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Abstract

The photosynthetic protist Euglena gracilis contains chloroplasts surrounded by three membranes which arise from secondary

endosymbiosis. The genes petA and petD, encoding cytochrome f and subunit IV of the cytochrome bf complex, normally present in

chloroplast genomes, are lacking from the chloroplast DNA (cpDNA) of E. gracilis. The bf complex of E. gracilis was isolated, and the

identities of cytochrome f and subunit IV were established immunochemically, by heme-specific staining, and by Edman degradation. Based

on N-terminal and conserved internal protein sequences, primers were designed and used for PCR gene amplification and cDNA sequencing.

The complete sequence of the petA cDNA and the partial sequence of the petD cDNA from E. gracilis are described. Evidence is provided

that in this protist, the petA and petD genes have migrated from the chloroplast to the nucleus. Both genes exhibit a typical nuclear codon

usage, clearly distinct from the usage of chloroplast genes. The petA gene encodes an atypical cytochrome f, with a unique insertion of 62

residues not present in other f-type cytochromes. The petA gene also acquired a region that encodes a large tripartite chloroplast transit

peptide (CTP), which is thought to allow the import of apocytochrome f through the three-membrane envelope of E. gracilis chloroplasts.

This is the first description of petA and petD genes that are nucleus-localized.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Plastoquinol-cytochrome c/plastocyanin oxidoreductase,

b6f complex, or bf complex (EC 1.10.99.1) is an intrinsic

membrane complex of chloroplasts and cyanobacteria that

catalyzes electron transfer between Photosystem II and

Photosystem I coupled to proton translocation across the

photosynthetic membranes [1]. The bf complex comprises

four major subunits, three of which contain redox-prosthetic
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groups, cytochrome f, a Rieske-type iron–sulfur protein,

and cytochrome b6. The fourth major constituent, subunit

IV, lacks a prosthetic group but is required for the full

catalytic activity of the complex [2]. Up to four additional

small subunits of unknown function with apparent molecu-

lar masses between 3.4 and 4.0 kDa may also be present in

isolated bf complex preparations [3,4]. Numerous sequence

comparisons have shown that cytochrome b6 and subunit IV

are homologous to the N- and C-terminal portions, respec-

tively, of bacterial and mitochondrial cytochromes b. Thus,

these subunits are believed to have arisen from the frag-

mentation of an ancestral cyanobacterial cytochrome b gene.

Cytochrome b of the bc complex from the photosynthetic

bacterium Rhodobacter capsulatus was reengineered as a

split form equivalent to subunits b6 and IV, and shown to

support photosynthetic growth [5]. This clearly shows a

functional equivalence between cytochrome b and subunits

b6 plus IV. A low-resolution structure of the bf complex

determined by electron crystallography is now available [6],
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as well as the partial architecture determined by X-ray

crystallographic studies of cytochrome f and the Rieske-

type iron–sulfur protein [7–9].

In the vast majority of the chloroplast genomes that have

been sequenced, the genes encoding the three major sub-

units of the bf complex are invariably found to be present:

petA encoding cytochrome f, petB encoding cytochrome b6,

and petD encoding subunit IV. In contrast, the petC gene,

encoding the Rieske-type iron–sulfur protein, is always

nucleus-localized. Four additional genes, petG (or petE),

petL, petM and petN encoding small molecular mass sub-

units in the range of 3.0–4.0 kDa may be present or absent

from chloroplast DNA (cpDNA) [3,4].

The early divergent protist Euglena gracilis contains

chloroplasts that are surrounded by three membranes [10],

which are thought to have arisen from a secondary endo-

symbiotic event, in which an Euglena ancestor engulfed an

eukaryotic green alga [11,12]. The completely sequenced

143172 bp chloroplast genome of E. gracilis is unusual in

the sense that it lacks two genes that encode essential

components of the bf complex, i.e., the petA and petD genes

[13,14]. Since the bf complex is an essential participant of

photophosphorylation, and cytochrome f and subunit IV are

indispensable for its function, we thought it was of interest

to explore if the petA and petD genes had migrated from the

chloroplast to the nucleus in E. gracilis.

In this work, we show that cytochrome f and subunit IV

are constituents of the bf complex from E. gracilis, and we

present the complete cDNA sequence of petA and the partial

sequence of petD from this photosynthetic protist. Both

genes exhibit typical nuclear codon usage. To our knowl-

edge, this is the first description of petA and petD genes that

are found in the nuclear genome. In addition, the petA gene

encodes a preprotein exhibiting a relatively large tripartite

chloroplastic transit peptide (CTP). This CTP is thought to

direct and import cytochrome f to and into the thylakoid

membrane through a unique series of membrane fusions and

translocation events.
2. Materials and methods

2.1. Strain and culture conditions

E. gracilis strain Z was grown in Huntner medium under

continuous light [15]. The cells were harvested at the late

exponential phase of growth.

