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The unicellular cyanobacterium Syrechocystis sp PCC 6803 is capable of synthesizing two different Photosystem-T electron
acceptors, ferredoxin and ilavodoxin. Under normal growth conditions a [2Fe-28] ferredoxin was recovered and purified 1o
homogeneity. The complete amino-acid sequence of this protein was established. The isoclectric point (p/ = 3.48), midpoint
redox potential (E,, = —0.412 V) and stability under denaturing conditions were also determined. This ferredoxin exhibits an
cnusual electrophoretic behavior, resulting in a very low apparent molecular mass between 2 and 3.5 kDa, even in the presence
of high concentrations of urca. However, a molecular mass of 10232 Da (apo-ferredoxin) is calculated from the sequence. Free
thiol assays indicate the presence of a disulfide bridge in this protein. A small amount of ferredoxin was also found in another
fraction during the purification procedure. The amino-acid scquence and properties of this minor ferredoxin were similar to
thosc of the major ferredoxin, However, its solubility in ammonium sulfate and its reactivity with antibodies dirccted against
spinach ferredoxin were different. Traces of flavodoxin were also recovered from the same fraction. The amount of flavodoxin
was dramatically increased under iron-deficient growth conditions. An acidic isoclectric point was measured (pf = 3.76), close to
that of ferredoxin, The midpoint redox potentials of flavodoxin are E,,, = —0.433 Vand E_,= —0.238 V at pH 7.8. Scquence
comparison based on the 42 N-terminal amino acids indicates that Synechocystis 6803 flavodoxin most likely belongs to the
long-chain class, despite an apparent molecular mass of 1S kDa determined by SDS-PAGE.

Introduction plutensis [2,3], Aphanothece sacrum {4] and Anabaena

sp PCC 7120 [5}. The three-dimensional structures of
these proteins are largely similar, and the most con-
scrved amino acids are mainly found in the region
surrounding the iron-suifur cluster. Midpoint poten-
tials of cyanobacterial ferredoxins vary between — 310
mV and —455 mV depending upon species [6].

The occurrence of two different ferredoxin isoforms
(Fd I and Fd H) in some cyanobactcria is now clearly
demonstrated. They can be distinguished by amino
acid sequences and may also have different midpoint
redox potentials and charges [6-8]. Ferredoxin isopro-
teins have also been detected in higher plants [9-12].
The relative amounts of the two ferredoxins differ
greatly between species and also according to the de-

The [2Fe-2S] chloroplast-type ferredoxins are dis-
tributed in various oxygenic photosynthetic organisms.
They arc small, strongly acidic proteins with related
amino-acid sequences, having a molecular mass of
about 11 kDa. They function as an electron acceptor to
Photosystem-1, as well as an clectron donor in many
metsholic pathways [1]. Numerous amino-acid se-
quences of ferredoxins have been determined in a wide
range of higher plants and cyanobacteria, and X-ray
crystallography has provided the high-resolution struc-
ture of three cyanobacterial ferredoxins from Spirudina

Abbreviations: DTNB, 5,5"-dithiobis(2-nitrobenzoic acid), Fd. ferre-

doxin; Fd.,. precipitating ferredoxin: Fd,, soluble ferredoxin; FMN,
riboflavin 5"-phosphate (flavin mono-nucleotide): FPLC. fast protein
liguid chromatography; HPLC, high-pressure liquid chromatography:
PE-apo-Fd. S-pyridylethylcysicinyl-apo-ferredoxin: SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; TFA,
trifluoroacetic acid.
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velopment stage in higher plants.

Flavodoxins are low-molecular-mass (14~-23 kDa)
FMN-containing nroteins mediating low-potential elec-
tron transfer in prokaryotes and some eukaryotic algae
[6,13]. They can be divided in two classes according to
their molecular mass, with one class in the 14-17 kDa
range (found in anaerobic bacteria, except Rhodospiril-
lum rubrum), and the other in the 20-23 kPa range



(found in cyanobacteria, some green and red algae).
FMN is the redox prosthetic group of flavodoxin, and
is not covalently attached to the protein. The midpoint
potentials of flavodoxins semiquinone/ quinol transi-
tion (semi-reduced/ fully reduced) are very low and
comparable to those of ferredoxins [14], whereas the
reduction of the quinone form (oxidized) to the
semiquinone occurs at much higher midpoint poten-
tials.

Most cyanobacteria studied synthesize flavodoxin, a
non-iron electron-transferring protein, when grown un-
der iron-deficient conditions. This FMN-containing
protein has been shown to substitute for ferredoxin
(both ferredoxin I and Il are affected) when the Fe'*
concentration in the culture medium is lowered (see
Ref. 6). However, this substitution capability varies
with the species, even within the same genus [15-17}.

