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Abstract The photosynthetic protist Euglena gracilisis
one of few organisms known to possess both class-I and
class-Il fructose-1,6-bisphosphate aldolases (FBA). We
haveisolated cDNA clonesencoding the precursor of chlo-
roplast class-| FBA and cytosolic class-11 FBA from Eu-
glena. Chloroplast class-| FBA isencoded as asingle sub-
unit rather than as a polyprotein, its deduced transit pep-
tide of 139 amino acids possesses structural motifs necces-
sary for precursor import across Euglena’ sthree outer chlo-
roplast membranes. Evolutionary analyses reveal that the
class-1 FBA of Euglenawasrecruited to the chloroplast in-
dependently from the chloroplast class-| FBA of chloro-
phytes and may derive from the cytosolic homologue of
the secondary chlorophytic endosymbiont. Two distinct
subfamiliesof class-1l FBA genesare shownto existin eu-
bacteria, which can be traced to an ancient gene duplica-
tion which occurred in the common ancestor of contempo-
rary gram-positive and proteobacterial lineages. Subse-
guent duplications involving eubacterial class-Il FBA
genes resulted in functional specialization of the encoded
products for substrates other than fructose-1,6-bisphos-
phate. Class-11 FBA genesof Euglena and ascomycetesare
shown to be of eubacterial origin, having been acquired via
endosymbiotic gene transfer, probably from the antece-
dants of mitochondria. The data provide evidence for the
chimaeric nature of eukaryotic genomes.
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Introduction

Fructose-1,6-bisphosphate aldolase (FBA) (EC 4.12.1.13)
catalyzes the reversible aldol condensation of dihydroxy-
acetone phosphate and glyceral dehyde-3-phosphate in the
Calvin cycle, glycolysis and gluconeogenesis, and is thus
essential to primary metabolism in all cells. Two very dis-
tinct types of FBA enzymes occur in nature, which differ
in their catalytic mechanism and can be distinguished by
biochemical means. Class-1 FBA enzymes form a Schiff-
base with the substrate during catalysis via condensation
of thee-amino group of an active-center lysineresiduewith
the carbonyl group of the substrate, and can be inhibited
by borohydride reagents. Class-1l FBA enzymes require
divalent cations as co-factors which stabilize the carban-
ionintermediate formed during the reaction, and can bein-
hibited by EDTA (Rutter 1964; Lebherz and Rutter 1969).
Class-| FBASs are homotetramers, whereas class-I| FBAs
are homodimers. The subunit size of both classes of FBA
enzymes is 40 kDa but, importantly, class-1 and class-11
FBA monomers share no detectable sequence similarity.
This suggeststhat class-1 and class-1| FBA enzymes arose
independently during evolution.

The phylogenetic distribution of FBA enzymesis com-
plex and intriguing (for a review see Schnarrenberger
etal. 1992). Eubacteria, including cyanobacteria, typically
possess class-11 FBAs (Rutter 1964; Antia1967), although
afew clearly documented instances of class-1 FBA occur-
rencein eubacteriaare known (Witke and G6tz 1993). Hal-
ophilic archaebacteria possess either class-| or class-1l
FBAs (Dhar and Altekar 1986); the distribution of the en-
zymeacrossthermophilic archaebacteriahasnot been stud-
ied. Among higher eukaryotes, fungi typically possess
class-II FBAs whereas metazoa and higher plants possess
class-| FBAs (Rutter 1964; Schnarrenberger et al. 1992).
Thedistinct chloroplast and cytosolic FBA isoenzymes of
higher plants are both of the class-| type (Anderson and
Advani 1970; Kriger and Schnarrenberger 1983; Lebherz
et al. 1984). The chlorophytes Chara foetia and Klebsor-
midium flaccidum also possess class-| FBAs in the chlo-



roplast and the cytosol (Jacobshagen and Schnarrenberger
1988, 1990) whereas Chlamydomonas reinhardtii pos-
sesses only a chloroplast class-| FBA (Schnarrenberger
et a. 1994).

In earlier-branching protists, the distribution of class-1
and class-11 FBAsismore complicated (Rutter 1964; Antia
1967; Ikawaet al. 1972). Euglenagracilisisuniqueamong
eukaryotes studied to-date in that it possesses both class-|
and class-11 FBAs. The Calvin cycle enzyme of Euglena’s
chloroplastsisaclass-| FBA, asin higher plants, whereas
the glycolytic/gluconeogenetic enzyme of the cytosol isa
class-Il FBA (Mo et al. 1973; Pelzer-Reith et al. 1994), as
in fungi. This contrasts sharply with the situation found in
the kinetoplastid Trypanosoma brucei, which possesses
only oneclass-I FBA activein aspecialized glycolytic mi-
crobody, the glycosome (Marchand et al. 1988). Trypanos-
oma shares a common line of nucleo-cytoplasmic descent
with Euglena (Surek and Melkonian 1986; Sogin et al.
1989; Walne and Kivic 1989) and Euglena’s plastids are
thought to have arisen through engulfment of aeukaryotic,
possibly chlorophytic, alga (Gibbs 1978; Lefort-Tran
1981). In order to determine whether the difference
between Euglena and Trypanosoma with regard to FBA
enzymes may have involved endosymbiotic gene transfer
surrounding the origin of Euglena’s chloroplasts, we have
investigated Euglena’s nuclear-encoded chloroplast class-
I and cytosolic class-Il fructose-1,6-bisphosphate aldo-
lases.

Materials and methods

Cultivation of E. gracilis cells. E. gracilis strain Z (No. 1224-5/25)
was obtained from the Sammlung von Algenkulturen of the Univer-
sity of Géttingen (FRG). Heterotrophic cells were raised from auto-
trophic 15-1 culturesin the medium described by Bdger and San Pie-
tro (1967) supplied with 5% CO, in transparent polycarbonate ves-
sels at 27°C. After transfer to darkness, the cells were additionally
supplied with 5% sucrose.

Isolation and analysis of cDNA clones. The E. gracilis strain Z
(1224-5/25) cDNA library previously described by Henze et al.
(1995) was screened using a spinach cDNA clone for chloroplast
aldolase (Pelzer-Reith et al. 1993) and a cDNA clone coding for
the class-1l aldolase (pGHS001) from Saccharomyces cerevisiae
(Schwelberger et a. 1989) as hybridization probes. Filters were hy-
bridized overnight in 3x SSPE, 0.2% polyvinylpyrrolidone, 0.2% Fi-
coll 400, 0.1% SDS, 50 pg/ml of denatured salmom-sperm DNA and
therespectiveradioactively |abelled hybridization probe. Hybridiza-
tion and washing was performed at 53°C for class-1 FBA and at 49°C
for class-11 FBA. Filters were washed three times for 10 min with
2xSSC and 0.1% SDS at the hybridization temperature. Positive
plaques were purified, cDNA inserts of positively hybridizing phag-
es were subcloned in pUC18 and sequenced on both strands using
thedideoxy method on double-stranded DNA templateswith T, poly-
merase (Pharmacia) according to the supplier’s protocol. Oligonu-
cleotides (17-mers) were synthesized for sequencing as needed.