2.2. Isolation of E. gracilis chloroplasts and cytochrome bf

complex solubilization

All solutions and buffers used were supplemented with

0.2 mM PMSF, 1 mM benzamidine, and 5 mM amino-

caproic acid. Chloroplasts were obtained as described by

Manning et al. [16], except that disruption of cells was done

by hand-shaking for 4 min in the presence of half a volume
of glass beads (0.5 mm in diameter). The bf complex from

E. gracilis was partially purified following the procedure of

Hurt and Hauska [17]. Isolated chloroplast membranes from

E. gracilis (1 mg/ml of chlorophyll) were solubilized in the

presence of 0.5% sodium cholate and 60 mM octylgluco-

side, fractionated by ammonium sulfate precipitation, and

isolated by sucrose gradient centrifugation.

2.3. Protein analysis

SDS-PAGE was performed as described by Schägger and

von Jagow [18], using 1.2-mm-thick slab gels (12% acryl-

amide). Gels were fixed and stained as described in the same

work. Apparent molecular masses were calculated based on

prestained molecular weight markers (BenchMark Pre-

stained Protein Ladder, Gibco BRL). Protein concentrations

were determined according to Markwell et al. [19]. The

isolation of polypeptides for N-terminal sequencing was

done as previously described [20]. N-terminal sequencing

was carried out by Dr. J. d’Alayer on an Applied Biosys-

tems Sequencer at the Laboratoire de Microséquenc�age des

Protéines, Institut Pasteur, Paris (France). Western blots

were carried out as previously described [21]. Antiserum

was raised against a synthetic peptide derived from Chla-

mydomonas reinhardtii subunit IV [22]. Secondary anti-

bodies were bound to alkaline phosphatase.

2.4. Nucleic acid preparations

Total DNA and RNA from E. gracilis was obtained as

described by Aldrich and Cullis [23], and Sokolovsky et al.

[24], respectively. First-strand cDNA was obtained from

total RNA using the SuperScript first-strand synthesis kit for

RT-PCR (Gibco BRL). All other standard molecular biology

techniques were as described [25].

2.5. Cloning and sequencing of cDNA of the gene petA from

E. gracilis

Using cDNAobtained byRT-PCR as template, PCRswere

performed using a set of eight specific oligodeoxynucleotides

designed from the sequences obtained for the petA gene

encoding cytochrome f: 5V-CGC(T) ATT GTG TGC(T)

GCC AAC TGC(T) CA-3V (F2, forward), 5V-AGC AAG

GAC ACC CCG AAC ATT TTG-3V(F3, forward), 5V-AAG
AAG TACGCTGAGATGACTG-3V(F4, forward), 5V-CTC
GAA C(T)TG CTT CTT CTT CAA A(C)AC-3V (F5, re-
verse), 5V-A(G)TA AAT CTG GCC G(T)CG GCC G(T)CG

A(G)TT-3V(F6, reverse), and 5V-A(G)AC GGGACCG(T)AT

AAC AAG A(G)AT A(G)TT-3V(F7, reverse), 5V-TTA CCT

CTGAAGATGTCGCCATG-3V(F8, forward), and 5V-ACA
AGT CAT CAA TGC TCA CAA GG-3V(F9, reverse). The
primer 5V-CTG GAATTC (T)24-3V(T1, reverse) previously
described [26] based on the poly-A sequence was used to

amplify the 3V-end of the petA cDNA. In order to amplify the

5V-end of the petA cDNA, a primer based on the consensus



Fig. 1. Identification of the subunits of the isolated bf complex from E.

gracilis. C.B.: Coomassie blue stained gel of E. gracilis total chloroplast

proteins (Cp) and of the isolated bf complex (bf). TMBZ: heme-specific

staining of E. gracilis total chloroplast proteins (Cp) and of the isolated bf

complex (bf). Immunoblot: a gel with the bf complex from E. gracilis was

transferred onto a nylon membrane (20 Ag of protein) and immunostained

with an antibody raised against subunit IVof the C. reinhardtii bf complex.
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leader sequence of Euglena premessenger RNAs was used:

5V-CAC AAG CTT CTT TCT GAG TGT CTA TTT TTT

TTC-3V(F1, forward). These short leader sequences may be

transferred to premessenger RNAs by transplicing, specifi-

cally to those premessenger RNAs that encode proteins of

cellular compartments like the chloroplast [26]. For RT-

PCRs, Taq DNA polymerase (Qiagen) was used. Samples

were denatured by heating for 3 min at 94 jC, subjected to 35
cycles of 1 min denaturation at 94 jC, 1 min annealing at 58

jC, and 1 min extension at 72 jC, and a final cycle of 10 min

at 72 jC. The RT-PCR products were cloned in a pGEM-T

Easy vector (Promega) or a pMOSBlue vector (Amersham).