The specific interaction of ferredoxin with one sub-
unit of the PS-I reaction center (PSI-D) has been
suggested by chemical cross-linking ctudics [18,19).
Moreover, the inactivation of the gene encoding the
PSI-D subunit in Synechocystis sp PCC 6802 resulted
in an impaired electron transfer to ferredoxin {201 This
transformable cyanobacterium thus appears as a
promising tool to investigate the interactions and roles
of the different polypeptides present at the reducing
side of Photosystem 1. In the present work, we show
that this cyanobacterium is also capable of replacing
ferredoxin by flavodoxin, and we describe the purifica-
tion procedure and several important biochemical and
biophysical properties of these two electron carriers.

Material and Methods

Protein isolation and purification

The cyanobacterium Synechocystis sp PCC 6803 was
grown photoautotrophically in 16 1 batch culture ¢ither
on BG-11 medium [21] or on BG-11 medium in which
the ferric iron concentration was lowered to 8 uM.
Cells were collected at late logarithmic phase by con-
tinuous centrifugation. Pellets were washed once in 0.4
M sucrose, 10 mM KCl, 50 mM Tricine /NaOH (pH
7.6), 1 mM EDTA. Cells were resuspended in the same
buffer containing 1 mM of the following proteinase
inhibitors: phenylmethylsulfonyl fluoride, e-amino-n-
caproic acid and benzamidine. DNAase was also added.
The suspension was passed three times through a
French pressure cell at 20000 [b/in%. The homogenate
was centrifuged for 10 min at 10000 X g and the result-
ing supernatant centrifuged for 1 h at 200000 x g to
sediment the thylakoid membranes. Soluble proteins
were isolated following the method of Ho et al. [22],
modified as described below. The dark blue super-
natant from the last centrifugation was brought to 45%
(NH,),SO, saturation and centrifuged for 20 min at
48000 X g. The blue pellet was discarded and the su-
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pernatant was brought to S5% (NH,),S0, saturation.
The precipitated material was collected by centrifuga-
tion, resuspended and dialyzed against 20 mM
Tricine /NaOH (pH 7.8). The supernatant was succes-
sively brought to 70, 90 and 100% (NH,),SO, satura-
tion. Corresponding pellets were resuspended and dia-
lyzed. The 100% (NH,),SO, saturation supernatant
was loaded onto a DEAE-cellulose (DE 52, Whatman)
column equilibrated with saturated (NH,),50,. The
column was first washed with 2 vol. of saturated
(NH,),S80,, then 2 vol. of distilled water, and then
eluted with 2 M NaCl. The red cluate was then dia-
lyzed, and submitted to FPLC chromatography on an
anion exchanger column (Mono Q HRS5/5; Pharmacia)
equilibrated with 20 mM Tricine /NaOH (pH 7.8) and
eluted by a linear NaCl gradient (0-1 M). The dialyzed
90% saturation pellet was also submitted to a similar
ion-exchange FPLC. Final purification was achieved by
submitting the proteins to a second ion-exchange chro-
matography and an HPLC gel filtration on a TSK
G2000 SW column (LKB) in the same buffer.

Cysteine residue deriratization

Ferredoxin apoproteins were prepared by incuba-
tion of the native proteins (100 uM) in 0.1% trifluoro-
acetic acid, in the presence of a 100-fold molar excess
of B-mercaptoethanol. This treatment resuited in the
immediate bleaching and precipitation of the proteins.
The pellet was dried under vacuum and resolubilized
in 6 M guanidinium chloride buffered with 0.1 M
Tris-HCI (pH 8.5). S-mercaptoethanol was added to a
final concentration of 0.19 to complete the reduction
overnight at 4°C.

Chemical modification of cysteine residues was per-
formed by treatment of apo-ferredoxin by 4-vinylpyri-
dine according to Friedman et al. [23]. Apo-ferredoxins
in the reducing medium were further incubated for 4 h
at room temperature in the presence of a 100-fold
molar excess of 4-vinyipyridine relative to cysteine
residues. The reaction mixture was then diluted in 50
mM sodium phosphate (pH 7.4), and the reaction was
stopped by the addition of dithiothreitol in excess. Thz
S-pyridylethylcysteinyl-apo-ferredoxins (PE-apo-fer-
redoxin) were then extensively dialyzed against 20 mM
phosphate buffer (pH 7.4).

Electrophoresis

Analytical slab gel electrophoresis has been de-
signed for the resolution of low molecular mass poly-
peptides. Gel buffers, sample buffer and acrylamide to
bisacrylamide ratio were as described by Laemmli [24],
with a final concentration of acrylamide of 6% in the
stacking gel and of 15% in the :2solving gel. SDS was
omitted from the gels. Anode buffer was 0.2 M Tris-HCI
(pH 8.9), and cathode buffer was 0.1 M Tris/ 0.1 M
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Tricine/ 0.16¢; SDS. giving a final pH of 8.25 as de-
seribed by Schigger and Von Jagow [25].

