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Chloroplast phosphoglycerate kinase from Euglena gracilis
Endosymbiotic gene replacement going against the tide
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Two chloroplast phosphoglycerate kinase isoforms from the
photosynthetic flagellate Euglena gracilis were purified to
homogeneity, partially sequenced, and subsequently cDNAs
encoding phosphoglycerate kinase isoenzymes from both
the chloroplast and cytosol of E. gracilis were cloned and
sequenced. Chloroplast phosphoglycerate kinase, a mono-
meric enzyme, was encoded as a polyprotein precursor of at
least four mature subunits that were separated by conserved
tetrapeptides. In a Neighbor-Net analysis of sequence simi-
larity with homologues from numerous prokaryotes and

eukaryotes, cytosolic phosphoglycerate kinase of E. gracilis
showed the highest similarity to cytosolic and glycosomal
homologues from the Kinetoplastida. The chloroplast iso-
enzyme of E. gracilis did not show a close relationship to
sequences from other photosynthetic organisms but was
most closely related to cytosolic homologues from animals
and fungi.

Keywords: endosymbiotic gene replacement; Euglena graci-
lis; phosphoglycerate kinase; polyproteins.

The complex chloroplasts of the photosynthetic flagellate
Euglena gracilis are surrounded by three membranes,
evidence for their origin through secondary endosymbiosis
[1]. The two partners involved in this endosymbiotic event
are thought to be a relative of extant Kinetoplastida as host
cell and a green alga as endosymbiont. Euglena gracilis is
linked to the Kinetoplastida by a number of morphological
homologies [2-7] and shares unique characters such as the
kinetoplastid-specific redox enzyme trypanothione reduc-
tase [8] and the unusual base ‘J°, which is found only in the
telomeric regions of Kinetoplastida and FEuglena [9,10].
Phylogenetic analyses of nucleus-encoded genes for ribo-
somal RNA [11], tubulins [12], glycolytic glyceraldehyde
dehydrogenase [13], the ER-specific protein calreticulin [14]
and mitochondrial Hsp60 [15], as well as the mitochon-
drion-encoded coxI gene [15,16] strongly support this
relationship. The endosymbiont that has developed into
today’s euglenid chloroplast was shown in cytological
studies [1] and the comparative analysis of chloroplast
genomes [17-20] to be derived from a eukaryotic green alga.

Essential to the compartmentation of sugar phosphate
metabolism between chloroplast and cytosol in Euglena are
glycolytic Calvin cycle isoenzyme pairs [21]. Glycolytic
3-phosphoglycerate kinase (PGK, EC 2.7.2.3) catalyses the
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ADP-dependent dephosphorylation of 1,3-bisphosphogly-
cerate to 3-bisphosophoglycerate. A chloroplast isoform in
photosynthetic eukaryotes catalyses the reverse reaction as
part of the Calvin cycle. In the Kinetoplastida, the closest
relatives of Euglena gracilis, two glycolytic isoforms of PGK
have been detected. One is located in the cytosol and the
other in the glycosomes, specialized peroxisomes harbour-
ing the first seven steps of glycolysis. Both isoforms are
derived from a gene duplication and in phylogenetic analysis
were shown to be monophyletic with, but highly divergent
from, cytosolic orthologs in protozoa, fungi and animals
[22]. In plants the cytosolic PGK was replaced by a copy of
the chloroplast isoform, acquired from the cyanobacterial
endosymbiont that gave rise to the plastids [23].

Here we report the purification and cloning of the
chloroplast PGK (cpPGK) from Euglena gracilis which is
translated as a polyprotein precursor, cloning of the
cytosolic PGK isoenzyme (cPGK), and the histories of
both PGK isoforms in the context of endosymbiotic gene
acquisitions.

Materials and methods

Strain and culture conditions

Euglena gracilis strain SAG 1224-5/25 was grown in 5 L of
Euglena medium with minerals [24] under continuous light
and a constant flow of 2 L'min~" air with 2% (v/v) CO..
Cells were harvested 5 days after inoculation.

PGK purification from whole cells and chloroplasts

All steps were performed at 4 °C unless stated otherwise.
Euglena cells (200 g) were homogenized in buffer 1 (10 mm
Tris/HCl pH 7.5, 1 mm dithiothreitol) using a French-Press
at 8000 p.s.i. and centrifuged for 30 min at 27 500 g. The
30-80% ammonium sulfate fraction of the supernatant was
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collected by centrifugation, dialysed against buffer 2 (10 mm
Tris/HCI pH 8.5, 1 mm dithiothreitol) to < 2 mS-cm™,
and loaded on a 2.6 x 13 cm DEAE-Sepharose (Amersham
Biosciences, Uppsala, Sweden) column. The column was
washed with 140 mL buffer 2 and proteins were eluted in a
70 mL 0-350 mm KCl gradient in buffer 2. Most of the
PGK activity was detected in the wash fraction.