Five amplicons encoded a fragment of the petA cDNA

gene, and these clones were named F1–F6, F2–F6, F2–F7,

F4–F5, F4–T1, in accordance with the pair of primers that

were utilized to generate them. Sequencing was carried out

by the Unidad de Biologı́a Molecular (IFC-UNAM).

2.6. Cloning and sequencing of cDNA of the gene petD from

E. gracilis

A set of five specific oligodeoxynucleotides was designed

from the sequences obtained for subunit lV: 5V-CAC AAC(T)

TAC(T) TAC GGC GAG(A) CCC(T) GC-3V(S1, forward),
5V-CCC(T) CTG GAG(A) ATC CTG CCC(T) GAG TG-

3V(S2, forward), 5V-G TATTTC TTCCCCACCTTCAAC-3V
(S3, forward), 5V-TC A(G)AT GAA A(G)GG A(C)AC GGT

GATG(C)AG-3V(S4, reverse), and 5V-CTGGAATTC (T)24-

3V(T1, reverse). Three RT-PCR products encoded a fragment

of the petD cDNA gene and these clones were named S1–S4,

S3–T1, and S2–T1, in accordance with the pair of primers

that were used. Deoxyoligonucleotide synthesis, RT-PCRs,

cloning, and sequencing were performed as described above

for the petA cDNA.

2.7. Southern and Northern hybridization

Southern and Northern hybridization were as described

[25]. Two probes were designed from the apocytochrome f

cDNA sequence: one of 201 bp with the pair of deoxyoli-

gonucleotides F8–F9 that encode the N-terminal extension

domain of the cytochrome f pre-apoprotein, and a second of

165 bp with the pair of deoxyoligonucleotides F3–F6 that

encodes the mature cytochrome f apoprotein. A probe of

131 bp encoding part of subunit IV was obtained with the

pair of deoxyoligonucleotides S2–S5. The probes were

labeled with [a-32P] dCTP using the Random Primer

labeling kit (Gibco BRL).

2.8. Database accession numbers

The nucleotide sequences discussed in this paper were

deposited in the DDBJ/EMBL/GenBank nucleotide se-

quence database under the accession numbers AF443625

(petA cDNA sequence from E. gracilis), and AY216719

(petD cDNA sequence from E. gracilis).
2.9. Sequence analysis in silico

Protein sequence data were taken from GenBank [27]

non-redundant protein sequence. Multiple protein sequence

alignments were constructed with Clustal�X [28]. Local

hydrophobicity (hHi) and mesohydrophobicity (mesoH)

were calculated as in Funes et al. [29].
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3. Results

3.1. Cytochrome f and subunit IV are constituents of the bf

complex of E. gracilis

Chloroplasts were obtained from E. gracilis by disruption

of cells with glass beads followed by differential centrifuga-

tion. The bf complex of E. graciliswas isolated by detergent-

solubilization of chloroplasts, followed by ammonium sul-

fate fractionation and sucrose gradient centrifugation [17].

SDS-PAGE of the isolated E. gracilis bf complex revealed

the presence of four main polypeptides and three minor

protein components (Fig. 1). The E. gracilis bf complex

exhibits a subunit composition similar to that of bf com-

plexes from other chloroplast sources. To further identify the

subunits of the E. gracilis bf complex, parallel gels were

subjected to 3,3V,5,5Vtetramethylbenzidine (TMBZ) staining

or transferred to nylon membranes for immunoblot analysis.

TMBZ stained the two heme-containing bands, with appar-

ent molecular masses of 30.9 (cytochrome f ) and 16.6 kDa

(cytochrome b6) (Fig. 1). Heme bH is covalently linked to

cytochrome b in the bc complex of Bacillus subtilis [30], and
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it has been proposed that heme is also covalently attached to

the cytochrome b6 subunit of bf complexes of chloroplasts

and cyanobacteria. In addition, an immunochemical analysis

was carried out with antibodies directed against subunit IVof

the C. reinhardtii bf complex. This antibody recognized the

13.8 kDa band of the E. gracilis bf complex (Fig. 1), which

was therefore identified as subunit IV. The main polypeptide

bands of the isolated bf complex were also subjected to

Edman degradation (Table 1), which revealed the presence of

cytochrome f, cytochrome b6, and subunit IV. E. gracilis

subunit IV was susceptible to Edman degradation, contrary

to what is found in other systems, as in the green alga C.

reinhardtii, where subunit IVappears to be blocked [22]. The

polypeptide band of 17.8 kDa was identified as a Photosys-

tem II component, the so-called oxygen-evolving enhancer

subunit (OEE2) [31]. It remains to be ascertained if this

soluble polypeptide is a mere contaminant of the E. gracilis

bf complex or if it is a legitimately associated component.