Isoelectric focusing

A 0.5 mm-thick gel was cast. containing 15% acryl-
amide mixed with carricr ampholyte (Pharmalyte pH
2.5-5). Polymcrisation was catalyzed by riboflavin un-
der ultraviolet light. Cathode buffer was 1 M NaOH,
and anode buffer was 1 M H;PO;. Focusing was
performed at constant power (8 W). Protein samples
werc cither in the native state or first incubated in 8 M
urea in the presence of 2% B-mercaptoethanol. Gel
slices (0.5 X 3 cm) were cut and incubated in water for
the measurement of the pH gradient profile along the
gel.

Deternunation of available sulfhvdrvl groups

Sulfhydryl groups in native ferredoxins were assayed
with DTNB (Ellman’s rcagent) as described by Habeeb
[26]. 0.01 wmol of ferredoxin (Fd,, or Fd,) in 80 mM
phosphate buffer (pH 7) and | mM EDTA were incu-
bated in the presence of 1 mM DTNB. The color
development due to the reaction of DTNB with free
thiol groups was followed spectrophotometrically at
410 nm.

Urea gradient gel electrophoresis

0.7 mm-thick slab gels were cast as described by
Goldenberg [27]. The transverse urea gradient (0-8 M)
was superimposed to an inverse gradient of acrylamide
concentration (15-119%) in order to keep elec-
trophoretic mobility of proteins constant. Samples con-
taining native ferredoxins were treated with the elec-
trophoresis sample buffer without reducing agent or
incubated 20 h at room temperature in the presence of
8 M urca prior to electrophoresis.

Protein sequencing

PE-apo-ferredoxin, and PE-apo-ferredoxin, were
clcaved overnight by trypsin (containing residual chy-
motrypsic activity) or staphylococcal V8 proteinase in
50 mM ammonium carbonate (pH 7.8), Cleaved pro-
teins were dried and solubilized in 0.1% TFA/H,0,
and peptides were purified by reverse-phase HPLC on
a Delta-Pak C-18 column (Waters), cluted by a lincar
gradient of acetonitrile (0-55% (v/v)) in water con-
taining 0.1% (v/v) TFA.

A pulsed liquid sequencer 477A from Applied
Biosystems was used for all sequencing assays. Analysis
of the phenylthiohydantoin (PTH) derivatives of amino
acids was automatically performed by a 120A on-line
HPLC analyser (Applied Biosystems).

Potentiometric titrations
The reduction state of the protein was followed
spectrophotometrically. Potentiometric measurements

were done in an optical cuvette (1 ¢m optical path),
using a platinum plate and a saturated calomci clec-
trode. The cuvette was continuously stirred and flushed
with purc argon gas. Ferredoxins were titrated cither
in 20 mM Tricine/NaOH (pH 8) or in 20 mM
glycine /NaOH (pH 9) in the presence of 1 mM KCl
and 5 uM benzyl viologen and methyl viologen. Optical
measurements were done at 422 and 460 nm. Flavo-
doxin was titrated in 20 mM Tricine /NaOH (pH 7.3 or
pH 8) in the presence of 1 mM KCl, 5 uM of methyl
viologen and benzyl viologen, 2 uM of indigo disul-
fonate, safranine T and anthraquinone-2,6-disulfonate.
Optical measurements were done at 464 and 576 nm.
The redox potential was adjusted by addition of small
volumes of buffered 1 M sodium dithionite or diluted
potassium ferricyanide.

Immunological techniques

Antibodies directed against spinach ferredoxin (gift
from Dr J.P. Jacquot) were obtained by a classical
threc-step immunization protocol in the foot pad of
five mice (Balb/c). Fluids from Erlich ascites were
collected: two of them, exhibiting the highest titers,
were used as a pool for general recognition assays.

Dot blot experiments were conducted on nitrocellu-
lose membranes (Bio-Rad). Serial dilutions of the pro-
teins to be "ested were quantitatively deposited on the
pre-wet membrane with a Bio-Dot apparatus {(Bio-Rad)
allowing good reproducibility and easy comparison be-
tween different dots. Membranes were incubated
overnight at 4°C with antisera and the bound antibod-
ies were revealed by an alkaline phosphatase-linked
sccond antibody (Promega).