This fraction was pooled with the active fractions of the
gradient, concentrated by ammonium sulfate precipitation,
dialysed against buffer 1, and loaded on a 2.6 x 10 cm
DEAE Fractogel 650 S (Merck, Darmstadt, Germany)
column. The column was washed with 110 mL buffer 1 and
proteins were eluted in a 125 mL 0-350 mm KCl gradient in
buffer 1. Fractions containing PGK activity were pooled,
dialysed against buffer 1 and loaded at 20 °C on a
1.6 x 10 cm Source 30Q (Amersham Biosciences) column.
The column was washed with 40 mL buffer 1 and proteins
were eluted in a 100 mL 0-300 mm K Cl gradient in buffer 1.

Fractions with PGK activity were pooled, dialysed
against buffer 1, and loaded at 20 °C on a Mono Q HR
5/5 (Amersham Biosciences) column. The column was
washed with 5 mL buffer 1, proteins were eluted ina 15 mL
gradient of 0-70 mm KCI in buffer 1, and fractions of
0.4 mL were collected. Two peaks of PGK activity eluted at
40 mm KCI (PGK1) and 55 mm KCl (PGK?2), respectively.
After dialysis against buffer 2 both peak fractions were
further purified separately, but under the same conditions,
on a 1.6 x 5 cm Reactive Blue 72 (Sigma, Taufkirchen,
Germany) column. The column was washed with 40 mL
buffer 2, and proteins were eluted in a 50 mL gradient of
0-400 mm NaCl in buffer 2. Fractions containing PGK
activity were pooled and concentrated by ultrafiltration
(Millipore, Eschborn, Germany) to 30 pL, applied to a
preparative 6.0 cm, 6% native polyacrylamide gel (Mini
Prep Cell, Bio-Rad, Miinchen, Germany), and electro-
phoresed at 300 V and 20 °C. Fractions of 190 uL were
collected at 100 pL'min~" and assayed for PGK activity.
Purified proteins were sequenced as described previously
[25], both N-terminally and internally after endopeptidase
LysC digestion.

cpPGK was partially purified from isolated Euglena
chloroplasts. Chloroplasts isolated as described previously
[26] were suspended in buffer 2 and lysed by sonication for
2 s. The lysate was centrifuged for 20 min at 30 000 g, and
the supernatant was diluted with buffer 2 to a final volume
of 20 mL and applied to a 1.6 X 5 cm Reactive blue 72
column. Proteins were eluted as described above. Fractions
with PGK activity were pooled, dialysed against buffer 1
and loaded onto a Mono Q HR 5/5 column (Amersham
Biosciences). Proteins were eluted as described above.

Protein determination and PGK assay

Protein concentration was determined according to Brad-
ford [27] using bovine serum albumin as a standard.
Enzyme activity was measured photometrically at 20 °C in
I mL of 50 mm HEPES pH 7.6, 4.5 mm MgCl,, 4 mm
dithioerythritol, 2 mm ATP, 200 pv NADH, 6 U-mL™
glyceraldehyde-3-phosphate ~ dehydrogenase, 6 U-mL™"
triose-phosphate isomerase, 4 mm 3-phosphoglycerate.
One unit is the amount of enzyme that catalyses the
oxidation of 1 pm NADH in one minute.
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cDNA cloning and Northern blotting

RNA purification and ¢cDNA library construction were
performed as described previously [13,28]. A 1550 bp
cDNA fragment coding for the glycosomal PGK (PGK-
O) of Trypanosoma brucei [29] was radioactively labelled as
a heterologous probe for cPGK and hybridized against 10°
recombinant clones of the Euglena cDNA library [25]. Six
independent clones encoding the same transcript were
identified. The sequence of one full-length clone (pbP12.1)
was determined.

A homologous hybridization probe for the cpPGK was
generated by PCR. Primers 5-GAYTTYAAYGTNCCN
TTYGA-3 and 5-CCDATNGCCATRTTRTTNAR-3’
were designed against the sequenced peptides DFNVPFD
and LNNMAIG, obtained from purified chloroplast PGK.
Amplification conditions were 35 cycles of 1 min at 93 °C,
1 min at 50 °C, 1 min at 72 °Cin 25 pL of 10 mm Tris/HCI
(pH 8.3), 50 mm KCI, 1.0 mm MgCl,, 0.05 mm of each
dNTP, 0.02 U-uL™! Ampli Tag polymerase (PerkinElmer,
Norwalk, CT, USA), 2 nguL ™" Euglena cDNA, and 0.8 pm
of each of the primers. The 720 bp amplification product
was sequenced and used as a hybridization probe to screen
3 x 10° recombinant cDNA clones. Sixteen independent
clones of sizes ranging from 1.0 to 3.2 kb were isolated and
shown by sequencing to encode the same transcript. The
sequence of the longest clone pcpPGK4 was determined by
constructing nested deletions with exonuclease III and
mung bean nuclease [25]. Northern blotting was performed
as described previously [30]; the blot was probed with the
cpPGK-specific 720 bp PCR fragment.

