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A cDNA clone coding for mature C. reitttturdrii ferredoxin has been isolatcz from a cDNA library using PCR and two oligonucleotide primers 
based on the N- and C-termini of the protein’s amino acid sequence. The nucleotidic sequence of the PCR fragment (299 bp) agreed well with the 
amino acid sequence since a single conservative substitution (Thr-7 to Ser) could be deduced. The PCR fragment was inserted into the expression 
vector pTrc 99A. using the incorporated NcoI and f?ua,r~NI restriction sites and the construction used to transform f?, co/i (DH5z F’). After 
subsequent large scale expression and purification or the recombinant protein, biochemical and biophysical analysis have indicated that the product 

isolated from f?, co/i is homologous to native ferrcdoxin isolated from green algae. 

1 a INTRODUCTION 

Ferredoxins are small proteins containing iron- 
sulphur clusters which are implicated in the transfer of 
reducing power in many important biochemicai reac- 
tions. Depending on their iron-sulfur content and EPR 
properties, they are norrnaliy classified into several fam- 
ilies, one of which constitutes the 2Fe-2S soluble ferre- 
doxins. This group includes plant ferredoxins, and also 
animal and bacterial ferredoxins such as adrenodoxin 
[1,2]. In plants ferredoxins function as electron donors 
for nitrite reductase, fatty acid desaturase, sulfite reduc- 
tase, ferredoxin-dependent glutamate synthase and fer- 
redoxin-thioredoxin reductase, the latter catalysing the 
light activation of several chloroplastic enzymes (see 
references in [3]). In plants and cyanobacteria they also 
function as intermediates of energy transfer in both cy- 
clic and non-cyclic photophosphorylation 141, during 
which electrons pass from photosystem I, via ferre- 
doxin, to either the cytochrome complex or NADP, a 
reaction catalysed by the thylakoid membrane-bound 
ferredoxin-NADP reductase [S]. Ferredoxin proteins 
are an integral part of the primitive mechanism of pho- 
tosynthetic activity, common to all forms of photosyn- 
thesis in photosynthetic bacteria, algae, and higher 
plants. The determination of ferredoxin nucleoride and 
amino acid sequences is, therefore, of considerable in- 
terest for the study of the evolution of photosynthesis, 

C’orresportdcncc uddress: J.-P. Jacquol, Luboratoire de Physiologic 
VCgCtale MolCulairc, UnivcrsitC de Paris Sud, UA I I28 CNRS, B&i- 
ment 430,91405 Orsay-Cedcx, France. Fax: (33) (I) 69 85 37 15. 

and amino acid sequences of plant and algal ferredoxins 
have been used as the basis for at least one phylogenetic 
study [2,6,7]. 

The purification, properties and complete amino acid 
sequence of a soluble ferrcdoxin from the green alga, 
Chlumydomonas rehdhardtii, have been reported previ- 
ously, and its primary structure compared to those of 
ferredoxins from other plants and green algae [S], In the 
present study two oligonucleotides, based on the N- and 
C-terminal amino acid sequences, were used to deduce 
the nucleotide sequence coding for the protein of this 
organism following PCR amplification. It is expected 
that this will provide further insight into the evolution- 
ary relationships of ferredoxins, and also set the basis 
for the elucidation of the complete genomic nucleotide 
sequence. 

Additionally, the ferredoxin nucleotide sequence has 
been used to transform Escherichia co/i, allowing large 
scale expression of the protein. Initial studies on the 
properties of the recombinant protein are reported, and 
are compared to those of the native protein from 
Chlamydomonas reinltardtii. 

2. MATERIALS AND METHODS 

2. I. Bucrcmbl smtitts, tr~erlia, pfuanids, tnanipuhriotr of DNA artd 

clzanicafs 

Esclrcric/~iu coiistrain DHTor F’was obtained from Gibco BRL. The 
expression plasmid pTrc-99a was a kind gift from Dr. Birgit 
Wctteraucr. Etactcriu we12 gror:n u: 37” C on Luria-&l&d (i%j me- 
dium, supplemented with ampicillin (SO mdml) when the bacteria 
carried plasmids conl’crring rcsistancc to this antibiotic. Isolation of 
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plnsmid DNA, preparation of DNA fragments, ligation and transfor- 
malion of E. coli cells were carried out as described [9]. 