Results

Fractionated precipitation of the soluble proteins of
Synechocystis by ammonium sulfate gave results com-
parable to that described by Ho et al. [22] for other
cyanobacterial species. Increasing the ammonium sul-
fatc concentration stepwisc from 45 to 100% saturation
(steps at 43, 55, 70, 90 and 1009 ) allowed the removal
of most of the blue pigmented proteins in the first
steps and greatly simplified the purification of the
following fractions. Ferredoxin was detected in the
90% saturation pellet (precipitating Fd: Fd) and in
the 100% supernatant (soluble Fd: Fd,). It is worth
noting that the intermediate fraction precipitating at
100% saturation was always small, and did not show
any detectable absorbance in the visible region. Ion-ex-
change chromatography of the dialyzed 90% saturation
pellet produced two major colored peaks: (1) a bright
orange peak (elution at 410 mM NaCl), the visible
absorption spectrum of which clearly corresponds to a
flavoprotein; (2) a reddish peak corresponding to Fd,
(clution at 500 mM NaCl) In addition, very small
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Fig. 1. Absorption spectrum of flavodoxin from Synechocystis sp PCC
6803. Flavodoxin was in 20 mM Tricine /NaOH (pH 7.8). (a) oxidized
flavodoxin (quinone form). (b) Semi-reduced flavodoxin (semi-
quinone form) obtained after addition of sodium dithionite, Inset:
Absorption spectrum of oxidized ferredoxin (Fd.) from Svnechocystis
sp PCC 6803 in 20 mM Tricine /NaOH (pH 7.8).

amounts of a reduced c-type cytochrome (probably
cytochrome ¢,) were detected during this purification
step. A similar chromatography showed that the 100%
saturation supernatant contained almost exclusively
ferredoxin (Fd,, clution at 500 mM NaCl). All the
fractions were tested for their reactivicy with anti-
spinach ferredoxin antibodies. Positive reactions were
only observed in the dialyzed 90% pellet and in the
100% supernatant (not shown). In the oxidized state,
the purified ferredoxins gave very similar visible ab-
sorption spectra showing peaks at 330 nm, 422 nm and
462 nm (Fig. 1, inset). Visible to U-V ratios, A4:3,/4 5y
and A,,,/A,,, typically were about 0.68 and (.52,
respectively. EPR characterization of the ferredoxins
in the reduced state gave almost identical spectra,
clearly corresponding to a [2Fe-2S] chloroplast-type
ferredoxin. EPR g-values were 2.05, 1.96 and 1.88 for
both Fd, and Fd,. Fig. 1 also shows the visible absorp-
tion spectra of purified flavodoxin. Peaks at 464 nm
and 375 nm in the oxidized state (Fig. 1a) and 576 nm
in the semireduced state (Fig. 1b) are characteristic of
flavodoxin and are very similar to spectra of other
flavodoxins alrcady studied [6]. The A,,/A. ab-
sorbance ratio for purified flavodoxin was typically
about 0.25.

When cells grown under iron deficiency were used,
ferredoxin was no longer detectable, neither in the
90% saturation pellet, nor in the 100% saturation
supernatant, and the amount of flavodoxin in the 90%
saturation pellet was greatly increased.

The yields of pure proteins (ferredoxin under nor-
mal growth conditions and flavodoxin under iron defi-
ciency) were about 15-20 nmol per litre of culture for
both ferredoxin and flavodoxin.

§1

Redox titrations of ferredoxins were followed by
measuring their visible absorbance either at 422 nm or
at 460 nm (Fig. 2). Small amounts of viologens did not
contribute to the absorbance at these wavelengths.
Both rcductive and oxidative titrations were done and
gave identical results. Nernst plots of the data indicate
that Synechocystis ferredoxins undergo a one electron
redox transition (n = 1). The midpoint potential for
both the Fd, and the Fd, was found to be E_ =
—-0412+0.005 V at pH 9 and pH 8 (not shown).
Calcul:tion of potentials at pH 8 was slightly less
satisfactory since, at this pH value, the complete reduc-
tion of ferredoxins was barely achieved with dithionite,
and thus the estimate of the absorbance value of totally
reduced ferredoxins was less accurate. However, both
proteins did not show any significant variation of their
E,, between pH 8 and pH 9.

Flavodoxin redox titrations were followed cither at
576 nm (absorbance due to the semiquinone species) or
at 464 nm (absorbancc due to both quinon¢ and
semiquinone forms). at pl 7.3 or pH 7.8. Fig. 3A
shows the bell-shaped titration curves measured at 576
nm. These curves correspond to the formation of the
semiquinone and to its transformation into the fully
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Fig. 2. Ferredoxin redox titration at pH 9 in 20 mM glycine /NaOH.
1 mM KCl, in the presence of § M benzyl viologen and 5 uM
methyl viologen. The optical cuvette (1 em optical path) was stirred
and continuously flushed with pure argon gas. Upper panel: titration
of Fd,. Lower panel: titration of Fd,. (O ): absorbance measurement
performed at 422 nm. (@) absorbance measurements performed at
460 nm. The solid lines are theoretical titration curves for a one-clec-
tron reaction according to the Nernst equation.