Data handling. Sequence analyses were carried out with the GCG
program (Devereux et al. 1984). Amino-acid sequenceswere aligned
with cLustAaL w (Thompson et al. 1994), the aligment was refined
by eyewith the LINEUP program of GCG. Pairwise distances between
sequences were estimated using the Dayhoff matrix option of PROT-
DIST in PHYLIP (Felsenstein 1993); trees were constructed by the
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neighbor-joining method (Saitou and Nei 1987). The reliability of
branches was estimated by bootstrapping.

DNA and RNA analysis. Genomic DNA wasisolated by ethanol pre-
cipitation from the LiCl supernatant of the RNA preparation. For
genomic Southern blots, 15 pg of DNA was digested with either
BamHlI, Hindlll, Kpnl, or Pstl, fractionated on 0.8% agarose gels,
blotted onto nylon membranes overnight, and fixed by exposure to
UV light. Total RNA wasextracted and purified asdescribed (Houlné
and Schantz 1987). For Northern blots, 10 pug of total RNA were
separated by electrophoresis on a 1.2% agarose-formal dehyde gel,
blotted onto a nylon membrane, and fixed by exposure to UV light.
Southern and Northern blots were probed with the corresponding
Euglena cDNA inserts labelled by random-primed synthesis. Hy-
bridization and washing conditions were the same as described for
the screening procedures except that temperatures were increased to
65°C for al hybridization and washing steps.

Results and discussion

Several aspects of nuclear gene structure and organization
in Euglena differ from that in higher eukaryotes. Some of
Euglena’s nuclear-encoded chloroplast proteins are trans-
lated as multimeric polyproteins which are proteolytically
processed upon import into the chloroplast, e.g. the small
subunit of ribulose-1,5-bisphosphate carboxylase/oxyge-
nase (Rubisco) (Chan et al. 1990) and the LHCII proteins
(Houlne and Schantz 1988, 1993). Also, chloroplast tran-
sit peptides in Euglena contain an ER-specific signal se-
guence required for import of the cytosolic precursors
acrossthe outer of itsthree chloroplast membranes (Sharif
et al. 1989; Kishore et al. 1993). To further investigate
Euglena’snuclear gene organization, weisolated and char-
acterized cDNA clones for class-| and class-Il fructose-
1,6-bisphosphate aldol ases.

Clonesfor chloroplast class-| FBA from Euglena

From 120 000 independent recombinants of the Euglena
cDNA library, screened with a heterologous cDNA for
spinach chloroplast class-1 aldolase, we obtained 25 hybri-
dizing positives. The five longest EcoRI inserts were sub-
cloned and shown by terminal sequencing to represent one
and the same transcript since they contained identical nu-
cleotide sequencesat their 3' and the 5' ends. The complete
nucleotide sequence of the cDNA insert of plasmid
pPEgAIpl is 1662 bp long (Fig. 1). Starting with the first
in-frame methionine codon, pEgAIlp encodes a precursor
protein of 495 amino acidswith apredicted molecular mass
of 52.46 kDa. Comparison of the deduced protein with
chloroplast aldolases from higher plants and C. reinhard-
tii suggests an N-terminus for the mature subunit at L eu3®
(Fig. 1). This cleavage site yields a mature protein with a
predicted M, of 40.7 kDa, which isin good agreement with
the mol ecular mass of the purified Euglena class-1 enzyme
previously determined as 40 kDaby SDS polyacrylamide-
gel electrophoresis (Pelzer-Reith et al. 1994).

The putativetransit peptid of 139 amino acids possesses
ahydrophilic N-terminal region followed by along stretch
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60
ctttatccaaaaATGAGCGCAACTCAATTGCTGGGTGGTTACCAGACCATTTCTGAGCGC
M S A T Q L L G Yy 0T S E R
120
ACTGCTCCCCAGAACAAGCTTGCTGTTGTTGGTGCCGTGGCTGTCATTGCTGTGGCCTCG
T A P Q N K L AV V G AV AV I AV A S
180
GGCGTTGCAGCTGGCTATGCGCTCAATCTCTCTATGCCCCCTCTGTTGCCTCCGTGCGCA
G VvV A A G Y AL NL S M P P L L P P C A
240
CCACTTGCGCACGGGCACCTATCGAGAACAACTTGGCACAGGCCAACTCCCGCTGCAGTT
P L A HG HUL S R T T WHR P T P A A V
300
GCCTTTGCCTCTGCCTCTGAAGGTGCTCAAACCTTTGTGGCTCCTGCCGCTCAGTCCTCC
A F A S A S EGAQTVF VA PAAQ S S
360
AACACCTTTGCAACTTCCTCCGTGGCTGCCTCCATTGGTATGGTGATGGGAGCAGGCGCC
N T F A T S S V A A S I G MV MG A G A
420
GTGCTGCTGGCCCGGATGAACCAGAAGCCAGTTGCCATGAACGCCTGGACGGGCTCTGTT
Vv L L R M N Q K P V A M N A W T G S V
480
TATGGTGTGCTCTCTCAGCTGTGGAGAAGCCATGGACCAAGTATGCTGATGAGCGTAAGA
Y G VvV L L W R S HG P S ML M S V R
< 540
CAAGATCATCTGCACCCCTGGCAAGGTATTCTTGCTGCGGATGAGTCCAGACCGAACAAG
Q DHL HPWOQGTITULAADES SR P N K
600
ACCTGCGGTGCGCGCCTGAAGTCAATTGGTGTGGAGAACACAGAGGAGAACGTGCACAGT
T C G R L K § I GV ENTEENUV H S
660
AGCCGCAGTTGTGTTCACCGCACCTGGCTTCAGCGAGGAAATATTCTTGGTGTGATCATG
S R S C V HRTTWULQRGNTIULGUV IM
720
TACGAGGAGACTTTGTACCAGAAGGATAAGAATGGAAAGCCTTTTGTGCAAATCATCAAC
Y E E T Y QO K DKNG I KPF V QI TIN
780
GAGGCTGGAGCTGTTGCTGGTGTCAAGGTGGACACTGGCATTGCACCGCTGCCAGGTGCC
E A G A V G vV KV DTGTIAUPTLP G A
840
GATGATGAGGGCTACACCATGGGTCTGGATGGCCTTCGTGAGAGGTGCCAGGAATACTAC
D D E G Y M D GL REIRTU COQE Y Y
900
AGACAGGGTGCGCGCTTTGCTAAGTGGCGTGCAGTGCTCCGCATCGACTCCAAGGGACTG
R Q G R F A K WU RAUV L R ID S K G L
960
CCATCTGACCGCTCCATCCTGGCCAATGCTACTGGTTTGGCACAGTATGCTGCCATCTGC
P S D R S L A N A T G Q A A I C
1020
CAGGAGTGTGGCTTGGTTCCAATTGTTGAGCCTGAGATCCTGATGGATGGTGACCATGAC
Q E C G L V P I V E L G D H D
1080
ATTGAGACCGCAGCTGCTGCTGCCGAGCGTGTCCTTGTTGCTGTCTATGACGCTCTTGCA
I E T A A A A A E R vV A D A L A
1140
ACACAGGGAGTTCTTTTGGAGGGGACTCTGTTGAAGCCCAACATGGTGACTCCTGGTGTG