2.2. Atnpf(/ica~ion ofcDNA correspondittg to the tttature C. rcinhardtii 

Two oligoonucleotidcs were constructed based on lhc previously 
determined amino acid sequence for C. reitt/turd~i~ ferredoxin [8], tak- 
ing into account the coding preference of this alga [IO]. The upstream 
IO-mer oligonucleotide was derived from the N-terminus protein se- 
quence homologous to the non-coding strand, and included a Ncol 
restriction site (underlined) at the 5’ end, having the sequence: 

5’ CC ATG GCC TAC AAG GTG ACC 3’. 

Two C bases added between the Ncol silt and the first tyrosinc 
codon facilitated codon reading in the correct frame. The construction 
of the upstream primer thus resulted in the addition ofan extra nlaninc 
(GCC) to the recombinant protein. 

The downstream 24.mcr oligonuclcotide was derived from rhe C- 
terminus protein sequence complemenkuy to the non-coding strand; 
this included a f3umHI restriction site (underlined) at the Ycnd imme- 
diately followcJ by a TTA codon (complementary to the TAA termi- 
nation codon), with the scqucnce: 

5’ GGA TCC TTA GTA CAG GGC CTC CTC 3’. 

The size of the PCR product was therefore expected to be 293 base 
pairs (282 for ferredoxin itself, + 17 additional). 

The PCR reaction was initiated directly with an diquot ofa cDNA 
library (a generous gift of J.D. Clermont Goldschmidt), used as tem- 
plate DNA as described in [I I]. 4 x IO”. clones were denatured by 
heating for 3 min at 97*C. The sample was then subjected to PCR in 
the presence of 400 nM of each oligonucleotide, 200 PM dNTPs, 1.3 
mM Mg” and 2.5 units Taq polymerase (Beckman) (total volume 100 
gl). 35 cycles (I min 9YC, 2 min 58”C, 3 min 72°C) were performed, 
followed by an clongdon of 6 min at 72’C. 

2.3, DNA scqttencittg 
An aliquot of the purified double-stranded PCR producl having the 

predicted size. (299 bp) was rendered blunt-ended by treatment with 
the Klenow fragment, and ligated into pBluescript SK’ plasmid pre- 
pared previously by restriclion with EcoRV. Following transforma- 
tion of E. coli strain DHSa F’, the nucleotidc sequence of [he insert 
was determined by the didcoxy sequencing method using a Pharmacia 
T7 sequencing kit with SK and KS primers. The sequencing reaction 
was carried out at 4YC, which facilitated the reading of the squalce 
by reducing the number of secondary DNA structures, charactcriaic 
of Clrirm?y~oorrronus~dcrived DNA. 

2.4. Expression of C. reinhardtii ferredoxitt cDNA in E. coli 
An NcoIli?rrt?zHl restriclion fragment was digested from tb se- 

quencing vector, purified and ligated into the expression vector pTrc- 
99a [12]. The purified recombinant plasmid was then used to trans- 
form E. coli strain DHSu F’, one colony of which was used to initiate 
u 50 ml LB culture, supplemented with ampicillin. The culture was 
successively multiplied to a final volume of 4.8 litres over a period of 
24 h and induced with IOOpM IPTG for the lasl 12 h. Cells were 
collected by centrifugalion and stored frozen at -70°C before extrac- 
tion of the protein. 

2.5. Exrrctcriott ctndpurt>cmiott of he recotnhinartr proreh 
Pelleted cells from the culture were resuspended in ice-cold buffer 

conlaining Tris-HCI (30 mM, pH 7.9), EDTA (I mM), PMSF (SO0 
,uM), ,&mercnptoethanol (1.4 mM) and benzamidine (500 PM). The 
suspension was disrupted by three passages through a precooled 
French pressure cell (Amicon), at GO MPa. DNA was removed by the 
addition of streptomycin sulphate (0.3% w/v) followcV by ccntrifuga- 
tion for 30 min at 14,OOD rpm. Thereafter, the protocol was similar to 
the one described previously [8]. All 51ups were performed at 4OC or 
an ice. Proteins in the crude extract were precipitaled with ammonium 
sulphate, the fraction precipitating between 55% and 90% saturation 