52

reduced quinot form. Both transitions correspond to a
one clectron reaction (n = 1). Fittings of the data ac-
cording to Nernst equation indicate L, = ~0428 V
and E,,= —0216 Vat pH 73, and £ ,= ~0438 V
and E_,= —0.238 V at pH 7.8. Fig. 3B shows the two
redox transitions of flavodoxin titration measurcd at
464 nm. At this wavelength, the high-potential transi-
tion corresponds to a larger absorbance change than at
576 nm. Data fitting according to Nernst equation
indicate that both transitions involve a single electron
and potentials are E,,, = —0426 Vand E ,= ~0217
VatpH 73, and £, = —0433 Vand E,= —0238
V at pH 7.8. Variation of the high midpoint potential
value (E_.) with the pH value of the medium corre-
sponds to 45 mV per pH unit. Although low, this value
probably indicates that the first redox transition in-
volves one proton and one electron, and thus has an
E,, which decreases by 59 mV per pH unit. £, valuc
also showed a slight decrease upon pH increase (12
mV per pH unit), but this variation was within the
limits of ¢xperimental crrors, and could not be consid-
cred as significant. Extensive studies of pH effects on
E,, of various algal and cyanobacterial flavodoxins have

-0 50 -0 40 -0 30 020 010

Potential (V) /N.H E.
Fig. 3. Flavodoxin redox titration: (A) in 20 mM Tricine /NaOH pH
7.3 (a)or pH 7.8 (®) in the presence of 1 mM KCI. § uM of benzyl
viologen and methyl viologen, 2 M of indigo disulfonate, safranine
T and anthraguinone 2.6-disulfonate. Absorbance measurements
were performed a( 576 nm. Other conditions as in Fig. 2. (B) at pH
7.3 (*) or pH 7.8 (A). Absorbance measurements were performed at
464 nm. Salid lines are theoretical titration curves for two successive
one-electron reactions according to the Nernst equation. Arrows

indicate the midpoint potentials.
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Fig. 4. SDS-PAGE of spinach Fd (lane a), Synechocystis 6803 Fd

and Fd_, in their native (lanes b and d) and PE-derivatized form

(lanes ¢ and ¢). respectively, and Synechocystis 6803 flavodoxin in
native and reduced form, respectively (lanes { and g).

been performed by Sykes and Rogers {14]. They showed
that £, (low potential value) is pH insensitive, whereas
E_, varics by 59 mV per pH unit. In this respect
Synechocystis  flavodoxin  appears to show similar
oxido-reduction properties.

On SDS-PAGE, native ferredoxins (in the absence
of a reducing agent) showed unusually high elec-
trophoretic mobility (Fig. 4, lanes b and d). This corre-
sponds to a very low apparent molecular mass, close to
2 kDa and strictly identical for both ferredoxins. When
SDS-PAGE was performed in the presence of 6 M
urca, the apparent molecular mass was increased by
1.5 kDa for both ferredoxins (see Fig. 5). After full
derivatization of cysteines, mobility of the PE-apo-fer-
redoxins was greatly reduced, showing a single band
with an apparent molccular mass of 16.5 kDa (Fig. 4,
lanes ¢ and e). Control spinach ferredoxin exhibited a
much simpler electrophoretic behavior, since, even
without any preliminary reduction of the cysteines, the
iron-sulfur cluster was probably lost during the course
of SDS-PAGE., giving a single band courresponding to
an apparent molecular mass of 17.5 kDa (Fig. 4, lane
a). Flavodoxin was first analysed in the absence of any
reducing agent in the sample buffer. A main band was
observed with an apparent molecular mass of 9.5 kDa:
a slightly faster migrating component was also visible 1n
an overloaded sample (Fig. 4, lane f). Upon addition of
5% B-mercaptoethanol to the sample buffer, one single



band remained. with a higher apparent molecular mass
of 15.0 kDa (Fig. 4, lane g).

The influence of urea on the electrophoretic migra-
tion of fcrredoxin from Synechocystis was further in-
vestigated using electrophoresis in the presence of a
transverse gradient of this denaturing agent. Native
proteins showed a change in electrophoretic mobility
between 4 and 5 M urea as illustrated in the case of
Fd,, (Fig. 5). The upper band (at 3.5 kDa) observed at
high urea concentration remained diffuse. without con-
tinuity with the lower band. No staining was detected
at the level of the fully denatured protein (16.5 kDa).
Samples incubated overnight at 20°C in the presence of
8 M urea showed a somewhat different pattern. A
continuous band was present at 13.0 kDa, migrating
slightly faster than the fully unfolded PE-apo-Fd. This
is probably due to some irreversible structural changes,
resulting from the loss of the iron-sulfur cluster. How-
ever a major fraction of the protein was still in the
native form, giving a pattern close to that observed
when the sample was not incubated overnight. In this
case, the intermediate band at 3.5 kDa appeared
sharper, but the transition back to the native state
occurred at almost the same urea concentration as the
reverse process. Similar results were observed with Fd
and Fd, (not shown).