>

T Q G VL L E G L L K P NM VTP G V
1200

GACTCTGGTATCAAGGCCACCCCAGAGACATTGCCTATTTTCACTTGCGCACTTCTTGCC

D S G I K A T P E T L T A L L A
1260

ACTGTTCCAGCTGCTGTTGCAGGTATCAGTTTCTTGTCCGGAGGTAGTTCTGAGGAGGAT
T V P A AV A G I s F S G S E E D
1320
GCATCCTTGAACCTGAACGCCATCAATGCAATCCCATACGAGCGCAAGCCTTGGGCACTG
A S L NL NA I NATI P Y ERK P WAL
1380
ACCTTCTCGTTTGGTCGTGCCCTCCAGGCCTCCACCCTCAAGACTTGGGGAGGCAAGGAC
T F S F GRALQASTULI KTWGG K D
1440
GAGAACATCGCGCGGCTCAGAAGGTGTTCGCTGAGCGTGCCAAGCCAATGGCCTGGCAAG
E NI A RLRIRCSUL S VP S QW P G K
1500
TACCAGGGCTCTGGGCAGGCTGGTGAGTCCTTGTTTGTCAAGGGCTACAAGTACTAALLL

Y 0 G S G A G E S L F V K G Y K Y *
1560
gaaacatcctgecttectetttctcaccttatctattgttgggcgagaaatcccatgcta
1620

gtcagggatcacctagtgaaaacaggaccatcgacagaaggctactctctgttagaccge

agcgaaagaccttgacccatggggaccectgttttgagegg

Fig. 1 Nucleotide and deduced amino-acid sequence of the cDNA
pPEgAIp1 encoding the chloroplast class-| FBA precursor of E. grac-
ilis. The putative transit peptide isindicated in italics, the putative
processing site is indicated by “<||>". Non-coding regions are
shown in lower case
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of non-polar amino acids (amino acids 23 to 44), as found
in signal peptides of secreted proteins. Comparison of the
transit-peptide region of class-| FBA to other transit pep-
tides of nuclear-encoded chloroplast proteins in Euglena
revealed that it possessestwo highly hydrophobic domains
separated by a roughly 60 amino-acid hydrophilic stretch
rich in hydroxylated amino acids (Fig. 2). These bipartite
transit peptides are much longer than those typical for
higher-plant chloroplasts (von Heijne et a. 1989) and are
known to contain topogenic signals for targeting to the
endoplasmic reticulum during precursor import across
Euglena’s three outer chloroplast membranes (Kishore
et al. 1993).

Thegenefor chloroplast class-1 FBA in Euglenaistran-
scribed and translated as a precursor which encodes a sin-
gle subunit, rather than as a polyprotein as in the case of
nuclear-encoded genes for the small subunit of Rubisco
(Chan et al. 1990) and LHCP (Houlné and Schantz 1993).
The size of the mRNA in a Northern blot (Fig. 3) corre-
sponds to the length of the cDNA. A Southern blot of ge-
nomic DNA probed with the complete cDNA insert encod-
ing class-1 FBA shows several bands with different inten-
sities (Fig. 4). This suggests that chloroplast FBA in
Euglena is organized as a small multigene family, or else
that the gene(s) contain(s) several introns, as has previ-
ously been described for the RbcS, Lhcp and GapC genes
(Muchhal and Schwartzbach 1992; Henze et al. 1995;
Tessier et al. 1995).

Clones for cytosolic class-1l FBA from Euglena

From the same library we found 18 clones that hybridize
to the insert for class-II FBA from yeast. The longest of
these, pEgAlcl, has an insert of 1203 bp and encodes an
open reading frame of 1068 bp (but |acks the start codon)
plus a 3' non-coding region of about 135 bp (Fig. 5). A

Fig. 2 Comparison of transit peptide regions for nuclear-encoded
chloroplast proteins of E. gracilis. Sequences were taken from this
paper and from the database. Positively charged, negatively charged,
and hydroxylated amino acidsareindicated by “+”, “—", and (O), re-
spectively. Hydrophobic domains arein bold type and double under-
lined. Precursor abbreviationsand accession numbersto the sequenc-
es are: Fbal fructose-1,6-bisphosphate aldolase (X89768); GapA
glyceraldehyde-3-phosphate dehydrogenase (L21904); RbcS small
subunit of Rubisco (X79154); Lhcp light-harvesting complex pro-
tein 11 (U03392); Hmbs hydroxymethylbilane synthase (X15743);
PS30 extrinsic 30-kDaprotein (OEC30) of photosystem 11 (D14702);
IF3 chloroplast initiation factor 3 (P36177)
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Fig. 3 Northern-blot analysis of RNA from E. gracilis probed with
plastidic class-| (lanes 1 and 2) and cytosolic class-I1 (lanes 3 and 4)
aldolase cDNA. Lanes 1 and 3 contain 10 pg each of RNA isolated
fromautotrophically grown cells; lanes2 and 4 contain 10 pg of RNA
from heterotrophically grown cells

kb 1 2 3 4

Fig. 4 Southern-blot analysis of the class-| aldolase genein E. gra-
cilis genomic DNA; 15 pug of nuclear DNA was digested with
BamHI (lane 1), Pstl (lane 2), Kpnl (lane 3), and Hindlll (lane 4).
The probe was the cDNA fragment coding for the class-I aldolase
from E. gracilis. Numbers on the left indicate the size (kb) of DNA
markers

Northern blot of Euglena RNA probed with pEgAlcl
(Fig. 3) revealsasingle band of 1.3 kb, indicating that the
cDNA clone lacks a total of about 100 bp of 5 and/or
3' UTR. Thepredicted molecular massof theencoded prod-
uctis39.1 kDa, ingood agreement with the mol ecular mass
of 38 kDa previously determined for the cytosolic class-11
FBA subunit in SDS-polyacrylamide gels (Pel zer-Reith et
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60
CCTGATTTTCCCAAAGACCTGAAGGGTGTTTTGGACGGCAACCAAGTCCGAACTCTGTTC
P DF P K DUL K GV L DG GNZGQUVRTTULF