being resuspended in approximately 20 ml bullizr A (Tris-HCI, 30 mM, 
pH 7.9). This sample was loaded on to a Sephadex CSO column (60 
x 5 cm) equilibrated with buffer A containing NaCJ (200 mM) and 
proteins wcrc eluted in S ml fractions by gmi-ity flow. Fractions con- 
taining ferredoxin, which could be detected as a red band on the 
column, were pooled, dialysed against buffer A on an Amicon cell 
quipped with a YM 03 membrane and loaded on to a DEAE-Se- 
phacel column (I x 7 cm) equilibrdled with buffer A. This column was 
washed with three volumes of buffer A, and proteins were then eluted 
in S mi fractions at a flow rate of 120 mVh using a NaCl gradient from 
0 to 0.8 M (25 ml, 25 ml). The elution of ferredoxin was detected by 
its absorbance at 420 nm, which normally occurred al approximately 
0.4 M N&I. 

The ferredoxin fractions from the DEAE-Sephacel column were 
pooled and further purified by HPLC (see below), lo remove contam- 
inants absorbing at 260 nm. An cl&on peak was collected at 17,28 
min. This sample was concentrated and dial@ against buffer A on 
an Amicon ‘centricon 10 concentrator’, and the sample was stored at 
-7ooc. 

2.6. HPLC chrormmgruplty 
A mixlure of the native and recombinant ferrcdoxin proleins was 

injected on a TSK Phenyl-SPW column, previously equilibrntcd wirh 
polassium phosphate buffer (0. I M, pH 7.2), containing ammonium 
sulphatc (1.8 M). Prolcins were cluted over 40 min with a linear 
decreasing ammonium sulphou gradient (1.8 to 0 M) in the same 
buffer at a ilow rate of I ml~min-’ and detected by their absorbance 
at 280 nm. 

2.7. Preparation of C. reinharddi nurivc ferredoxin and firredoxftt- 
)?A DP redurrusc (FNR) 

Fcrredoxin was purified to homogeneity from C. reirrlrurd~iicells as 
described previously [B]. FNR was purified from algal cells following 
a procedure similar to the one used for spinach FNR or pig ANR 13) 
which included affinity chromntographics on 2’,5’-ADP Sepharose 
and fcrredoxin-Scphnrose. The absorbance ratios (A,d&,, and A& 
A,,,) of the preparations wcrc respectively 0.128 and 1.20, indicative 
of high purity. 

2.8. Ferredositt ussu,v 
Ferrcdoxin was assayed by monitoring the aerobic reduction of 

cytochrome c at 550 nm using an Uvikon spectraphotometer as dc- 
scribed [3]. The reaction medium (1 ml)consisted ofTris-HCI (30 mM, 
pH 7.9), NADPH (0.15 mM), horse heart cytochromc c (0.04 mM), 
C. reithtrdtii fcrredoxin NADP-rcductase (40 nM), and ferredoxin as 
required, Initial rates ofcytochromc c reduction were calculated using 
a molar absorption coefficient of 15,300 M-‘*cm-‘. 

2.9. E/ecrron parufnagturic resottatm nnulysis 
Recombinant or algal fcrredoxins were dissolved in buffer A at a 

concentralion of 100 PM, reduced by the addition of 10 mM di- 
thionite, and immedialcly frozen in EPR tubes in liquid nitrogen. 
Spectra were recorded at 4OK on a Bruker JZSR 200 spectrometer 
equipped with an Oxford Instruments cryostat. Conditions for meas- 
uremcnt5 wcrc: power 20 mW, gain 5 x lOa, modulation IO gauss. 
frequency 9.428 GHz. 

3. RESULTS 

3.1. Cloning rend sequencing ofC. reinhardtiifirredoxitz 
cDNA nuckotidic sequence 

The availability of the complete amino acid sequence 
of C. reinizardcii ferredoxin has allowed us to isolate a 
cDNA fragment coding for the mature protein, using 
PCR and two synthetic oligonucleotides. Tke insertion 
of two nucleotides into the N-terminus primer, between 
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the Ncol sequence and the start of the first ferredoxin 
codon, achieved the correct readirls frame fo!* the pro- 
tein after insertion into the expression vector. The deci- 
sion that the extra codon so formed should be that of 
alanine was prompted by the occurrence of this amino 
acid at the initial N-terminus position in the majority of 
plant and algal ferredoxins analysed to date (see Fig. 6 
in [S]). This technique, which has already proved suc- 
cessful for C. reihwtifii Ch2 [ 111, allowed not only the 
rapid sequencing of the fragment after cloning into the 
Bluescript vector, but also the expression of the func- 
tional protein. 