Finally, the N-terminal sequence of the 12.6 kDa component

was also obtained, but did not exhibit any significant

similarity with proteins deposited in the databases. The

Rieske-type iron–sulfur protein was not detected. This

polypeptide may have a blocked N-terminal residue, may

have dissociated from the preparation, or it may be repre-

sented by one of the less abundant bands that were not

subjected to Edman degradation. Hence, we unambiguously

identified three of the four main components of the bf

complex from E. gracilis. The obtained N-terminal sequen-

ces allowed the design of primers for PCR amplification of

the corresponding petA and petD cDNAs.

3.2. Characterization of the petA cDNA from E. gracilis

cDNA was synthesized from total E. gracilis RNA by

RT-PCR. Then, based on the N-terminal sequence obtained

for cytochrome f and on conserved internal sequences,

deoxyoligonucleotides were designed and used for PCR

amplification. PCRs gave a total of five overlapping ampli-

cons. Each of them encoded a fragment of the petA cDNA,
Table 1

N-terminal sequences of the major polypeptide components of the isolated

E. gracilis bf complex

Band

(kDa)

N-terminal sequence Subunit

30.9 (S/Y) P I F A Q Q A (X/Y) E N P R E

A T G R I V C A N C H

cytochrome f

17.8 A Y G E G A N V F G K R K E T D Q

F F E I S G D G W S G K L

Photosystem II

component (OEE2)

16.6 S R V Y D W F E E R L E I Q A I A D

D V S S K Y V P (P) H (V) N

cytochrome b6

13.8 N V M K K P D L S D P K L R A

(K L A K) G M G H N Y Y G E PAW P

N D L L Y M F P V C I L G T F A (XA)

subunit IV

12.6 S G S G V R S A K K G G K A Q G G

Q A G V G Y K G S T E P G

unidentified protein

Proteins were subjected to Edman degradation. Parentheses and X denote

ambiguous identification of certain residues.
and exhibited similarity to chloroplast petA gene sequences

in the databases. The complete sequence obtained of the E.

gracilis petA cDNA contains an open reading frame of 1648

bp (accession number AF443625). The deduced amino acid

sequence from this cDNA, starting from the first ATG

codon, and ending at the stop codon UGA (position

1295–1297 bp), is a 496 amino acid cytochrome f pre-

apoprotein. The petA cDNA has a 3VUTR of 153 bp with a

possible polyadenylation signal AATAAA at nucleotides

1574–1579. The only other E. gracilis nucleus-localized

gene encoding a chloroplast protein that exhibits an identi-

cal polyadenylation site is the hydroxymethylbilane syn-

thase gene (DDBJ/EMBL/GenBank accession number

X15743). This putative polyadenylation site is localized

58 bp upstream of the poly(A) tail [32]. Other published

E. gracilis nuclear gene sequences do not seem to carry a

typical polyadenylation signal [33,34].

The pattern of codon utilization for the petA gene of E.

gracilis was compared with the pattern of codon usage of

known nuclear and chloroplast genes of this protist (Table 2).

In other E. gracilis nucleus-localized genes, there is a

significant bias in each codon family; this is because triplets

that end in A are rarely used in the nuclear genome of this

photosynthetic protist. In addition, the Euglena chloroplast

genes also exhibit a biased codon usage, since they have less

of a tendency to use those codons that end in C and G. The

codon usage of the petA gene of E. gracilis is typically

nuclear and clearly different from the one of chloroplast

genes.

In plants and green algae, nucleus-encoded proteins that

are transported through chloroplast membranes are synthe-

sized in the cytoplasm as larger precursors containing a

cleavable N-terminal sequence, the CTP [35]. Nevertheless,

non-canonical transit peptides that are not processed have

also been described [36]. Several E. gracilis nucleus-

encoded chloroplast proteins are synthesized as precursors

containing an N-terminal extension ranging from 134 to 141

residues [33,37]. The deduced cytochrome f pre-apoprotein

of E. gracilis has a cleavable N-terminal sequence of 149

amino acids (M[ � 149] to A[� 1]) (Fig. 2), since the Edman

degradation showed that the mature cytochrome f polypep-

tide starts with the sequence YPIFAQQA. The E. gracilis

CTP of cytochrome f has three predicted domains (Fig. 2):

the first one (M[� 149] to T[� 107]) consists of a hydrophobic

domain (residues V[ � 142] to S[ � 122]) and ends at the

recognition site for the signal peptidase between residues

T[� 107] and Q[ � 106]. This domain localization and amino

acid distribution suggest that it could act as a signal peptide

that will direct the protein into the microsomal membranes.