120
GACTTCGCGCAGAAGAAGGGCTTCGCAATCCCTGCTGTGAACTGCACATCGTCTTCCACC
D F A Q K K G F A I PAVNUTCT S S ST

180
GTGAATGTGGTGCTGGAACGGGCCCGAGACACCCACAACCCGGTCATCATCCAGGTGTCC
V NV VL ERA ARUDTUHNZPUV I I OQV S

240
CAGGGTGGTGCTGCCTTCTATTGTGGCAAGGGAGTGAAGGATGAGAAGCTGATTGCCAGT
Q GG A A F Y C G K GV KDEIZ KTLTI A S

300

GTGGACGGCTCCGTGGCGTTGGCACACCACGTGCGGGCCGTTGCCCATACTATGGCGCCA
vV D G S V AL AHHUVRAV AHTMMAP
360
GTTGTCGTTCATTCCGACCATTGTGCCAAGAAGCTGCTTCCGTGGTTCGATGGCATGTTG
V VvV VHS DHT CA AIZ K KT LULUPWTFDGMTL
420
GATGCCGATGGAGAAATATTTTGCGAGCACGGCGTCCCCCTCTTCTCCAGCCACATGCTC
D ADGETITFCEHGUV?PULF S S HML
480
GATTTGAGTGAAGAAAATGACGAGGAGGACATTGGCACGTGCGTGAAGTATTTCACTCGA
DL S EENDETETDTIGTT CUV K YF TR
540
ATGGCCAAGTTGAACCTGTGGTTGGAGATGGAGATTGGTATGACTGGAGGTGTGGAAGAT
M A K L NL WULEMETIGMTSGSGV ED
600
GGCGTGGACAACAGTGGGGTGGCCAATGACAAGCTGTACACGTCGTCGGAGCAGGTCTTT
G V D N G V A NDI K VL Y T S S E Q V F
660
GCTGTCCACAAAGCACTCGGCGCCAGCTCGCCAAACTTCTCCATTGCTGCTGCTTTCGGC
A V HK AL G A S S PNTF S I A AATFG
720
AATGTCCACGGTGTGTACAAGCCAGGCAATGTGAAGTTGCAGCCCAATCTGTTGAAGGAG
N V H G V Y K P G N V KL Q P N L L K E
780
CACCAGGATTACGCCCGGAAGCAGTTGTCCTCCTCTGAGGACCATCCTCTCTACCTCTGG
H Q DY A RK QUL S S S EDHU®PTUL YL W
840
TTCCATGGTCCTTCAGGCTCGACAGATGCAGAGATTCATGAAGCAGTGCGGAATGGGGTG
F H G P S G S TDAETIHEAUVIRNGUV
900
GTCAAGATGAACCTTGATACTGACATGCAGTGGGCATACTGGGATGGATTGCGCCAGTTT
V KM NL DTDMAOQWAYWDGUL R QF
960
GAGGCAAAGAAACACGATTATTTGCAGGGACAGATTGGGAACCCCGAGGGCCCTGACAAG
E A K K HDYUL QG OQTIGNUPEG P DK
1020
CCGAACAAGAATTATTACGACCCACGAAAGTGGATCCGTGAGGCCGAGCTTGGCATGCTG
P N K N Y Y D PR KW TIUREAETULGMTL
1080
GCCCGCGTCAAGGTGGCCTTCAAGGCGGTTGAATTGCCCGGTGGCCTAAAGGAGTTCATT
A R V KV A F KAV ETLPGGTUL K E F I
1128
GGTATCCCCTGAaccacacgactcgtacctggaacgaaacgtttatgg
G I p *

Fig. 5 Nucleotide sequence and deduced amino-acid sequence of
cDNA pEgAlcl encoding the cytosolic class-1l FBA of E. gracilis.
The start codon and perhaps one or two additional N-terminal resi-
dues are not contained in the cDNA as judged by comparison to the
size of the isolated protein and by alignment to other class-I| FBA
enzymes (Pelzer-Reith et al. 1994; see also text)

al. 1994), suggesting that pEgAlcl lacks only very few of
the N-terminal residues contained in Euglena’s class-11
FBA subunit. A Southern blot probed with the insert of
pEgAIcl (Fig. 6) revealed only a few hybridizing bands,
indicating a less-complex gene organization for class-I|
FBA than for class-| FBA in Euglena.

Origin of the gene for chloroplast class-| FBA
in Euglena

In the most straightforward scenario for the origin of
Euglena’s nuclear-encoded chloroplast class-| FBA gene,
the class-| chloroplast FBA of the endosymbiont simply
could have been transferred to the kinetoplastid nucleusin
the course of the degeneration of the secondary symbiont’s
nucleus, as was suggested for Euglena’s RbcS (Martin
et a. 1992) and GapA (Henze et al. 1995) genes. In that
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kb 1 2 3 4

Fig. 6 Southern-blot analysis of the class-1l aldolase gene of the
E. gracilis genomic DNA; 15 pg of nuclear DNA was digested with
the enzymes BamHI (lane 1), Pstl (lane2), Kpnl (lane3), and
Hindlll (lane 4). The probe was the cDNA fragment of the class-11
aldolase of E. gracilis. Numbers on the left indicate the size (kb) of
DNA markers

case, the class-| FBA of Euglena should share a common
branch with chloroplast homologues of chlorophytes. But
the gene tree reveals that the chloroplast class-| FBA of
Euglena shows no specific affinity to the chloroplast FBA
enzymes of chlorophytes (Fig. 7). Rather, it branches with
weak bootstrap support between the cytosolic FBA en-
zymes of higher plants and those of metazoa. Therefore,
alternativeevolutionary routesfor itsorigin haveto becon-
sidered.

A second reasonabl e possibility would be that Euglena
chloroplast FBA was recruited via duplication of the pre-
existing genefor cytosolic FBA fromthekinetoplastid host
nucleus following secondary endosymbiosis. In that case
one would expect the Euglena class-| enzyme to share a
common branch with the homologue from T. brucei
(Soginetal. 1989; Levasseur etal. 1994; Henzeet al. 1995).
This is also not the case (Fig. 7), indicating that recruit-
ment from the cytosolic homologue of the secondary host
isunlikely.

Asathird possibility, thevery low bootstrap val ues sep-
arating the Euglena class-I aldolase from its cytosolic ho-
mologues of chlorophytes could be reconciled with the
view that Euglena’s chloroplast class-| FBA might have
been recruited from the endosymbiotic chlorophyte’s gene
for cytosolic aldolase. Although the present data do not
lend strong support to this notion, it isin our view the al-
ternativethat can most easily account for thedata, not with-
standing the possibility of asyet unrecognized gene dupli-
cations. Thevery weak affinity observed between Euglena
and Plasmodium aldolase genes in Fig. 7 is not detected
with other distance-estimation methods (data not shown)
and is probably altogether insignificant.