Isoclectric points of Synechocystis Fd,, Fd, and
flavodoxin, were measured in the native state or after
incubation in the presence of 8 M urea and 29 B-mer-
captoethanol. Spinach plastocyanin and spinach ferre-

3
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TABLE 1
Isoclectric points

Treated samples were incubated in the presence of urea and g-mer-
cuptoethanol: n.d. not determined.

Samples  Spinach Flavodoxin -~ Spinach  Fd o Fd,
plastocyanin Fd

Native 4.22 376 n.d. nd.  nd

Treated 132 1.00 3.69 KR E IR 1

doxin were used as control samples. Results are sum-
marized in Table 1. The spinach plastocyanin isoelec-
tric point was found to be p/ = 4.22 in the native state,
in good agrcement with the values (p/ = 4.2) reported
by Katoh et al. [28} and Ramshaw et al. [29]. In the
native state, ferredoxins from Synechocystis appeared
to precipitate during the course of the migration. After
incubation in the presence of urea and B-mercapto-
ethanol, Fd focused as a sharp band. Isoelectric points
are identical for both Fd and Fd, (p/ = 3.48). Native
flavodoxin isoelectric point (p/ = 3.76) is in the range
of values reported by Dutton and Rogers [30] for
Nostoc MAC (pl =3.49) and Chondrus crispus (pl =
3.51) flavodoxins.

Fd, and Fd, were further compared on the basis of
their reactivity towards antibodies raised against
spinach ferredoxin. Serial dilutions of both native and
PE-apo-ferredoxins from Synechocystis were tested in
a dot-blot experiment. together with native spinach

kDa
13- —
3.54 -
2.0~ —mm—— . —
i T T ﬁf 1 I T
oM 4M 8M OM 4M 8M
urea concentration

Fig. 5. Urea gradient gel electrophoresis of Fd .. Total run length was 4 h. Lincar deposits on full gel width were made with a native protein teft
gel), and with a similar sample after 20 h incubation in 8 M urea at 20°C (right geb.
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Fig. 6. Ferredoxins comparisen by dot immunoblotting. Two-fold

decreasing amounts of protein were saceessively o ade f in cach well.

Highest amounts were: 0.1 nmol for native and PE-apo-Fd,, (a, b).

native and PE-apo-Fd_ (¢, d) and cantiol native borse fart cy-

tochrome ¢ (). and 0.4 nmol for pative spinsch Fd (). Concentra-
tions were based on amino-acid analysis.

ferredoxin. Whether native or derivatized. Fd | showed
high and similar reactivities (Fig. 6 lanes a and b). This
was not the casc for native Fd,_ (lane ¢) which was
about S-times less ctficiently recognized than native
Fd. After full derivatization of cysteine residues, PE-
apo-Fd_ (lane d) was as efficiently recognized as PE-
apo-Fd . The best reactivities for both Synechocystis
ferredoxins was about 6-times lower than the control
spinach ferredoxin (Fig. 6, lane ¢).

Full amino-acid sequences have beon obtained for
both Fd,, and Fd.. based on the combined sequencing
of N-terminal end and various proteolytic peptides
purified by ieverse phase chromatography (Fig. 7). All
reactions were conducted on the PE-apo-proteins, al-
lowing a clcar identification of the cysteine derivative
during the final sequencing step. Scquences of Fd |, and
Fd. appcared to be strictly identical and gave a calcu-
lated molecular mass of 10232 Da (apo-ferredoxin).

Free thiol assays were performed on spinach and
Synechocystis ferredoxins using DTNB. In spinach
ferredoxin, DTNB reaction indicated one frec thiol
group per protein molecule, whereas. under the same

ASYTVKLITP DGESSIECSD DTYILDAAEE AGLDLPYSCR AGACSTCAGK
=D ez S\

paiiuithelfin

ITAGSVDQSD QSFLDDDQIE AGYVLTCVAY PTSDCTIETH KEEDL'Y

i
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Fig. 7. Amino acid scquence of Fd | or Fd, from Synechocystis 6803,

Overlapping sequences were obtained either from N-terminal direct

sequencing (black arrow), or peptides from V8 proteolysis (dashed
arrows) or trypsic /chymotrypsic protealysis (open arrows).

conditions, no reaction was detected with Synechocystts
ferredoxin, The reaction was also negative after incu-
bation of the protein in 6 M urea.

Direct N-terminal sequencing was performed on
flavodoxin, giving a 42-amino-acid scquence, with some
uncertainties remaining at positions 24 and 34 (see Fig.
9a).