This is an extra domain not present in the CTPs of the

preproteins from organisms that contain orthodox, double

membrane chloroplasts [38]. The second domain (Q[ � 106] to

A[ � 46]) contains an amphiphilic transmembrane domain

(residues V[ � 66] to A[ � 46]) as well as the basic residues

that are recognized by the chloroplast import machinery. It

ends in a site for the stromal processing peptidase between



Table 2

Codon usage of the petA gene compared to nuclear and chloroplast genes of E. gracilis

Values are shown in percentages for nuclear genes (N), the petA gene (f, gray boxes) and chloroplast (Cl) genes. Data to construct this table were obtained

for E. gracilis from the Codon Usage Database (http://www.kazusa.or.jp/codon/) with accession numbers [gbpln]:42 for nuclear genes and [gbpln]:12 for

chloroplast genes.
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amino acids A[ � 46] and A[� 45] and contains several hy-

droxylated and charged amino acids, similar to other tripar-

tite CTPs of E. gracilis nucleus-encoded chloroplast pre-

cursor proteins [33,37,39–41]. The third domain (A[ � 44]

to A[ � 1]) contains a hydrophobic segment (residues A[ � 17]

to Y[ + 1]) and ends in a conserved cleavage site Ala-X-Ala

(residues A[ � 3] to A[ � 1]) for the thylakoid processing

protease [39,42,43]. This third region operates as the thyla-

koid-targeting and translocation signal since it possesses the

characteristic design of a charged region followed by a

stretch of hydrophobic residues that ends with a cleavage

site with small non-polar residues at � 3/� 1 [44]. In

conclusion, the Euglena CTP is clearly different from plant

CTPs and designed in accordance with a different import

pathway. Indeed, algorithms like MitoProt [45,46] or

ChloroP [47] do not predict E. gracilis CTPs correctly. In

contrast, the algorithm SignalP [48] or TargetP [49] detect
Fig. 2. Deduced amino acid sequence of the CTP of the apocytochrome f preprot

Gray-shadowed sequences represent the hydrophobic domains present in the CT

respectively. Basic residues are in bold and italic case. The sequence of the mature

numbered using 1 as the first amino acid of the mature protein and negative num
the first hydrophobic region as a domain that corresponds to

a clear signal peptide.

The petA cDNA encodes a mature cytochrome f apopro-

tein of 347 amino acids that has all the common structural

characteristics of the cytochrome f family: a heme binding

domain YX(19)CANCH (residues Y1 and from C21 to H25);

two highly acidic domains that contribute to the interaction

with soluble plastocyanin (residues K120 to R127 and K249 to

R251); and the membrane anchor domain necessary for the

functional assembly of the protein (residues V313 to V332). A

sequence comparison of the cytochrome f apoproteins from

E. gracilis, Chlamydomonas subcaudata, Chlorella vulga-

ris, Brassica rapa, and Phormidium laminosum shows 52%

or more identity between them, suggesting that the protein is

highly conserved even in non-related species (Fig. 3).

Furthermore, the alignment revealed that in the internal

sequence of the apocytochrome f of E. gracilis, there is a
ein of E. gracilis. Black arrows indicate predicted peptidase cleavage sites.

P. Minus and asterisks show acid and hydroxylated amino acids residues,

cytochrome f obtained by Edman degradation is underlined. The sequence is

bers for the residues of the CTP.

 http:\\www.kazusa.or.jp\codon\ 


Fig. 3. Sequence comparison of different cytochromes f. Shown are the sequences of cytochrome f of E. gracilis (EUGLENA), C. subcaudata Q95AG0

(CHLSUB), C. vulgaris P56316 (CHLVU), B. rapa P36438 (BRARA), and P. laminosum P95522 (PHORLA). Amino acids involved in the H-bond of five-

water chain are indicated by asterisks, and residues involved in heme-binding are underlined. Identical residues are shadowed, and the unique insertion of 62

residues in the apocytochrome f of Euglena is shown in italics. Residues that constitute the putative transmembrane stretch are boxed.
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unique region of 62 residues (T49 to T110) not found in other

apocytochrome f sequences from a wide variety of plants,

algal and cyanobacterial sources. Unexpectedly, this se-

quence exhibited 50% similarity to a protein related to

molybdopterin-guanine dinucleotide biosynthesis in bacteria

[50].