Phylogenetic analysis

PGK homologues were identified by a BLAST search of
the nonredundant database at GenBank (http://www.
ncbi.nlm.nih.gov/). Homologues were retrieved and
aligned using cLustaLw [31]. Gaps in the alignment were
removed with the script RMGAPSs. Protein LogDet distances,
which are based on the determinant of a distance matrix
comprising the relative frequencies of all amino acid pairs
between two sequences [32], were calculated with the LDDIST
program available at http://artedi.ebc.uu.se/molev/
software/LDDist.html. Neighbor-Net networks [33] of
protein LogDet distances [34] were constructed with NNET
and visualized with SPLITSTREE [35]. Sequences were
retrieved from GenBank under the accession numbers
BAAT79084 Aeropyrum pernix, NP_534233 Agrobacterium
tumefaciens, 066519 Aquifex aeolicus, 029119 Archaeoglo-
bus fulgidus, P41756 Aspergillus oryzae, Q8L1Z8 Bartonella
henselae, P18912 Bacillus stearothermophilus, P40924 Bacil-
lus subtilis, NP_879795 Bordetella pertussis, AAB53931
Borrelia burgdorferi, NP_768162 Bradyrhizobium japonicum,
QIL560 Brucella melitensis, NP_240262 Buchnera aphidi-
cola, Q9A3F5 Caulobacter vibrioides, P94686 Chlamydia
trachomatis, P41758 Chlamydomonas reinhardtii, Q01655
Corynebacterium glutamicum, P25055 Crithidia fasciculata
glycosome, P08966 Crithidia fasciculata cytosol, P08967
Crithidia fasciculata glycosome, YP_011741 Desulfovibrio
vulgaris, Q01604 Drosophila melanogaster, P11665 Escheri-
chia coli, P51903 Gallus gallus, P43726 Haemophilus influ-
enzae, P50315 Haloarcula vallismortis, P56154 Helicobacter
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pylori, P0O0558 Homo sapiens, P20971 Methanothermus
Servidus, Q58058 Methanococcus  jannaschii, 027121
Methanothermobacter thermoautotrophicus, P47542 Myco-
plasma  genitalium, 006821 Mycobacterium tuberculosis,
NP_840413 Nitrosomonas europaea, QSYPRI1 Nostoc sp.,
002609 Oxytricha nova, NP_246799 Pasteurella multocida,
P27362 Plasmodium falciparum, BAA33801 Populus nigra
cytosol, BAA33803 Populus nigra chloroplast, NP_892316
Prochlorococcus marinus, 058965 Pyrococcus horikoshii,
P29405 Rhizopus niveus, P0O0560 Saccharomyces cerevisiae,
NP_457468 Salmonella enterica, P41759 Schistosoma man-
soni, P74421 Synechocystis sp., NP_898418 Synechococcus
sp., P50313 Tetrahymena thermophila, NP_683058 Thermo-
synechococcus elongatus, S54289 Thermotoga maritima,
P09403 Thermus thermophilus, 083549 Treponema pallidum,
P14228 Trichoderma reesei, PO8891 Trypanosoma brucei A
glycosome, P07378 Trypanosoma brucei C glycosome,
P07377 Trypanosoma brucei B cytosol, P41762 Trypano-
soma congolense glycosome, P41760 Trypanosoma congo-
lense, cytosol, P12783 Triticum aestivum cytosol, P12782
Triticum aestivum chloroplast, NP_871308 Wigglesworthia
glossinidia, NP_966880 Wolbachia sp., NP_907231 Woli-
nella succinogenes, P50314 Xanthobacter flavus, P29407
Yarrowia lipolytica, NP_994796 Yersinia pestis, P09404
Zymomonas mobilis. The Cyanidioschyzon merolae chloro-
plast PGK sequence was retrieved from http://merolae.
biol.s.u-tokyo.ac.jp, accession number CMJ305C.