Class | Aldolase
Gene Tree

Species
and Gene

Enzyme
Compartment

Chlamydomonas
Coleochaete scutata
Oryza sativa
Pisum sativum 1
Pisum sativum 2
Spinacia oleracea
Trypanosoma brucei
Arabidopsis thaliana
3] 100 Zea mais Cytosol
Oryza sativa
Spinacia oleracea L
Euglena gracilis Chloroplast
100 Plasmodium bergei
Plasmodium falciparum
Drosophila (A/B/C)
mouse
rat
human
rabbit
rat
human
rat
human

sheep
chicken J

99

Chloroplast

Glycosome

41

37 _{33

Isoform A

|
Isoform C Cytoso

Isoform B

Fig. 7 A class| fructose-1,6-bisphosphate aldolase gene tree. The
tree was constructed by the neighbor-joining method for the matrix
of numbers of amino-acid substitutions per site estimated with the
Dayhoff matrix option of PROTDIST in PHYLIP. Numbers at branch-
esindicate the bootstrap proportion for 100 replicates using the same
distance-estimation method. Sars at nodes indicate the presence of
possible gene duplications. The scale bar indicates 0.1 substitutions
per site; the length of the branch bearing the S. carnosus outgroup is
1.4. Compartmentalization of the respective gene product isindicat-
ed. Sequenceswere extracted from GenBank, Swissprot and PIR data
bases. Accession numbersare: Chlamydomonas chloroplast S48639,
Coleochaete chloroplast (R. Kémmerer unpublished), rice chloro-
plast D13513, pea chloroplast 1 S29047, pea chloroplast 2 S29048,
spinach chloroplast P16096, T. brucei PO7752, Arabidopsis cytosol
P22197, maize cytosol P08440, rice cytosol P17784, spinach cyto-
sol P29356, Euglena chloroplast X89768, Plasmodium berghei
A45610, Plasmodium falciparum P14223, Drosophila D10446,
mouse A J05517, rat A PO5065, human A P04075, rabbit A PO0883,
rat B P00884, human B P05062, chicken B P07341, sheep B S47540,
rat C P09117, human C P09972

Independent origins of chloroplast class-| FBAs
in Euglena and chlorophytes

Although class-| aldolases exist in both eubacteria and ar-
chaebacteria (Dhar and Altekar 1986; L ebherz and Rutter
1973; Londonand Kline1973; Stribling and Perham 1973),
only the eubacterial class-| aldolase from Staphylococcus
carnosus has been sequenced to-date (Witke and Gotz
1993). The S. carnosus class-| enzyme shares only about
25-30% identical residues with eukaryotic class-| FBAS.
Assuming that divergence between Staphylococcus and
eukaryotic FBA sequences does reflect eubacterial-eukar-
yotic divergence, genesfor chloroplast and cytosolic aldo-
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<<PDFPKDLKGVLDGNQVRTLFDFAQK + - KGFAIPAVNCTSSSTVNVVLERARDTHNPVIIQVSQGGAAF YCGKGVKDE - KLIASVDGSVALAHHVRAVAHTMA - - - P

S. pombe MGILDIV- - PTGVIAGDNVLKLFTYARE- - HGFAIPAINVTSSSTAIAALEAAREARSPIILQTSNGGAHFFAGKESSNE - GQKASIAGSIAAAHYIRSIAPFFG- - VP
S. cereviseae GVEQILKRKTGVIVGEDVHNLFTYAKE- - HKFATPAINVTSSSTAVAALEAARDSKSPIILQTSNGGAAYFAGKGISNE - GQNASIKGAIAAAHYIRSIAPAYG- - IP
Escherichia SKIFDFVK- - PGVITGDDVQKVFQVAKE - - NNFALPAVNCVGTDSINAVLETAAKVKAPVIVQF SNGGASF IAGKGVKSDVPQGAAILGAISGAHHVHQMAEHYG - - VP
Haemophilus MAKLLDIVK - - PGVVTGEDVQKVFAYAKE + - HNFATPAVNCVGSDSVNAVLETAARVKAPVIIQF SNGGAAFYAGKGIKPTSGTRPDVLGAIAGAKQVHTLAKEYG - - VP
Campylobacter MGVLDIVK - +AGVISGDELNKIYDYAKA - - EGFAIPAVNVVGTDSINAVLEAAKKVNSPVIIQF SNGGAKF YAGKNC PNGEVLGAISGAKHVHLLAKAYG:- - VP
Corynebacterium PIATPEVYNEMLDRAKE - - GGFAFPAINCTSSETINAALKGFAEAESDGIIQFSTGGAEFGSGLAV + + KNKVKGAVALAAFAHEAAKSYG- - IN
Rhodobacter 1 MALITLRQLLDHAAERLQGYGVPAFNINNMEQGLAILAAARACDAPVI - - ASRGARSYAGDIM: + ¢ v v v v v evvnn LRHIVEALAEMYP-QIP
Rhodobacter 2 MALITLRQLLDHAAE- - QGYGVPAFNINNMEQGLAIMEAARACDAPVIIQASRGARSYANDIM: ¢ ¢ v v v v v eevveees LAKMIEALAAIYP-EIP

Alcaligenes 1
Xanthobacter
Synechocystis
E. coli AgaY
E. coli Gaty

(N-AcGal)
(Galactitol)

MALISLRQLLDHAGE: - FGYGVPAFNVNNLEQIHAIMEAAEETDS PVILOASAGARKYAGEAY -
MALVSMRQLLDHAAD - - DSYGLPAFNVNNMEQVKAIMDAARATSSPVILOGSAGARKYAGEPF - .
MALVPMRLLLDHAAE+ - NGYGIPAFNVNNMEQI ISIMOAADETDSPVILQASRGARSYAGENF - « - «
MSIISTKYLLQDAQA - -NGYAVPAFNIHNAETIQAILEVCSEMRSPVILAGTPGTFKHIALEE - (3
MKMYVVSTKQMLNNAQR « - GGYAVPAFNIHNLETMQVVVETAANLHAPVIIAGTPGTFTHAGTEN -
B. subtilis OrfY (spoOF locus) MPLVSMTEMLNTAKE-: -KGYAVGQFNLNNLEFTQAILQAAEEEKSPVILGVSEGAGRYMGGFKT

- LRHMVLAAAETHP -DIP
-LRHLIAAAVEAYP-EIP
----- LRHLVLGAVETYP-HIP
----- IYALCSAYSTTY - -NMP
+LLALVSAMAKQY - - HHP
+ VVAMVKALMEEYKVTVP

