spectral

perturbations are obtained for the complexes between FNRox and

all the Fldox mutants at the W57 position (not shown), indicating

that upon complex formation the FNR flavin environment is altered

to the same extent with the mutants than with the WT Fld. With

regard to the calculated Kd values for the FNRox:Fldox complex,

greater values were obtained for the mutants, suggesting a weaker

interaction upon replacement of W57. Additionally, titration of

FNRox with W57E Fldox does not show the typical saturation

behaviour for a 1:1 interaction (Fig. 2), and the linear dependence

observed suggest formation of non-specific interactions.

DISCUSSION

Replacement of W57 by a polar side-chain considerably weakens the

FNR:Fld interaction. However, whereas introduction of a negative

side-chain produces a deleterious effect in the Fld ability to accept

electrons from FNR, a positively charged side-chain produces a

more efficient Fld in this process. This later observation can be

explained because introduction of a positively charged side-chain

at position 57 produces Flds with less negative reduction potentials

while the W57E mutant produces non-specific FNR:Fld asso-

ciations. Therefore, the I59 and I92 side-chains are not key resi-

dues for the interaction of Anabaena Fld with FNR. However, the

side-chains of these residues modulate the FMN reduction potentials

and the ability of Fld to function as electron transfer protein.

In conclusion, although Trp57, Ile59 and Ile92 side-chains are not

involved in the formation of individually crucial interactions with

FNR, they all contribute to the interaction perhaps by providing

optimal orientation. Additionally, these residues, situated in the

close environment of the FMN isoalloxazine ring, modulate the flavin

reduction properties within the protein environment. Therefore, their

side-chains contribute to both modulation of the oxidation-reduction

properties of Fld and its ability to bind to and exchange electrons.
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Table 2: NADPH-dependent cytochrome c reductase activity of WT
FNR with different mutated flavodoxins as mediator in the FNR
NADPH-cytochrome c reductase assay and dissociation constants
and De(462 nm) for complex formation of oxidised WT Anabaena

FNR with WT and mutated flavodoxin forms

Fld Form
kcat

Fld

(s�1)
Km

Fld

(mM)
kcat/Km

Fld

(mM�1 s�1)
Kd

(mM)
De(462 nm)

(mM�1 cm�1)

WTa 23.3 33.0 0.70 3.0 1.4
W57K 90.3 89.1 1.01 31.0 2.0
W57E 13.8 70.1 0.20 >50 —
W57R 52.7 76.7 0.69 19.7 1.4
I59E/I92E 14.0 40.0 0.35
I59A/I92A 15.3 33.8 0.45

a Data from Medina et al (1998).
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Figure 2: Spectrophotometric titration (DAbs 462 nm) of FNRox

forms with the W57 Fldox mutants. Solid lines fitted for the forma-
tion of a 1:1 complex.

Table 1: Midpoint reduction potentials and percentage of maximal
semiquinone stabilised for the different Fld forms

Fld Form Eox/sq (mV) Esq/rd (mV) % sq

WTa �266 �439 97
W57K �190 �410 96
W57E �253 �421 93
W57R �227 �391 91
I59E/I92E �317 �423 82
I59A/I92A �338 �423 61

a Data from Nogués et al (2003).
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