Discussion

A [2Fe-28] ferredoxin has been found in Syne-
chocvstis 6803. It has been isolated following the
method described by Ho et al. [22] for other cyano-
bacteria. Most of the ferredoxin is found in the satu-
ratcd ammonium sulfate supernatant (Fd_) and a small
amount is also present in the 90% saturation pellet
{(Fd,). However, the occurrence of Fd in two distinct
fractions does not reflect the existence of two different
proleins as in many other cyanobacterial genera [6-8).
In the case of Synechocystis 6803, most biophysical
characteristics such as EPR spectra, absorption spectra
and redox titrations appeared to be identical for ferre-
doxins from both fractions. This is further documented
by the identity of the full primary sequences, giving a
calculated molecular mass of 10232 Da (apo-ferredo-
xin). Electrophoretic migration of these proteins is
unusually high. and varies greatly with their folding
state. In the absence of any reducing agent, they appar-
ently keep a tightly folded conformation, leading to a
dramatic underestimate of the apparent molecular
mass. The presence of a denaturing agent during elec-
trophoresis (6 M urea) led to an increase of this
apparent molecular mass from 2.0 to 3.5 kDa. A simi-
lar action of urca has been alrcady reported for spinach
ferredoxin [11]. In this case, the transition was ob-
served at a urea concentration of 4 M. For Synechocys-
tis 6803 ferredoxin, thesc two types of migratica were
clearly compared by transverse urea gradient elec-
trophoresis (Fig. 5), the transition then occurring be-
tween 4 and 5 M urca. The abscnce of a clear continu-
ity between the two bands when the sample is initially
in the presence of urca can be indicative of a slow
conversion between two folding states of the protein
[27]. After prolonged preincubation in 8 M urea, a
third band appeared at 13 kDa (Fig. 5), which did not
undergo transitions to the other folding states, even at
low urca concentration. It is probably due to the irre-
versible loss of the iron-sulfur cluster. Indeed, this 13
kDa band was observed in samples in which the cluster
has been removed by acidic treatment (0.1 % TFA,
data not shown). Upon reduction of the same sample
by B-mercaptoethanol, this 13 kDa band was trans-
formed into a 16.5 kDa band, as observed with the fully
derivatized protein (PE-apo-ferredoxin, Fig. 4, lane ©).
So, on SDS-PAGE, ferredoxin shows four different
states: folded (2 kDa, native state), partly unfolded (3.5
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Fig. 8. Comparison of amino acid sequences of cyanobacterial {2Fe-

28] ferredoxins. Gaps are inserted to give maximum homology. »

indicates cysteine residue ligated to the iron-sulfur cluster. + indi-

cates additional cysteine residue. The sequences are from (a) Syie-

chocystis sp PCC 6803 (this work). (b) Synechocystis sp PCU 6714
(Ref. 32). (¢) Spirulina platensis (Ref. 2).

kDa), apo-ferredoxin (13 kDa, no cluster) and unfolded
apo-ferredoxin (16.5 kDa, no cluster and cysteines to-
tally reduced or chemically blocked).

The reactivities of the two Synechocystis Fd with
antibodies directed against spinach ferredoxin are
clearly different. Native Fd, produced a faint signal in
dot blot assays as compared to native Fd,. Since a
comparable reactivity was recovered by the unfolding
of the protein (PE-apo-Fd ), we concludc that a slight
difference between the conformation of th > two native
proteins exists, leaving most physico-chemical proper-
ties unaffected. but detectable by very sensitive tech-
niques such as the binding of antibodies. Further stud-
ies on the precipitating ferredoxin (Fd ) are impeded
by its low abundance (at least 10-times lower than
Fd,)).

Oxidoreduction potential of Synechocystis 6803
ferredoxin (from both fractions) (E,, = —412 mV) is
more negative than the potential of other cyano-
bacterial ferredexins (except ferredoxin 11 from Nostoc
MACQ) [6] and lies in the potential range of higher
plant ferredoxins [31].

Fig. 8 shows the scquence alignment of ferredoxins
from Synechocystis 6803, Synechocystis 6714 [32] and
Spirulina platensis [2). Ferredoxins from both Syne-
chocystis strains are 96 amino acids long and differ only
by one residue (Ser-16 replaced by Asn). Spirulina
platensis ferredoxin is slightly longer (98 amino acids)
and its identity with Synechocysitis 6803 is 809 . The
differences are mostly located at the amino-terminal
end (positions 2-21), in the middle of the scquence
(positions 52-58) and near the carboxy-terminal ¢nd
(positions 90-96). These three recgions have alrcady
been shown to be the most variabie segments of
chloroplast-type ferredoxins [2]. The high conservation
of the region including the four cysteine residues bind-
ing the iron-sulfur cluster (Cys-41, Cys-46, Cys-49 and
Cys-79) is also a common feature of the ferredoxin
molecules.