3.3. Characterization of the petD cDNA from E. gracilis

Based on the amino acid sequence obtained for subunit

IV and on conserved internal regions of the protein, oligo-

deoxynucleotides were designed and used for PCR-ampli-

fication. Three overlapping amplicons were obtained using

cDNA from E. gracilis as template (data not shown). The

sequences of the amplified products encoded fragments of

subunit IV, and exhibited similarity to chloroplast petD gene

sequences in the databases. A partial sequence of 697 bp of

the petD cDNA of E. gracilis was constructed (accession

number AY216719). The petD cDNA does not exhibit a

known polyadenylation signal. The pattern of codon utili-

zation for the petD gene of E. gracilis was also found to be

nuclear, and unambiguously distinct from the chloroplast

codon usage (data not shown). The deduced amino acid

sequence predicts a partial subunit IV preprotein of 173

residues that is homologous to subunits IV from other

sources. Determination of the N-terminal sequence of the

mature protein by Edman degradation allowed derivation of

the complete 159-residue sequence of the mature Euglena
subunit IV. The sequence of the putative CTP is clearly

truncated, since only 15 residues could be obtained. In the

subunit IV predicted sequence, there is an inconsistent

residue with respect to the sequence of the mature protein

obtained by Edman degradation (R23 instead of H23). We

assume that this difference may be due to errors either in

RT-PCR amplification or in the automated amino acid

sequence analysis, since there is no previous evidence

suggesting RNA editing in E. gracilis. In addition, the

partial sequence of the subunit IV preprotein has a predicted

peptidase cleavage site in N15 [49,51]. This result is sup-

ported by the N-terminal sequence data obtained with the

mature protein. The sequence of the entire CTP of the

subunit IV precursor remains to be established.

3.4. DNA–DNA and DNA–RNA hybridization experiments

Southern blot analysis was carried out to ascertain that

the petA and petD genes were present in the nuclear

genome. Total E. gracilis DNAwas restricted with different

enzymes and hybridized at high and low stringency and

temperatures ranging from 55 to 65 jC with different petA-

and petD-derived probes. In all the assayed conditions, no

single-band hybridization signal could be obtained. Instead,

several bands that produce a smear along the gel were

observed (data not shown). This methodological problem

has been previously observed in hybridization experiments

carried out with restricted mitochondrial DNA from E.



Fig. 4. The petA and petD genes are expressed in E. gracilis. Fifteen

micrograms of E. gracilis total RNA were fractionated on denaturing 1%

agarose gel containing 0.66% of formaldehyde, transferred to a nylon

membrane, and decorated with the following probes (see Materials and

methods): a 131 bp petD cDNA fragment (S2–S5) (lane 1), a 201 bp petA

cDNA fragment (F8–F9) (lane 2), and a 165 bp petA cDNA fragment (F3–

F6) (lane 3). Size markers are indicated on the left of the figure (values in kb).
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gracilis [52]. In contrast, DNA–RNA hybridization experi-

ments carried out with total RNA preparations exhibited

discrete bands (Fig. 4). Using as probes either a 201 bp

fragment of the petA cDNA encoding the N-terminal exten-

sion of cytochrome f, or a 165 bp fragment encoding an

internal region of the mature cytochrome f apoprotein, a

single 1.7 kb mRNA band was observed. This result is

consistent with the size of 1648 bp obtained for the petA

cDNA of E. gracilis. In the case of subunit IV, RNA–DNA

hybridization analysis shows two mRNAs, one of 0.6 kb

and the second of 1.0 kb (for an expected minimum size of

the petD mRNA of 0.8 kb). The presence of two bands may

be due to the presence of isoforms or of different alternative-

splicing products. We conclude that both nucleus-localized

genes, petA and petD, are functionally expressed, since

the corresponding mRNAs can be detected and the cor-

responding mature polypeptides are present in the E. gra-

cilis bf complex.
4. Discussion

4.1. Nucleus-encoded petA and petD genes

To date, the predicted primary structure of several

nucleus-encoded E. gracilis chloroplast proteins have been

analyzed. Here, we report the complete cDNA of the
nucleus-encoded cytochrome f gene from this euglenoid