Results

Purification and cloning of Fuglena chloroplast PGK

Two isoforms of PGK with a molecular mass of 60 kDa
were purified to electrophoretic homogeneity (Fig. 1) from
total Euglena gracilis cells. PGK1, eluting at 40 mm KCl
from the Mono Q column, was purified 294-fold and had a
specific activity of 1179 Umg™'. PGK2, eluting at 55 mm
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Fig. 1. SDS/PAGE of the purified chloroplast phosphoglycerate kinase
isoenzymes of E. gracilis. M, Marker proteins; lane 1, crude extract;
lane 2, active fractions from Source 30Q; lanes 3 and 6, first (PGK1)
and second (PGK?2) active peak eluting from Mono Q, peaks were
treated separately from here; lanes 4 and 7, active fractions from
Reactive Blue 72; lanes 5 and 8, active fractions from preprarative gel
electrophoresis.
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Table 1. Purification of phosphoglycerate kinases PGK1 and PGK2
from Euglena.

Total Total Specific
activity Protein  activity Purification
Purification step (V) (mg) (Umg™)  (fold)
Crude extract 35945 9875 4 -
AS precipitation 29583 6055 5 1
DEAE Sepharose 29522 2072 14 4
DEAE Fractogel 20460 1100 19 5
Source 30 Q 20295 297 68 17
PGK1
Mono Q 5415 8.50 637 159
Reactive Blue 72 3570 4.50 793 198
Native PAGE 1014 0.86 1179 294
PGK2
Mono Q 6336 9.60 660 165
Reactive Blue 72 5244 6.40 819 205
Native PAGE 1856 1.79 1037 259

Table 2. N-terminal and internal peptide sequences from purified phos-
phoglycerate kinases PGK1 and PGK2.

Peptide Sequence
N-terminus
PGK1 AVTGETSLNKLQLKDADV
KGKRVFIRVDFNVPFDKK
PGK2 AVTGEXSLNKLQLKDADVKG
PGK2 internal peptides
Peptide 1 VDFNVPFDKKD
Peptide 2 VLNNMAIGSS
Peptide 3 ADVXVND

KCl from Mono Q, was purified 259-fold and had a specific
activity of 1037 U'mg™" (Table 1). Partial purification of
cpPGK from isolated Euglena chloroplasts also yielded two
peaks of PGK activity eluting at nearly the same salt
concentrations from Reactive Blue 72 and Mono Q (data
not shown). These findings strongly suggest that two very
similar isoforms of the chloroplast PGK were purified from
total Euglena cells, which can be separated on Mono Q.
Both proteins had identical N-terminal amino acid
sequences as determined by N-terminal protein sequencing
(Table 2).

The amino acid sequences of three internal proteolytic
fragments from PGK2 were determined (Table 2). Using
degenerate primers designed against the sequences of
peptides 1 and 2, a PCR amplification product of 720 bp
was obtained and used as a hybridization probe to isolate 16
cDNA clones coding for cpPGK. The longest cDNA clone,
pcpPGK4, was completely sequenced. It contained an open
reading frame (ORF) of 3000 bp which encoded three
consecutive PGK proteins (Fig. 2). As the cDNA clone was
not complete at the 5’-end, no transit peptide and only the
C-terminal part of the first PGK segment were found. The
two subsequent PGK proteins are complete. All three PGK
proteins are separated by a conserved motif of four amino
acids (SVAM). The two complete PGK segments encode
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ARGGCCAAGECCANGEEEETGCACATICTGC TGCCTGTEEACT TOGTCACGTCETCCARG