As indicated by the derived amino acid sequence (Fig. 
I), only one conservative substitution was observed 
compared to the 94-residue amino acid sequence previ- 
ously published for ferredoxin [8], the threonine at posi- 
tion 7 in this latter sequence being replaced by serine. 
It is not yet clear whether this single amino acid differ- 
ence reflects the existence of variants of ferredoxin in C. 
rrinkardfii. In connection with this possibility, it is of 
interest that at least two variants have already been 
reported for spinach leaf ferredoxin [I 31. Alternatively, 
the difference could result from an error in the PCR 
reaction. This hypothesis can be checked by subsequent 
cloning and analysis of cDNA clones obtained from the 
library without PCR amplification. 

Of the 94 codon triplets, I 1 were found to be different 
from the documented C. reinlrardfii codon preference 
[IOl. Of these eleven, six concerned codons for alanine 
which all had the sequence GCT. As the whole protein 
sequence contained 13 alanine residues, one of which 
was already speciiied by the N-terminus oligonucleo- 

” ~CIGAkGTcc 
NM~ A Y K V T L K s 

azrm&GRcpAGpccArrGFslcccc 
P’ S G D K T I’ E C P 

!XTG~!~X?ZTACA~-C!C!XGXXTCXTCX 
A* D T Y I L 3 A” A’ E 

GGaccGcc%@.cciGcccTAcKzm 
E A G L ‘J L P Y Sf C 

mmcma!rTa!?cc?m?wccccm 
R A” G A* C S S C A G 

GxAAGGccT?cGlzcxAcc?EmGzc 
GKGFVLTCVA 

TiCCXpIxlGACTfXTccATCCAG.U.! 
Y P T S* D C T I Q T 

cc CAG t8r,mY t r 
H Q E Z A L Y Ter !M; 

Fig. 1. Nucleotidic acid sequence coding for C/~lu,rt~~rkrrricrrrrrs rein- 
hrrrrhii ferrcdoxin. The isolated and purified PCR frugmcnt oi 199 
base pairs (282 for ferredoxin itself, + f 7 additional) was sequenced 
after being inserted into pl3lucscript SK*. Underlined regions were 
coded by the original PCR primers; * indicates codons differing from 

those preferred by C~~lrrrr~~~~~ur?ro~lrrs. 

tide, it appears that for this C. reitvirrrdcii ferredoxin 
sequence, GCT is used as readily as GCC as a codon 
for this amino acid. 

3.2. Expressh in E. coli ofrecombinant C. reinhardtii 
ferrecloxin 

The NcoI and &nMI sites in the PCR product were 
used to ressect the fragment into expression vector pTrc 
99A and the resulting construction was used to trans- 
form E. cofi DI-ISa F’. Following purification of the 
expressed protein, approximately 1 mg of homogeneous 
protein was obtained from 30 g (initial wet weight) of 
E, coli cells. Based on the cytochromc c reduction assay, 
we estimate that the yield of the purification procedure 
was approximately 50% (data not shown). The addition 
of 100 PM FeSO, to the E. colt’ culture medium was not 
found to increase the expression of the native protein 
(data not shown). In addition, the use of a different 
expression system (the pET vector in conjunction with 
E. cofi strain BL21) was also not found to increase 
expression (data not shown). In parallel experiments we 
have used the same vectors to produce C. reinhardrii 
thioredoxin and found that the expression was greatly 
enhanced when using the pET vector system (unpub- 
lished data). We therefore conclude that the lack of 
increase in expression of the recombinant ferredoxin is 
not due to an incompatibility of the C’. reinltardfii nucle- 
otidic sequence. A possible explanation is the existence 
of a rate-limiting step during assembly of the iron-sulfur 
centre in E. coli. In relation to this, recombinant ferrc- 
doxins from other sources have already been expressed 
in E. coii [14,15], but it is not always clear from these 
papers what the level of expression is. Nevertheless, the 
level of expression of the recombinant ferredoxin re- 
ported in the present work is approximately ten times 
higher than that of the endogenous protein as previ- 
ously determined [I(,]. This fact in itself supports the 
spectral and sequence data (see below) showing that the 
isolated product is indeed a recombinant C. reihrdtii 
ferredoxin, and not the native 2Fe-2S ferrcdoxin from 
E. co/i. 