(the petA gene) and the partial sequence of the cDNA of

the nucleus-localized gene encoding subunit IV (the petD

gene). E. gracilis petA gene exhibits several characteristics

of a chloroplast gene that migrated to the nucleus: a typical

nuclear codon usage, the presence of a putative polyadeny-

lation signal, and the presence of DNA sequences encoding

CTPs. The petD gene seems to share some of these

characteristics, although only the partial sequence of its

CTP could be obtained in this work and no putative

polyadenylation signal could be identified. To our knowl-

edge, this is the first report of petA and petD genes in the

nuclear genome. The nucleus-localized E. gracilis petA and

petD genes are both expressed, as demonstrated by Northern

blot hybridization. In addition, the corresponding subunits

cytochrome f and subunit IV are present in the mature,

isolated bf complex from E. gracilis. Therefore, the migra-

tion of petA and petD genes from the chloroplast to the

nucleus resulted in the functional relocalization of these

genes, which eventually led to the inactivation and subse-

quent obliteration of the original chloroplast petA and petD

genes. The causes that may intensify the migration of genes

from the chloroplast to the nucleus could be the mutational

pressure on the chloroplast genome due to oxidative cpDNA

damage, lack of recombination, or the accumulation of

deleterious mutations [53]. Astasia longa, a colorless and

heterotrophic flagellate protist, is closely related to E.

gracilis [54]. A. longa is thought to have lost photosynthesis

through a secondary evolutionary process [55]. Its circular

highly reduced 73 kb plastid DNA lacks the chloroplast

genes encoding photosynthesis-related proteins [56]. There-

fore, all the pet genes are also absent from this reduced

plastid genome. It would be of interest to explore the presence

of petA and petD genes (or pseudogenes) in the nuclear

genome of A. longa, and to be able to infer if the migration

of these genes occurred before or after the divergence of A.

longa from E. gracilis.

The deduced primary structure of cytochrome f is similar

to the one from other species. In fact, the amino acids

involved in the binding of the heme redox group are identical

[7]. Moreover, the sequence shows the presence of residues

involved in the H-bond of a five-water chain that are

conserved in sequences of plant, algal, and cyanobacterial

f-type cytochromes [9,57]. This water chain is thought to act

as a structural frame [9] or as a proton wire as an exit port for

protons pumped from the cytochrome bf complex [57].

Amino acid sequence comparison established the pres-

ence of 62 unique residues in E. gracilis cytochrome f,

which are absent in the cytochrome f sequences from plant

and algal sources. This extra region is rich in valines,

prolines, and phenylalanines. When the E. gracilis cyto-

chrome f primary structure was modeled upon the three-

dimensional structure of C. reinhardtii cytochrome f (data

not shown), it was observed that this 62-residue additional

loop is located far away from the binding site of plastocy-

anin. Therefore, it is expected that this extra loop will not



Fig. 5. Plot of mesohydrophobicity versus maximal local hydrophobicity

for cytochrome f proteins. The MitoProtII program was used to calculate

local hydrophobicity values (hHi) and mesohydrophobicity values for

cytochrome f proteins using the PRIFT scale. Proteins are distributed on the

abscissa according to their maximum mesohydrophobicity value and on the

ordinate according to the hydrophobicity of the most hydrophobic 17-

residue segment. The hypothetical boundary between importable and

nonimportable proteins, indicated by a broad, gray diagonal, was derived

from Claros et al. [63] and Pérez-Martı́nez et al. [64]. The following

proteins with their symbols were analyzed in the left panel for cytochrome

f: B. rapa P36438 (B), Arabidopsis thaliana P56771 (A), C. reinhardtii

P23577 (C), C. vulgaris P56316 (D), Cyanidium caldarium Q9TLS4 (E),

Cyanophora paradoxa P48123 (F), E. gracilis AF443625 (G), Guillardia

theta O78494 (H), maize P46617 (I), Marchantia polymorpha P06246 (J),

Mesostigma viride Q9MUN6 (K), Nostoc sp. P13626 (L), Odontella

sinensis P49476 (M), Oenothera hookeri P04658 (N), rice P07888 (O), pea

P00155 (P), Phormidium laminosum P95522 (Q), Picea abies O47042 (R),

Pinus thunbergii P41619 (S), Porphyra purpurea P51265 (T), Glycine max

P49161 (U), Spinacia oleracea P16013 (V), Synechococcus sp. P26293

(W), Synechocystis sp. P26287 (X), Nicotiana tabacum P06449 (Y), Vicia

faba P06669 (Z), and wheat P05151 (@).
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interfere with the activity of the E. gracilis bf complex. The

presence of this unique loop could also be responsible of a

diminished association with the Rieske-type iron–sulfur

protein, and could account for the apparent loss of this

subunit during the isolation procedure. It is also tempting to

speculate that the 62 amino acid insertion in the Euglena

cytochrome f may be responsible for the binding of Photo-

system II component OEE2, that co-migrated with the bf

complex of this photosynthetic protist.