Considering the 40 sequences of chloroplast-type
ferredoxins already determined, it appears that they
contain either four, five (the additional one being ei-
ther Cys-20 or Cys-87) or six cysteine residues (both
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Cys-20 and Cys-87). The sequence of Euglena viridis
ferredoxin shows that this protein contains 7 cysteine
residucs [33], but up to now, it is the only known
example. The group of species having ferredoxins with
six cysteine residues contains no higher plant Fd, and
almost cxclusively cyanobacterial Fd (including S.
platensis and Synechocystis 6803) and only two green
algac Scenedesmus quadricauda and Chlamydomonas
reinhardrii. When absent, Cys-20 is always replaced by
a valine residue, whereas Cys-87 is frequently replaced
by a valine residue, or less frequently by an alanine or
a leucine residue [2}. The classification of Fd according
to the number of cysteine residues present in their
scquences has no obvious phylogenetic significance.
but it could be interesting to look for correlations
between electrophoretic behavior or stability and the
presence of both Cys-20 and Cys-87.

Computer-assisted visualisation of S. platensis crys-
tal structure clearly shows that Cys-20 and Cys-87 are
in close vicinity. However. in the crystal, the distance
between the two sulfur atoms of Cys-20 and Cys-87 is
too large (about 8.8 A) 10 allow the formation of a
disulfide bridge. Svuechocystis 6803 Fd shows no thiol
group reacting with DTNB even when incubated in 6
M urea. On the contrary, in spinach Fd which contains
only five cysteine residucs, one fast reacting thiol group
is detected (probably due to Cys-20). The high stability,
the high electrophoretic mobility of Syucchocystis 6803
Fd together with its absence of reactivity towards free
thiol reactant leads us to propose the possibility of a
disulfide bridge between Cys-2(0 and Cys-87. This addi-
tional constraint would provide a more compact and
stable structure in the absence of reducing agent.

In Synechocystis 6803. flavodoxin is normally found
in very small amounts. Its appearance in the cells can
be due to a progressive iron deficiency taking place
during the growth, at the end of the logarithmic phasc.
Iron deficiency is known to induce flavodoxin synthesis
in many cvanobacteria. We show that this is dlso the
case for Sviechocystis 6803 grown in the presence of a
low iron concentration. Under such growth conditions,
ferredoxin is no longer detected and the amount of
tiavodoxin is greatly increased. The midpoint potentials
of Synechocystis 6803 flavodoxin show values close to
those already reported for other cyanobacterial flavo-
doxins [6].

Fig. 9 shows that the amino-terminal sequence of
Synechocystis 6803 flavodoxin has a high degree of
homology with the long-chain flavodoxins (type 11) iso-
lated from Synechococcus sp PCC 6301 (Anacystis
nidulans) [34), Nostoc MAC [35], Anabaena sp PCC
7119 (not shown) [17] and. to a lesser extent. with the
flavodoxin from the cukaryotic red alga Chondrus cris-
pus [36]. Considering the first 36 amino acids. Syne-
chocystis 6803 flavodoxi:+ has 69% identity with Syne-
chococcus sp PCC 6301, 539 with Nostoc MAC and



(a) -MRIGLFYGTQTGNTETIAELIQK?MGGDISUVOM?DISQAADY
(b} -ARIGLFYGTQTGVIQTIAESIQQEFGGES IVDLNDIANADAS
(¢) SKKIGLFYGTQTGKTESVAEL1~DEFGDEVVILDID -
S SR R :
(d) ~-KIGIFFSTSTGNTTEVADFIGKTLGAKASAPISV
Fig. 9. Comparison of the amino-terminal amino -acid sequence of
Svncchocystis 6803 flavodoxin with fluvodoxing from other cyano-
bacteria and a red alga. Sequences are from (a) Syvrechocvstis sp
PCC 6803 (this work). (b) Synechococcus sp PCC 6301 {34) (¢)
Nostoc MAC [35] (d) Chondrus crispus [36). Gaps are inserted to give
maximum homology. Underlined residues correspond to ambiguous
amino acid determination. Question marks replace amino acids
which are still uncertain.

37% with Chondrus crispus flavodoxins respectively.
These values are even higher if comparison is re-
stricted to the part extending from positions 3-17
(numbering relates o Nostoe  sequence), which in-
cludes a noticcable threonine-rich segment. Crystal
structure analysis of flavodoxins from Svmrechococcus
6301 [34} and Chondrus crispus [37] has clearly shown
the involvement of the N-terminal part of the protein
in the interaction with the phosphate of the FMN
prosthetic group.

Although the N-terminal sequences of long-chain
and short-chain (type 1) flavodoxins show some ho-
mologies, the highty conserved sequence extending from
amino acid 1 to 15 is clearly different between these
two groups. The N-terminal ends of short-chain flavo-
doxins from the anaerobic bacteria Clostridium MP,
Clostridium  pasteurianum, Desulfovibrio tulgaris and
Pepiostreproceccus elsdenii have in common the con-
served sequence L. IVVYW /GSGTGNTE ... which is
not observed in long-chain flavodoxins [13]. So we
propose, from the amino-acid sequences comparisons,
that Synechocystis 6803 flavodoxin is a long-chain (type
1) flavedoxin, despite its low apparent molecular mass.
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