3.3. EPR und absorption spectra 
After reduction with dithionite, EPR spectra of both 

algal and recombinant Chfcmydomonas reirthurdfii fer- 
redoxins (Fig. 2A) show a very characteristic rhombic 
signal belonging to the guy 1.96 family, with g values of 
2.060, 1.970 and 1.893. This is, therefore, further confir- 
mation that the recombinant product isolated from E. 
cofi is homologous to the native protein isolated from 
the green algae. In addition, these signals clearly indi- 
cate that the recombinanl protein belongs to the family 
of 2Fe-2S plant type ferredoxins (for example, spinach 
ferredoxin shows similar s values of 2.04, 1.96 and I.89 
[ 171). The signal is very different from the one recorded 
for E. co/i 2Fe-2S ‘adrenodoxin type’ ferredoxin [16] 
which exhibits an axial type signal, 
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Fig. 2. (A and B). EPR and absorption spectra of algal or recombinant C/~ku~r~_wkur~o~ws rchrlm-d/ii fcrredoxin. (A) EPR spLwtrum of algal or 
recombinant protein following reduction with 5 mM dithionite. The protein concentration was approximately I mdml, i.e. 100pM (in Tris-HCl 
30 mM, pki 7,9). (B) absorption spectrum of oxidized algal or recombinant ferredoxin. The protein concentration was approximately 0.4 mg/ml. 

i.e. 40 PM (in Tris-I-ICI 30 mM, pH 7.9). 

The absorption spectra of the proteins (Fig. 2B) show 
broad absorption bands with maxima at 277, 330,422 
and 467 nm. The A&A 271 absorption ratio can be as 
high as 0.54 which is also indicative of a high homoge- 
neity for the preparation. The recombinant spectrum 
differs from that of the E. coli 2Fe-2S endogcnous ferre- 
doxin (absorption maxima at 277,325,416 and 460 nm) 
[16], the major differences being the shape of the peak 
in the UV absorbance range, and the position of the 
band at 421 nm, which replaces a band at 416 nm in the 
E. co/i protein. 

3.4. Chrontutographic yroperries artd N-tertttims mtitto 
clcid seqtrettce umtlysis 

The purity of the recombinant ferredoxin prepara- 
tion, as well as its identity with C. reinlturdtii ferredoxin, 
were further confirmed by analytical I-IPLC chromatog- 
raphy (Fig. 3). Either chromatographed alone or with 
the native algal ferredoxin on a hydrophobic interaction 
column, a single symmetric peak was observed on 
Phenyl TSK with a retention time of 18.25 min (under 
identical conditions spinach leaf ferredoxin could be 
resolved into its two isoforms [13], with retention times 
of iii.6 and i2 min, respectivelyj. Tile fact that this 
technique, which separates proteins on the basis of their 
hydrophobic interactions, did not detect the two amino 
acid differences between the recombinant and native C. 

reitthdtii ferredoxins suggests that the modifications 
have not changed the overall hydrophobic behavior of 
the molecule. This result was actually expected because 
of the nature of the biochemical modifications. 

An N-terminus amino acid sequence analysis of re- 
combinant ferredoxin was performed: no heterogeneity 
could be detected and the results were identical to the 
predicted sequence: 

Ala-Tyr-Lys-Vat-Thr-Leu-Lys-Ser. 

As expected, the threonine residue in position 7 of the 
sequence published in [8] was replaced by a Ser residue. 
In addition, the sequence was completely different from 
the one published for thz. adrenodoxin type E. cali ferre- 
doxin [16], this being: 

Pro-Lys-Be-Val-Be-Leu-Tyr. 