B. subtilis B65C region MAFVSMKELLEDAKR + - EQYAIGQFNINGLOWTKAILQAAQKEQSPVIAAASDRLVDYLGGFKT + + « + « « + +++++IAAMVGALIEDMAITVP
Mycoplasma MLVNFKLMLQKAKL - - GKYAITPHININNYEWAKAVLTAANQANSPIIVSVSEGALKYMSGYSV s ¢ s v e v e veee v +VIPLVKGLIESLSVKVP
* *
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Euglena cytosol VVVHSDHCAKKLL-PWFDGMLDADGEIFCEHGVPLFSSHMLDLS:«« - -+ EENDEEDIGTCVKYFTRMAKLNLWLEMEIGMTGGVEDGVDNSG:= « « + « + - » VANDKLYT
S. pombe VVMHSDHCAKKLL - PAMDGMFEADEAYFKITHGEPLFSSHMLDLS « + + +EEPKKENIAQVKEYCKRAVPMKIWIEMEIGITGGEEDGVDNSH: « + « « + + -+ VSHTELYT
S. cereviseae VVLHSDHCAKKLL - PNFDGMLEADEAYFKEHGEPLFSSHMLDLS - - - - EETDEENISTCVKYFKRMAAMDQWLEMEIGITGGEEDGVNNEN - - ++ +ADKEDLYT
Escherichia VILHTDHCAKKLL - PWIDGLLDAGEKHFAATGKPLFSSHMIDLS - « -EESLQENIEICSKYLERMSKIGMTLEIELGCTGGEEDGVDNSH- - - *MDASALYT
Haemophilus VILHTDHAAKKLL - PWNIDGLLDAGEKHFAETGRPLFSSHMIDLS - « « « + - - EESMEENMAICREYLARMDKMGMTLEIEIGITGGEEDGVDNSD- - « « -VDESRLYT
Campylobacter VILHTDHAARKLL - PWIDGLIEANAQYKKTHGQALFSSHMLDLS: « « + + » « EESLEENLSTCEVYLQKLDALGVALEIELGCTGGEEDGVDNTG - - ++ «IDNSKLYT
Corynebacterium VALHTDHCQKEVLDEYVRPLLAISQERVDRGELPLFQSHMWDGS:- -« - - - AVPIDENLEIAQELLAKAKAANIILEVEIGVVGGEEDGVEAKA: « « +« - -« GAN- -LYT
Rhodobacter 1 ICLHQDH++++++++++++++GNNEATCLSAIRHGFTSVMMDGSLQADMKTVASYDYNVDITRRVTDAAHWVGASVEGELGVLGSLEKGEAEAEDGSGAEGKLDHSQMLT
Rhodobacter 2 LCMHQDH =« ¢« c v v v e evvee GNNEATCMTAIRHGFTSVMMDGSLKADAKTPADYDYNVDITARVSHMAHWVGASVEGELGVLGSLETGESEAEDGHGAEGKLDHSQLLT

+ -GSSPAVCQASIRSGFTSVMMDGSLREDMKTPSDYDYNVDVTRRVCEMAHAVGVSVEGELGCLGSLETGQAGEEDGVGAAGTLSHDMMLT
- -GASPAVCMGAIKSGFSSVMMDGSLKEDGKTPADYDYNVSVTAKVVELAHAVGVSVEGELGCLGSLETGKGEAEDGHGAEEALDHSKLLT

Alcaligenes 1 IVLHQDH - .

Xanthobacter VVMHQDH -

Synechocystis IAMHQDH - .

E. coli Agay LALHLDH - - -HESLDDIRRKVHAGVRSAMIDGS - - -

« + *HTKFDDIAQNLRSGVRSVMIDAS -

+ *GSSFESCAKATHAGFTSVMIDAS -
+ + -GSSAERCRQAIDAGFSSVMIDGS -
+ +G+-SYDACIQALQAGFSSVMFDGS -
*

* *
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B. subtilis OrfY VAIHLDH-
B. subtilis B65C VVLHLDH-
Mycoplasma VTLHLDH -
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« + « *HFPFAENVKLVKSVVDFCHSQDCSVEAELGRLGGVEDDMSVDAESA - + + + « + + + « +

+ *HLPFAQNISRVKEVVDFCHRFDVSVEAELGQLGGQEDDVQVNEADA - - -
« - HHPFEENVATTAKVVELAHFHGVSVEAELGTVGGQEDD- - VIAEGV - - -
+ *HQPIDENIAMTKEVTDYAAKHGVSVEAEVGTVGGMEDG+ - LVG -GV~ - +

SSEQVFAVHKALGAS - SPNFSIAAAFGNVHGVYKPGNVKLQPNLLKEHQDYARKQLSSSEDH - PLYLWFHGPS + ¢+ s e v e e e eeeeevcnnn GSTDAEIHEAVRNGVV

S. pombe QPEDIWDVYRELSSV - TPYFSIAAAFGNVHGVYKPGNVKLQPALLGQHQAYVKEQLKTTNDK - PVFFVFHGGS - +GSSVNEFRTGIKCGVV
S. cereviseae KPEQVYNVYKALHPI - SPNFSIAAAFGNCHGLY - AGDIALRPEILAEHQKYTREQVGCKEEK - PLFLVFHGGS - +-GSTVQEFHTGIDNGVV
Escherichia QPEDVDYAYTELSKI - SPRFTIAASFGNVHGVYKPGNVVLTPTILRDSQEYVSKKHNL - PHN - SLNFVFHGGS - -GSTAQEIKDSVSYGVV
Haemophilus QPSDVLYVYDQLHPV - SPNFTVAAAFGNVHGVYKPGNVKLKPSILGESQEFVSKERNL - PAK - PINFVFHGGS - -GSSREEIREAIGYGAT
Campylobacter QPEDVALAYERLGKI - SDKFSIAASFGNVHGVYKPGNVSLQPEILKNSQKFVKDKFALNSDK - PINFVFHGGS - . . +GSELKDIKNAVSYGVI
Corynebacterium SPEDFEKTIDAIGTGEKGRYLLAATFGNVHGVYKPGNVKLRPEVLLEGQQVARKKLGLADDALPFDFVFHGGS + v ccceccrcceeeens GSEKEKIEEALTYGVI
Rhodobacter 1 DPDQAVEFVQATRVD: « » » - ALATAMGTSHGAYKFSRKPDGEILAMRVIEEIHARLP: + « + + + ATHLVMHGSSSVAARLQDLINAHGADMPQTYGVPVEEIERGIRHGVR
Rhodobacter 2 DPDQAVDFVKKTQVD- - - - - ALAIACGTSHGAYKFSRKPDGEILAMSVIEATHKKLP- - - - - - DTHLVMHGSSSVPQELQDI INAFGGAMPQTFGVPVEEIVRGIKMGVR

Alcaligenes 1 DPAQARDFVARTGVD: - « « - ALATAIGTSHGAYKFSRKPTGDILAIDRIREIHEQIP: - + + -+ - DTHLVMHGSSSVPQEWLEIIRQYGGDIKETYGVPVEEILRGIKTGVR
Xanthobacter DPDEAAQFVKATQCD- - - - - ALATAIGTSHGAYKFTRKPTGDILAIDRIKAIHQRIP- - - - - - TTHLVMHGSSSVPQELLEEIRTYGGDIKETYGVPVEEIQEGIRYGVR
Synechocystis DPEEAVEFVNKTQVD- - - - - ALAVAIGTSHGAYKFTRKPTGEVLAISRIEEIHRLLP - - *NTHLVMHGSSSVPQEWIDMINEFGGAIPETYGVPVEEIQKGIKSGVR
E. coli AgaY DPQEAKRFVELTGVD- - - « - SLAVAIGTAHGLY - - + - SKT - PKIDFQRLAEI - REVV - + *DVPLVLHGAS s scceccveccenccccnne DVPDEFVRRTIELGVT
E. coli GatYy NPAQAREFAEATGID- - - - - SLAVAIGTAHGMY - - - - ASA - PVLDFSRLENTI - RQWV - - -NLPLVLHGAS- - - . + *GLSTKDIQQTIKLGIC
B. subtilis OrfY DPKECQELVERTGID- - - --CLAPALGSVHGPY- - - -KGE- PNLGFKEMEEI - GKST- - +GLPLVLHGGT - . ++ *GIPTADIKKSISLGTA
B. subtilis B65C DITECERIVKETNID----- ALAAALGSVHGKY - - - -QGE - PNLGFKEMEAT - SRMT - - -DIPLVLHGAS - . . -+ -GIPQDQIKKAITLGHA
Mycoplasma NVDECKQIASLKP:D- « - - -ALAAGIGNIHGIY: - - - PKNWKGLNFPLIETI+SKIT: -+« NLPLVLHGGS s s eeees +++++++GILENDVKKAISLGIC
* * k% ok * xx
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S. pombe KVNIDTDTQFAYVEGVRDYVLKYKDYLMTPVGNPEGADKPNKKKFDPRVWIHEGEKTMTKRVLTALEDFYTVNTL