TTCGLEOUAGGACTGCCAGATTROCALGLLCCALUCTUGATRGCOGCATUCCTHATOGLATS
E - R R g R S i1 ; M
CTEGECCTEEACTCLBECCCCAACAC CAATECCCTCARCEGCABCCACCATCCAGECGETLC
K L G i E Y. B L 3 A A I L 0 A 3
ARGRCGATCATCTRGARCGGCCCCATGCEAG TG TICGAGATCARGAAGT TIGAGC RGGEE
1 v i F H ¢ F M i E E [
ACCARGCAGATGATGGACGAGATCG TG AAGG TCAC GCAGCAGGGUGCCAC CAC TG TCATT
I L { M M [ E 1 K 1 0 ! L A T L 1
GEGGETGETEACACGECCACCECCTGCAAGE TG TACGGEACCEAGCACARGCTGACACAT
g ¢ T it B : ¥ T ¥
GTCAGCACTOGCEECEEEELEAGCT TECAGC TCTTEGAE GECAMGTECTECCTEETATT
% 5 ¢ £ & & A 5 L E L L E G E V L [ E 1
GOGGCOCTGACTGATECCAGTCTEGCEATEATGECCETERACAGCGAGACACCRGCC TGRAC
A A L I C A & AMCE W B & BN 5 L H
ARGCTECAGCTCARGEATGCCCATETCRAGECCARGCGEETET TCATCCGECTGEACTIC
E L 9 L E P A P v E ©§ K R ¥V F 1 R vV P F
ARCGTOCCG T TCGACARGAAG GATCCCACCARGAT CACCARCC TGGCOCG TG FGC GGG G
N V P F o K E b P I K 1 T B L AR V @ G
GOCCTECCCACCATCCACTACTGCCTECACARCEECGCCRAGAGCECICETECEGECGTCC
A L P T I § ¥ CLTETDNGUGA ATEKTGESV V LASTE
CACCTGOEECGECCCEATGEEAACATCCCCCACAAETAC TCCC TGGCOCCCETCROCAGE
E L 8 B F P & KB P B E T B E &L PVY AER
GOGCTEEAGEECCTEATCAGLCGECCEETEACGTICC TEAAGERAC TECETICECCCTGAS
Ak 1 & E I 3 AP v R FLEMENGEG®H
GTGGAGGCGRCOTGCEACCC GG CCCGRGCAGTGTCATCCTCC TOGAGAACGTGLGCTIC
E A A C P P AP G B V 1} L Lk E R v R F
IRTGCGGAGCAGERGGGECARG GO TECATEC CCABGGERACARGGTICAAGGCCTCLCCT
T AEEE®E®ESE®LEAEENEKYEARTES®D
GRGECEGTGEECEGECG TICCCG ARG TCCCTGECCARCCTECCCCATGICTACCTGARTGAT
E & ¥ R AT P £ BL A XK Y LA BY T W i D
GoETTOGECACEECCCACCELECCCACRGC T CCATCATTCEEERGCECCTTCCCCGTIGAS
A F & P AR L AMAES FEEYWYI R ELE?P?RBR
GOCTCTGEATTCCTGETGECCAARGAG TTGERCGCCTTICCCARGEICC TERACARLCCT
A 5 : F L V A K E L P A F A E V L B N P
GGl GOCC C O e PGB AT CT TG GALBG TEC CARGG T AGCGACAAGATC CTCC TGATC
R P ¥V L A I L @6 6 A K Y 8 b K 1 L L 1
GRGAACCTCCTEGRCAAGGTGCACARGATCATCATTGGCOGTECGATCGCETICACTTIC
E ® L LD XV DPDEMNIIGG®E&EAHAATFTTF
CACARGGTGCTCARCARCATGCCCATCROCAGCTCOCTC TACCACGAEGC OGO TCUTARG
e E ¥ L B B B AT & B 8B L ¥ B B A G A K
ATTETGCCAGABATCATEGECCAAGECCAAGEC CARGEGECTCERGATTETECTGCCIGIC
I ¥ » ¥ 1 AR A X A KR KA K 8 Y & 1 ¥ 5 % ¥
GATTTOGTGACOTCATCCARGTTC GG CAGGRCGOCOAUATTOGCACRUCORCGC TUGAL
b F L =3 K F G E b @ E L ¢ T A ' L E
ABCGECATCCCTOATGECATGCTEGGLCTGE AL TECGGC CCCARGAC CARTGCCC TCARDE
E &8 I P P @& M L @ L B EE P ET7T H A LB
GOGGCCACCATCCAGECCTCCARCAC CATCATC TCCARACCCLCCCATCOGACTCT TOGALR
AN T T B A3 EZTL T W SR G NSV P T
ATGARRAAG TP TGAGCAGGGCACCARGCAGATGATGGAC GAGATCGTGAAMGGTCACCCAG
M E XK FE G 9 X aQ®HNDEIVYEDT®T @
CRGGEOGCCACCACTCTCATICGEECICETCACACECCCACCECCTECAAGCICTACGEE
¢ @ AT TV I O GU B TATSARCECEYTITIGS
ACCEACGACIAGE TGACACACETCAGCAC TEGCEECEGECCEAGCTTEEAECTCT TEGAS
T R D KR ¥ T AW 80T & 8 6 A S L E I LE
GECAAGGTGCTECCTEETATIGCEECCCTGAL TEATGCCAGTETGECCATEATGECCGIC
B ¥ L P B I A A L T B & & ¥ F i A W
ACAGGRGAGRCCAGCCTEARCAREC TECAGC TCARCGATCCCGATGICARGGECARECEE