3.5. Biocltattical rcuctivity 
The results from the cytochrome c reduction assay 

[Fig. 4) indicate that C. reirtltardtii ferredoxin NADP 
reductase (FNR) recognizes the algal and recombinant 
fcrrcdoxins ;I:ith exa&y the same ~ffi&~~r~r a-b~pihe the w..._ _...M._“‘,, __ 
two amino acid differences between the two proteins. 
The observed saturation kinetics are in good agreement 
with the functioning of a homologous FNRGerredoxin 
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Fig 3. HPLC analysis oFnative and recombinant C. reBh-&ii ferrr. 
doxins. A mixture of native and recombinant proteins (10,~ each) was 
injecmd onto a TSK Phenyl-SPW column, equilibrated with K+-phoa- 
phatc buffer (0.1 M, pi-l 7.2). Proteins were eked with a decreasing 
ammonium sulphate gradient (I.8 to 0 M) over 40 min at a Oow rate 

of 1 ml/mitt. 

system, a different type of ferredoxin such as adreno- 
doxin being required at a much higher concentration [3]. 

4, DISCUSSION 

The results presented in this paper provide the first 
nucleotidic sequence for C. reinhardtii ferredoxin. As 
already stated in the Introduction, this sequence can be 
used as an evolutionary tool provided one keeps in mind 
that 34 out of the 299 base pairs are encoded by the 
oligonucleotides. Thus, only the 255 base pair long nu- 
cleotidic sequence, coding for 85 amino acids (from 
Leu-5 to Gln-89 e.g. about 90% of the total 94 amino 
acids), can be used for this purpose. A first important 
conclusion can be drawn after looking at the ferredoxin 
sequence: the coding bias for the amino ozid Alzser- 
tainly does not conform to the one previously published 
for C. reinhardtii [IO]. From this nuclear encoded se- 
quence, it is very clear that both GCT and GCC (and 
not only GCC) are equally often used for coding Ala 
and this should be taken into account for designing 
other oligonucleotides. 

The comparison of the deduced amino acid sequence 
from Leu-5 to Gln-89 with the one obtained by direct 
amino acid sequencing shows that they are nearly iden- 
tical with a single modification (Thr-7 replaced by Ser). 
Thus, this sequence is extremely valuable in validating 
the one formerly obtained by direct amino acid sequenc- 
ing. Of course, there are plenty of examples where the 

04 LO 2.0 

Fig. 4. Ferrcdoxin-dependent reduction of cytochrome c by ferre- 
doxin-NADP reductase. Ferredoxin-NADP reductase concenlration 
in the cuvettes was 40 nM. Cytochromo c reduction was followed at 
530 nm at 30°C (m. native ferredoxin protein; o, recombinant protein). 

establishment of a nucleoticiic sequence has led to cor- 
rect a wrong amino acid sequence and vice versa, and 
thus it is certainly worth obtaining both pieces of infor- 
mation. In addition, in this particular case, it raises the 
interesting possibility of the existence of variants for 
ferredoxin in green algae. Whether these variants can 
exist in a single species of C. reitzhardtii or whether they 
result from using slightly different strains remains of 
course to be proven. 

The biochemical studies in this paper indicate that the 
isolated recombinant ferredoxin is homologous to algal 
ferredoxin and different from adrenodoxin type E. coli 
ferredoxin. This conclusion is based on three different 
set of resu’lts: EPR and UV/visible absorption spectra 
and N-terminus amino acid sequencing. EPR spectra 
were not available for C. reitzhardtii ferredoxin so far 
and hence they bring additional valuable information 
about the similarity between green algae and higher 
plant 2Fe-2S solubie Ferredoxins. Another observation 
is that the two amino acid differences (extra AIR grad 
Thr-7 replaced by Ser) have not significantly changed 
the chromatographic and spectral behavior of the pro- 
tein. In this respect, it is interesting to mention that the 
validity of both sequences has been fully confirmed by 
electrospray mass spectrometry (data not shown). 

In Principle, ferredoxin is nuclear encoded [18,191, 
but since we cloned the fragment devoid of the transit 
peptide sequence with PCR, we did not have any prob- 
lem with the processing of the protein. Additionally, the 
purification procedure indicates that at least part of the 
protein is present in the soluble fraction and reassoci- 
ated with the iron sulfur centre. It is concluded that E. 
colicells are able to express the C. reinhardtii nucleotidic 
sequence and to reassemble the iron sulfur centre to- 
getlter with the polypeptide. The availability of such an 
expression system for eucaryotic green algal ferredoxin 
opens the way to site directed mutagenesis studies espe- 
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cially at the level of the cysteine residues linking the iron 
sulfur cluster [20]. 
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