S. cereviseae KVNLDTDCQYAYLTGIRDYVLNKKDYIMSPVGNPEGPEKPNKKFFDPRVWVREGEKTMGAKITKSLETFRTTNTL -
Escherichia KMNIDTDTQWATWEGVLNYYKANEAYLQGQLGNPKGEDQPNKKYYDPRVWLRAGQTSMIARLEKAFQELNAIDVL - «
Haemophilus KMNIDTDTQWASWNGILNFYKANEAYLQGQLGNPEGPDAPNKKYYDPRVWLRKMEESMSKRLEQSFEDLNCVDVL - «
Campylobacter KMNIDTDTQWAFWDGVREYELKNRAYLQGQIGNPEGDDKPNKKYYDPRVWLRSGEESMIKRLEIAFEDLNCINKN - - .
Corynebacterium KMNVDTDTHYAFTRPIVSHMFENYNGVL---- - KIDGEVGNKKAYDPRSYMKKAEQSMSERIIESCQDLKSVGKTTSK: « « - +

Rhodobacter 1
Rhodobacter 2
Alcaligenes 1
Xanthobacter
Synechocystis

KVNIDTDCRMALTGQFRKVAMESPKE: « « « «
KVNIDTDCRMAMTGQFRRIAQQTPSE- -
KVNIDTDIRLAMIGAIRKSLAEDRSE- -
KVNIDTDIRLAMTAAIRRVGAKNKSE- -
KVNIDTDNRLAITAAFREAAAKDPKN: - «
E. coli AgaY KVNVATELKIAFAGAVKAWFAENPQG:- - - «
E. coli Gaty KINVATELKNAFSQALKNYLTAHPEA - .
B. subtilis OrfY KINVNTENQISSAKAVRETLAAKPDE:: .- -
B. subtilis B65C KININTECMVAWTDETRRMFQENSDL: <=« ---
Mycoplasma

* *

Fig. 8 Alignment of class-Il FBA proteins. Gaps are indicated as
dots, strictly conserved residues in the alignment are indicated with
an asterisk. Sequenceswere extracted from GenBank, Swissprot and
PIR data bases. Accession humbers to sequences are Campylobac-
ter S52413, Corynebacterium P19537, Escherichia coli fba P11604,
Euglena X89769, Haemophilus P44429, S. pombe P36580, yeast
P14540, B. subtilis OrfY P13243, B. subtilis B65C P42420, E. coli
AgaY P42908, E. coli GatY P37192, Mycoplasma L43967, Alcali-
genes (plasmid) U12423, Rhodobacter 1 P27995, Rhodobacter 2
P29271, Synechocystis D64000, Xanthobacter U29134. “<” indi-
catesthat the start codon isnot contained in the Euglena cDNA clone

laseisoenzymesof higher plants presumably arosethrough
gene duplication very early in eukaryotic evolution. This
isin contrast to TPI, where the higher-plant chloroplast/
cytosol isoenzymes arose through gene duplication of the
cytosolic enzyme relatively late in early plant evolution
(Henzeet al. 1994; Schmidt et al. 1995), andisalsoin con-
trast to GAPDH wherethe chloroplast/cytosol isoformsare

KMNLDTDMQWAYWDGLRQFEAKKHDYLQGQIGNPEGPDKPNKNYYDPRKWIREAELGMLARVKVAFKAVELPGGLKEFIGIP

+++++FDARKFMIPAMKEMEALVRDRFERFGTAGNASKITVIPMDDMAKRYASGALDPAVATAKAA
+ FDPRKFLKPAMDAMRDLCKQRLEAFGTAGQAGKIRIIPMDDMAKRYASGALAPKTA - - - - -
+ FDPRKALLAAKKGARSVVKLRFEAFGCAGQASKIKPIAMEQLAQWYR * « « « = <« « ..
« « - - FDPRKFMAAAMEEAKKVC IARFEAFGSAGKAEKIRAIELDEMAKRYASGELAQVVH: - - « «
+ + + -FDPRHFLKPSIKYMKQVCADRYQQFWTAGNASKIKQLTLDDYAAKYAKGELTATSRTSVAV -
+ « + +NDPRYYMRVGMDAMKEVVRNKINVCGSANRISA
+ ++ +TDPRDYLQSAKSAMRDVVSKVIADCGCEGRA- -
++++YDPRKYLGPAREAIKETVIGKMREFGSSNQA- « -« « «
+ + « - YEPRGYLTPGIEAVEETVRSKMREFGSAGKAAKQQVG sees
KLNINTECQLAFAHEIRKYIESNKDLDLNKKG:® « + + ¢ s o e e v YDPRKLLKEPTQAIVDTCLEKIDLCGSRNKA: « ¢ ¢ ¢ e e v e e
*

related by duplication in eubacterial genomes (Martin
et al. 1993). A number of later gene duplications (Fig. 7)
have occurred in vertebrates (A, B, and C isoforms) and in
higher plants (Kukita et a. 1988; Razdan et al. 1993).

Despite some unclarified problems, one important con-
clusion can bedrawn. Chloroplast-localized forms of FBA
arose twice during evolution: one in the lineage of chloro-
phytes and another in the lineage of Euglena because of
their extensive separation in the gene tree (Fig. 7). And,
notably, neither of these chloroplast enzymesis likely to
be of cyanobacterial origin, because all cyanobacteria an-
alyzed to-date were found to possess class-1l FBAs (Rut-
ter 1964; Antia 1967; Schnarrenberger et al. 1992).