Cytochrome f is a protein whose rate of synthesis is

regulated by the availability of the other subunits of the bf

complex [58]. One of the main signals for this translational

regulation is localized in the C-terminal part of cytochrome f,

at the end of the transmembrane stretch, in the highly

conserved region QVLLVLKKKQFEKV (residues Q297 to

V310 of C. reinhardtii cytochrome f). The three residues Q297,

K303, and F307, are crucial for the integrity of the regulatory

motif [59]. This conserved sequence corresponds to the

region QTLLVVKKKQYEQV (residues Q327 to V340) in E.

gracilis cytochrome f. One of the critical residues, the

equivalent of Chlamydomonas F307, is replaced by a tyrosine

(Y307) in Euglena. It would be of interest to explore in more

detail if this conserved substitution does not alter the assem-

bly-mediated regulation of the bf complex, or if this regula-

tion is achieved through different mechanisms in E. gracilis.

4.2. Analysis of the CTPs encoded by petA and petD genes

The N-terminal analysis of the corresponding mature

proteins cytochrome f and subunit IV obtained by Edman

degradation established the presence of a CTP in the cyto-

chrome f pre-apoprotein. The size of this CTP is relatively

large when compared to CTPs from other organisms, which

exhibit a mean length of 140 amino acids [39,60,61]. This

complex CTP may have been acquired through exon shuf-

fling [61]. The CTP of the E. gracilis cytochrome f precursor

contains all the structural and targeting features previously

identified for the tripartite presequences of chloroplast pre-

cursors of E. gracilis [40]: a signal peptide, a stromal

targeting region, and a thylakoid targeting sequence (Fig.

3). The last hydrophobic segment (A[ � 17] to Y[ + 1]) is

believed to function as a stop-transfer membrane anchor

sequence during the membrane-fusion processes that lead to

protein import in E. gracilis chloroplasts [40].

Why have some genes that are typically localized in the

chloroplast genome been successfully transferred to the

nucleus in E. gracilis? Two features may account for this

phenomenon. Firstly, it has been previously argued that

highly hydrophobic proteins, containing four or more heli-

ces that span the membrane, cannot be imported into

organelles. Therefore, these polytopic membrane proteins

must be synthesized in situ in order to be properly inserted

and assembled into their organellar compartment [62–64].

These studies suggested that the highest average hydropho-

bicity over 60 to 80 amino acids of a polypeptide chain

(mesoH), along with the maximum hydrophobicity of the
putative transmembrane segments, are useful indicators of

the likelihood that a protein could be imported into organ-

elles. We carried out similar calculations with the sequence

of E. gracilis cytochrome f, and compared its highest

average hydrophobicity to that of orthodox, chloroplast-

encoded cytochrome f sequences (Fig. 5). The E. gracilis

cytochrome f exhibited a notable reduced highest average

hydrophobicity, suggesting that this parameter is important

in facilitating the migration of genes encoding membrane-

bound proteins from organelles to the nucleus. The Euglena

subunit IV protein behaved in the same way (results not

shown). Secondly, Euglena chloroplasts are surrounded by

three membranes, in contrast to the orthodox two-membrane

containing chloroplasts found in green algae, red algae, and

plants. This third membrane in Euglena, the so-called

perichloroplast membrane, seems to be closely related to

the endoplasmic reticulum (ER). In addition, the euglenoids

and chlorophytes appear as closely related species in a

phylogenetic analysis based on the inferred amino acid

sequences from the genes psbA (Photosystem II reaction

center protein D1), rbcL, and rbcS (the large and small
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subunits of the rubisco holoenzyme) that participate in the

photosynthetic process [12]. Therefore, it appears that a

euglenoid ancestor engulfed a chlorophyte alga, and subse-

quently enslaved its chloroplasts, inside the boundaries of

an ER-related membrane. Nowadays, Euglena chloroplast

precursors are synthesized on membrane-bound polysomes,

co-translationally inserted into the ER, and transported by

vesicles as integral membrane proteins from the ER to the

Golgi apparatus and from there to the chloroplast. A detailed

model for the transport of precursor proteins through the

Euglena three-chloroplast membranes has been previously

proposed [40,61]. We hypothesize that this transport model

may facilitate the import of membrane protein products into

chloroplasts. This machinery requires atypical CTPs that

cannot be easily analyzed nor clearly predicted with current

algorithms.
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[64] X. Pérez-Martı́nez, M. Vázquez-Acevedo, E. Tolkunova, S. Funes,

M.G. Claros, E. Davidson, M.P. King, D. González-Halphen, Unusual
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