GIGTTCATCCOGG TGGAC T TCAACGTCOCOGT TCGAC ARG AAGOATCCCACCAAGATCACT

ARCCTGECCOGTETGCAGGOECCCCTGCCCACCATCCAGTACTGCCTGCOACRACGGOGLC
ARGAGCGTEETEC TGEC G TCCCACC TG CoEC GOCCCCATOOEARGAT CCCCGAGARG TAL
ICCCTEGCCCCCETEECCAGEECECTEEAGEGCCTCATCAGCLGGCLEETEACGTTCCIC
ARGGACTECETTEEECC TEAGETEEAGECEECETGOGAL COGECCCCEEGCAGTETCATC
CTCCTGGAGARAC G TGCG LTI TATGC GCAGGAGGAGGGL AAGGGGCIGHATGCCGREGED
ARCARCGTCAAGGCC TCCCCCEAGGC GETCECGECETTCCCCARG TCCOTEECCARGGTG
GOOGATGTG TACG POARTGATGOGT T GEUACAGC CCAC DOCCUCCATNGL TOCATGGTT
GEEGAGGECCTTCOCCE TGRAGECCTCIGGAT TCCTEGTEEGCCARGEAGT TGGACGCCTIT
GUGAAGGTGCTEAACARCCC TETHCGE CCCUTECTGECCATCC TTGEAGETGCCARMIGTC
ACCGACARGATCCTCCTCATCCAGARC CTCC TGCACAAGCTCGACARCATCATCATIGEE

BETGEGATGCCCT TCAC TT TCCAGAAG GTCC TEAACAACATCECCATCOGCAGCTCCCTC

Fig. 2. ¢DNA sequence and conceptual translation of clone pcpPGK4.
The three consecutive phosphoglycerate kinase proteins are printed in
colour. N-terminal and internal peptide sequences generated from the
purified proteins PGK1 and PGK2 (Table 2) are underlined. The

SVAM tetrapeptides are shown in italic.
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almost identical proteins of 423 amino acids that differ in
only one residue. Asp422 of the second PGK protein (and
also of the identical C-terminal fragment of the first unit)
was replaced by Asn in the third PGK protein at the 3’ end.
At the nucleotide level sequence identity of the PGK
segments is 97-99%. The calculated M, of the deduced
amino acid sequence is 44 475 Da, which is in reasonably
good agreement with the M, of 48 kDa estimated from
SDS/PAGE (Fig. 1). All three peptide sequences generated
from the purified cpPGK were found in the two complete
PGK segments of pcpPGK4, identifying the encoded
proteins as chloroplast isoforms of PGK (Fig. 2).

A Northern blot of poly(A™) mRNA was probed with
the cpPGK-specific 720 bp PCR fragment and revealed two
transcripts of 4.4 kb and 5.6 kb. Both transcripts are long
enough to encode polyproteins of three and four consecu-
tive PGK proteins of 423 amino acids, respectively, plus a
putative transit peptide for chloroplast import (Fig. 3).

Cloning of Euglena cytosolic PGK

As the cytosolic PGK (cPGK) isoenzyme was not recovered
by our purification procedure, a 1550 bp cDNA fragment
coding for the glycosomal PGK (PGK-C) of Trypanosoma
brucei was used to retrieve cPGK-specific clones from the
Euglena cDNA library. The complete sequence of clone
pbP12.1 revealed a 1391 bp cDNA which contained a
1245 bp ORF. The high homology of the encoded protein
to other PGK sequences and the absence of a transit peptide
identifies it as the cytosolic PGK from E. gracilis. Align-
ment of the cPGK amino acid sequence from E. gracilis
with PGK sequences retrieved from GenBank revealed that
it is a homologue of the cytosolic and glycosomal PGK
isoenzymes of Kinetoplastida, with which it shares =~ 55%
amino acid identity.

kb

6.58—

L T—"
3.63—

1.90—

0.95—

0.28—

Fig. 3. Northern blot. Northern blot of 2 ug mRNA hybridized with a
720 bp probe specific for chloroplast PGK.
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Neighbor-Net analysis

A Neighbor-Net sequence similarity network comparing the
cytosolic and and chloroplast PGK protein sequences from
Euglena gracilis with a representative sample of homologues
from archaebacteria, eubacteria and eukaryotes was gener-
ated from LogDet distances based on a cLusTALW align-
ment of the sequences (Fig. 4). As seen in many other
analyses involving prokaryotic sequences, the branching
order among PGK sequences from eubacteria is not
resolved in the similarity network [36,37]. This could be
due to extensive lateral gene transfer among prokaryotes
[38,39] or to saturation at variable amino acid sites [40]. A
strong split recovers the archaebacteria as a monophyletic
group that is well separated from the eubacteria. All the
eukaryotic groups appear among the eubacterial sequences.

Among the eukaryotes, the cytosolic and chloroplast
homologues from plants and red and green algae form a
separate cluster that also includes the cyanobacterial
sequences, implying a cyanobacterial, i.e. chloroplast, origin
of both isoenzymes in this group. All other eukaryotic
sequences form a monophyletic group that again is separ-
ated into two distinct subgroups. One contains the highly
divergent cytosolic and glycosomal PGK sequences from
Kinetoplastida and the cytosolic isoform of E. gracilis,
showing that cPGK of E. gracilis is orthologous to both
isoforms in the Kinetoplastida. The second subgroup
comprises the cytosolic PGKs of protozoa, fungi and
animals together with the chloroplast isoform of Euglena.
Accordingly, cpPGK from E. gracilis has a different origin
than its homologues in algae and plants and, although all
nonplant eukaryotic PGKs in the network appear to share
a common eubacterial ancestry, even if the precise donor
lineage is not revealed, it also has a different phylogenetic
history than the cytosolic isoform.