Class-1l1 FBA: aeubacterial gene family

Class-11 aldolases have long been known to be distributed
in Euglena, numerous fungi, numerous eubacteria and ar-
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Class Il Aldolase Gene Tree and Gene

Taxon or
Compartment

Gene cluster Gene Product Fuction

93 Haemophilus } k-fba )
) y-proteo P9
Type A 98 E E. coli gap-pgk-fba Fructose-1,6-P,-
Class Il w00 | — Campylobacter e-proteo  fba .
Aldolase . aldolase in
GE Schizosaccharomyces > lycolysis and
100 Saccharomyces cytosol gy )
97 e gluconeogenesis
——=====__ Euglena gracilis
Corynebacterium HGC g+ fba y
* . .
B. subtilis fbat spoOF-cluster  n.d. (sporulation?)
B. subtilis B65¢ LGC g+ B65-region n.d. (deoxyribose aldolase?)
Mycoplasma fba n.d.
‘ _1_og_[:' E. coli gatY |Tagatose- Y-proteo gat-cluster Galactitol utilization
* E. coli agay J 1.6-P, aga-cluster N-AcGal metabolism
Type B - p n.d.
Class Il * N Synechocystis cyano ba
Aldolase °’ * [— Rhodobacter?2 fop-prk-tkl-gap-foa-rbcL(ll) | pryctose-1,6-P,,-
P00 Rhodobacter 1 o-proteo  fpp-prk-fba-rbcL(1)-rbcS aldolase in
0.1 120 Xanthobacter tkl-fba-rpe the Calvin cycle
- ——  Alcaligenes B-proteo  *-tkl-cfxZ-gap-pgk-fba

Fig. 9 A class-l fructose-1,6-bisphosphate aldolase genetree. The
tree was constructed by the neighbor-joining method for the matrix
of numbers of amino-acid substitutions per site estimated with the
Dayhoff matrix option of PROTDIST in PHYLIP. Numbers at branch-
esindicate the bootstrap proportion for 100 replicates using the same
distance estimation method. Stars at nodes indicate the presence of
possible gene duplications. The scale bar indicates 0.1 substitutions
per site. Gene-cluster information and the function of the encoded
product where available is indicated. The accession numbers to se-
guences are given in the legend to Fig. 8. The plasmid and chromo-
somal copiesof fbafrom Alcaligenesarenearly identical in sequence,
but only the plasmid sequence is shown here. N.d. not determined.
An asterisk in the Alcaligenes operon structure indicates the pres-
ence of six additional genes for enzymes of the Calvin cycle which
are not shown here. The sequences encoded in eukaryotic genomes
are indicated in open branches

chaebacteria (Dhar and Altekar 1986; Schnarrenberger
et al. 1992). In order to examine the evolutionary history
of class-1l FBAs, we aligned sequencesfor eubacterial and
eukaryotic class-11 FBAsand related enzymes (Fig. 8) and
constructed a tree of their gene evolution.

Several gene duplications for class-Il FBAs occurred
during eubacterial evolution (indicated with stars in the
Fig. 9). One of them involved the common ancestor of
gram-positive and proteobacteriaand led to the separation
of two families of class-1l FBA enzymes, designated here
astype“A” and type “B” class-1l FBAs (Fig. 9). Amino-
acid sequenceidentity between thetype A and typeB class-
Il FBA enymes is of the order of 25-30% in individual
comparisons, whereas within type A and type B compari-
sonsit is of the order of 40% (data not shown).

ThetypeA class-I| FBA enyzmes encompass those that
have been characterized to-date from the three eukaryotes
studied, Corynebacterium, and y- and &-proteobacteria.

For the type A class-1l FBA enzymes surveyed here, the
function of the encoded product is known to be fructose-
1,6-bisphosphate aldolase (Alefounder and Perham 1989;
Schwelberger et al. 1989; Mutoh and Hayashi 1994; Cen-
atiempo and Fauchere 1995). By contrast, only those type
B class-II FBA genes that are found in the Calvin-cycle
operons of photautotrophic proteobacteria are known to
encode fructose-1,6-bisphosphate aldolase (Tabita et al.
1993). Several of theother eubacterial typeB class-I| FBA-
related proteins have other functions, e.g. tagatose-1,6-
bisphosphate-accepting aldolases (Lengler 1977; Noble-
mann and Lengler 1995; Reizer et al. 1996) or deoxyribose
aldolase activity (Yoshida et al. 1994). Because the spe-
cific fructose-1,6-bisphosphate aldolase function is found
among both the type A and type B enzymes, it seems that
fructose-1,6-bisphosphate aldolase activity was the origi-
nal function of the type A and type B enzymes.

This gene phylogeny indicates that class-1l FBA en-
zymes existed as a eubacterial gene family very early in
evolution and underwent acomplex series of recurrent du-
plication events, similar to those found in Rubisco (Mar-
tin et al. 1992) and GAPDH (Henze et al. 1995) gene ev-
olution. Furthermore, differential loss has obviously also
occurred in eubacterial class-11 FBA gene evolution, since
the compl ete Haemophilus genome does not encode atype
B class-Il FBA and the complete Mycoplasma genome
does not encode type A.

Eukaryotic class-I| FBA genes:
endosymbiotic rather than “horizontal” transfer

For class-11 FBA, it was contended that the possession of
a gene for class-Il aldolase in S. cereviseae represents a
“likely” example of “horizontal transfer of atype Il ado-



lase gene from some eubacterium to yeast” (Smith et al.
1992). Theevolutionary treefor theseenzymesreveal sthat
no inter-kingdom horizontal transfer event of the type en-
visaged, i.e. from bacteria to yeast, has occurred. Rather,
the topolgy of Fig. 9 very clearly indicates that the com-
mon ancestor of Euglena and the two ascomycetes simply
possessed a gene for aclass-I| FBA.

The position of the eukaryotic class-1l FBA genesas a
branch in the eubacteriais highly reminiscent of the situ-
ation found for eukaryotic GAPDH (Henze et al. 1995),
eukaryotic fructose-1,6-bisphosphatase genes (Martin et
al. 1996) and plant PGK genes (Brinkmann and Martin
1996), and thegenefor class-11 FBA might havebeentrans-
ferred from eubacteriato eukaryotes by an endosymbiotic
event. The position of the three eukaryotic sequences in
the eubacterial tree furthermore suggeststhat these nuclear
genes were transferred to the nucleus during the process
of mitochondrial (rather than plastid) origins. Finally, the
fact that Euglena possesses a cytosolic class-1l FBA,
whereas the “homolog” from kinetoplastids is a class-|
FBA enzyme, suggests that their common ancestor pos-
sessed both class-I and class-11 FBAS, and that differential
loss of the genes for these enzymes has occurred during
the evolution of these two eukaryotes.

Chloroplast and cytosolic fructose-1,6-bisphosphateal -
dolases of Euglena are thefirst pair of chloroplast-cytosol
isoenzymes that share no evolutionary relationship at all.
Thisisin sharp contrast to chloroplast-cytosol isoenzymes
of sugar-phosphate metabolism of higher plants, which are
known to be related by gene duplications (Schnarren-
berger and Martin 1997). The class-I| FBA enzymes of
Euglena and the two ascomycetes studied here appear to
have been subject to endosymbiotic gene transfer from the
antecedantsof mitochondriaduring the course of endosym-
biosis. The contemporary chloroplast-localized class-|
FBA enzymes of higher plants and Euglena arose indepen-
dently in evolution, but the ultimate origin of Euglena’s
nuclear genefor chloroplast class-1 FBA could not be clar-
ified. However it seems most likely to have been recruited
via duplication of the gene for the cytosolic FBA of the
chlorophyte endosymbiont. But still a third independent
origin of chloroplast-localized FBA must have occurred
during evolution: the cyanelles (plastids) of Cyanophora
paradoxa possessaclass-I1 FBA (Grosset al. 1994), asdo
cyanobacteria.
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