Discussion

The chloroplast PGK of Euglena gracilis is synthesized
as a polyprotein precursor

CpPGK from Euglena gracilis was purified to homogeneity
(Fig. 1) and the protein microsequenced. A partial cDNA
was cloned that encoded at least three consecutive copies of
the enzyme. The mature protein units were separated by a
conserved SVAM tetrapeptide (Fig. 2). These findings
suggest that cpPGK from Fuglena is synthesized as a
polyprotein precursor from which the mature proteins are
processed after import into the plastid. Three other nucleus-
encoded chloroplast proteins were previously found to be
expressed as polyprotein precursors with a single bipartite
transit sequence in FEuglena; light harvesting complex
protein (LHCP) I [41], LHCP II [42,43] and ribulose-1,5-
bisphosphate carboxylase/oxygenase (RbcS) [44]. These
precursors comprise up to eight mature protein units that
are separated by decapeptides with the consensus sequence
XMXAXXGXKX [45]. Proteolytic processing of the pre-
cursors at the decapeptides takes place in the chloroplast
[46,47] and was shown to be carried out by a sequence-
specific thiol protease, which is localized in the chloroplast
stroma [48]. In contrast, the segments of the PGK
polyprotein are separated by a tetrapeptide (SVAM).
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A very similar topology was found in the dinoflagellate
Amphidinium carterae, another organism with secondary
plastids, where the segments of a putative polyprotein
precursor of the chlorophyll a-c-binding protein are also
separated by a tetrapeptide (SPLR) [49]. The protease that
processes the PGK precursor remains to be identified. The
short tetrapeptide spacers suggest that it may be different
from the one acting on the decapeptide spacers [48].

Notably, only a subset of nucleus-encoded plastid
proteins is encoded as polyprotein precursors in E. gra-
cilis. Several other nuclear genes for plastid proteins have
been shown to encode single proteins, e.g. enolase [28],
fructose-1,6-bisphosphate aldolase [50], glyceraldehyde-3-
phosphate dehydrogenase [13] and the extrinsic 30 kDa
protein of photosystem II [S1]. The question is why some
proteins are expressed as polyproteins in FEuglena, and
probably also in the dinoflagellate Amphidinium, while
others are not. The LHCPs and RbcS are among the
most abundant proteins in algae and plants. Multigene
families guarantee their synthesis in adequate amounts in
these organisms [52-54]. In analogy the synthesis of
polyproteins in E. gracilis was assumed to be a means to
supply sufficient amounts of these proteins without the
necessity of maintaining large multigene families [45]. In
chloroplast PGK, a protein expressed as a polyprotein
precursor has been found that functions as a monomer
and is not organized into a higher plant multigene family.
Thus, substitution for multigene families alone cannot
explain the existence of polyprotein precursors in E. gra-
cilis and other possible explanations have to be consid-
ered. Firstly, the processing of polyproteins is an
additional step in gene expression that might be post-
translationally regulated through the expression-level of
the processing protease [45]. Secondly, although single
protein precursors such as glyceraldehyde-3-phosphate
dehydrogenase [13] are efficiently transferred into the
chloroplast, it cannot be excluded that import across
three membranes as polyprotein precursors might be
more efficient for some proteins. LHCP II and RbcS
polyprotein precursors are inserted into the ER mem-
brane and transferred as integral membrane proteins to
the Golgi apparatus before import into the chloroplast
[46,47,55]. Because no single-protein precursors have yet
been analyzed, it remains to be seen whether this
pathway is restricted to polyproteins or whether it is
the general chloroplast protein import pathway in
E. gracilis. Thirdly, expression of polyproteins might be
of no advantage whatsoever, but simply a chance
occurrence whose fixation is made possible by the
existence of the chloroplast polyprotein processing pro-
tease. Identification of more polyproteins and comparison
of expression patterns with single precursors may help to
better understand why some chloroplast proteins are
expressed in this unique fashion in E. gracilis.

Kinetoplastid PGK in the cytosol of E. gracilis

PGK phylogeny has been previously analysed for a
broad spectrum of organisms by Brinkmann and Martin
[23]. The results of our Neighbor-Net analysis (Fig. 4) are
congruent with that distinct overall picture of PGK
gene phylogeny. All nonplant eukaryotic PGKs form
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a monophyletic group, which is rooted among the
eubacterial homologues. The archaebacterial homologues
are monophyletic and are well separated from all other
sequences analysed. This situation suggests a eubacterial
origin of eukaryotic PGKs. Although a specific eubacte-
rial donor cannot be identifed from the sequence
similarity analysis in Fig. 4, the ancestor of mitochondria
appears to be the most likely source. Endosymbiotic gene
transfer from mitochondria and chloroplasts to the
nucleus, and the subsequent retargeting of gene products
to cytosolic pathways such as glycolysis, have been amply
demonstrated in eukaryotes [56]. Furthermore, several
other cytosolic proteins from E. gracilis, glycolytic glyc-
eraldehyde-3-phosphate dehydrogenase [13] and fructose-
1,6-bisphosphate aldolase [50], tubulin [12] and calretculin
[14] have previously been reported to be of mitochondrial
origin. It should be mentioned, however, that cytosolic
PGKs from eukaryotes do not branch specifically with
a-proteobacterial homologues in the Neighbor-Net ana-
lysis, and thus these enzymes fail to meet a criterion set
forth for eukaryotic genes inferred to be of mitochondrial
origin [57]. However, about half of the 63 proteins
encoded in the Reclinomonas americana mitochondrial
genome also fail to branch with a-proteobacterial homo-
logues [58], indicating that there is a considerable degree
of inherent uncertainty involved in phylogenetic analysis
[59]. Furthermore due to frequent lateral gene transfer
among bacteria contemporary o-proteobacteria cannot
reasonably be expected to contain exactly the same set of
orthologous genes as the ancestral mitochondrial endo-
symbiont [60]. Accordingly, the lack of a specific
association between eukaryotic and o-proteobacterial
PGK sequences does not constitute clear evidence against
a mitochondrial origin of eukaryotic PGK.

The PGK sequences from the Kinetoplastida are highly
divergent from all other eukaryotic cytosolic PGKs and
form a separate subgroup. In Trypanosoma brucei and
Crithidia fasciculata gene duplications have led to the
emergence of cytosolic and glycosomal isoforms. Cytosolic
PGK from E. gracilis is an orthologue of cytosolic and
glycosomal PGKs in the Kinetoplastida. Thus it appears
that after the kinetoplastid host cell engulfed a chlorophytic
alga, and at the emergence of the euglenid lineage, no
endosymbiotic gene replacement occurred in the E. gracilis
cPGK.

Chloroplast PGK in £. gracilis, a molecular relic
from the nucleus of the secondary endosymbiont

Acquisition of endosymbiotic organelles was, and prob-
ably still is, accompanied by extensive endosymbiotic gene
transfer from the genome of the endosymbiont to the
nucleus of the host cell, followed in many instances by
recompartmentation of the encoded gene products, and
thus resulting in chimaeric nuclear genomes and hybrid
compartment proteomes [56]. In secondary endosymbiosis
an additional level of complexity is added to the
endosymbiotic gene transfer and gene replacement scen-
ario with the nucleus of the eukaryotic endosymbiont.
Therefore, in any phylogenetic analyses of E. gracilis
nucleus-encoded chloroplast proteins, three different ori-
gins of genes have to be considered: the chloroplast
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genome of the endosymbiotic green alga, the now lost
nucleus of that green alga, and the nucleus of the
euglenozoan host cell.

The cytosolic and chloroplast PGK homologues from
plants, as well as red and green algae, are clearly distinct
from all other eukaryotic homologues. They form a separate
cluster in the sequence similarity network (Fig. 4) that also
includes the sequences from cyanobacteria. This topology
indicates that in the algae/plant lineage, when chloroplasts
arose the PGK gene from the endosymbiotic cyanobacte-
rium was transferred to the nucleus of the eukaryotic host
cell. After gene duplication a copy of the cyanobacterial
PGK also replaced the endogenous eukaryotic, cytosolic
PGK that is still found in animals, fungi and euglenozoa
(Fig. 4). In E. gracilis, gene replacement in the wake of
secondary endosymbiosis went against the tide. In contrast
to plants and algae, the cytosolic PGK of the kinetoplastid
host cell been retained as the glycolytic isoform. The strong
similarity of cpPGK from E. gracilis with cytosolic homo-
logues from protists, animals and fungi (Fig. 4) shows that
the cyanobacterial Calvin cycle isoenzyme of the euglenid
chloroplast was replaced by a cytosolic isoform, probably
retargeted from the nucleus of the green algal endosymbi-
ont. Accordingly, cpPGK from E. gracilis is most probably
a molecular relic, the only repesentative of the original
cytosolic PGK found among photosynthetic eukaryotes
to date.
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