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Abstract The evolutionary histories of the 12 enzymes
that catalyze the reactions of the Calvin cycle in higher-
plant chloroplasts are summarized. They are shown to be
encoded by a mixture of nuclear genes of cyanobacterial
and proteobacterial origin. Moreover, where cytosolic i so-
forms of these enzymes are found they are almost invari-
ably encoded by genes of clearly endosymbiont origin. We
infer that endosymbiosisresultedin functional redundancy
that was eliminated through differential geneloss, within-
truding eubacterial genes repeatedly replacing pre-exist-
ing nuclear counterparts to which they were either func-
tionally or structurally homologous. Our findings fail to
support the * product-specificity corollary’, which predicts
re-targeting of nuclear-encoded gene productsto the orga-
nelle from whose genome they originated. Rather it would
appear that the enzymes of central carbohydrate metab-
olism have evolved novel targeting possibilitiesregardless
of their origins. Our findings suggest a new hypothesis to
explain organelle genome persistence, based on the test-
ableideathat someorganell e-encoded gene products might
be toxic when present in the cytosol or other inappropri-
ate cellular compartments.
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Introduction

The Calvin cycle (reductive pentose phosphate, photosyn-
thetic carbon reduction, Calvin-Benson-Bassham, Ben-
son-Calvin, or CBB cycle) isthemajor routethroughwhich
carbon enters metabolism in many eubacteria. It isstill the
only pathway of CO, fixation known in eukaryotes (Cal-
vin 1956). Several reviews covering various aspects of the
Calvincyclein higher plantshave appeared in recent years,
including general biochemistry (Macdonald and Buchanan
1990), regulation of enzyme activity by light through the
ferredoxin/thioredoxin system (Woodrow and Berry 1988;
Scheibe 1990; Buchanan 1991; Wol osiuk et al. 1993), diur-
nal regulation (Geiger and Servaites 1994), and C4 photo-
synthesis (Nelson and Langdale 1992). Rubisco itself has
been the subject of several recent reviews (Portis 1992;
Spreitzer 1993; Gutteridge and Gatenby 1995).

In higher plants and photosynthetic protists, the en-
zymes of the cycle are localized in the stroma of plastids,
wherethey catalyzelight-driven CO, fixation just asin eu-
bacteria. The reactions that constitute the Calvin cyclein
spinach are summarized in Fig. 1. CO, fixed in chloro-
plasts as triose phosphate is exported in many plants, pri-
marily as glyceraldehyde-3-phosphate (GA3P), to the cy-
tosol in exchange for phosphate viathe phosphate transl o-
cator (Stitt 1990; Fligge and Heldt 1991), the major pro-
tein of the chloroplast envelope (Fliigge et al. 1991). Inthe
cytosol, GA3P can inter alia enter the glycolytic pathway
for ATP synthesisin mitochondriaviaoxidative phosphor-
ylation, or enter the gluconeogenetic pathway for the syn-
thesis of transport forms such as sucrose to meet the ener-
gy and storage needs of cells in other organs and tissues.
Of the 11 enzymes involved in the cycle in spinach plas-
tids, five haveisoformsoccurring intheglycolytic and glu-
coneogenetic pathways of the cytosol. The scheme of com-
partmentation in Fig. 1 is only valid for spinach leaves
(Schnarrenberger et a. 1995; Martin et al. 19964). It does
not summarize data concerning the complete and partial
glycolytic pathwaysin plastids from other sources and tis-
sues (reviewed by Plaxton 1996). It can also not be gener-
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Figure1l Enzymes of the Calvin cycle in spinach chloroplasts and
their cytosolic homologues. Enzymes regulated through the thiore-
doxin system are indicated. Suggested evolutionary origins for the
nuclear genes are color-coded. Enyzme abbreviations are; FBA fruc-
tose-1,6-bisphosphate aldolase; FBP fructose-1,6-bisphosphatase;
GAPDH glyceraldehyde-3-phosphate dehydrogenase; PGK 3-phos-
phoglycerate kinase; PRI ribose-5-phosphate isomerase; PRK phos-
phoribulokinase; RBC ribulose-1,5-bisphosphate carboxylase/oxy-
genase; RPE ribul ose-5-phosphate 3-epimerase; SBP sedoheptul ose-
1,7-bisphosphatase; TKL transketolase; TPI triosephosphate isome-
rase; PT phosphatetransl ocator. Substrate/product abbreviationsare:
Rul,5P, ribulose-1,5-bisphosphate; 3PGA 3-phosphoglycerate;
1,3DPGA 1,3-diphosphoglycerate; GA3P glyceraldehyde-3-phos-
phate; DHAP dihydroxyacetone phosphate; F1,6P, fructose-1,6-
bisphosphate; F6P fructose-6-phosphate; E4P erythrose-4-phos-
phate; Xu5P xylulose-5-phosphate; Sul,7P, sedoheptulose-1,7-
bisphosphate; Su7P sedoheptul ose-7-phosphate; R5P ribose-5-phos-
phate; RuSP ribul ose-5-phosphate. Open arrowheads indicate trans-
port rather than conversion. Solid arrowheads indicate physiologi-
cally irreversible reactions

QO Activated by light via thioredoxin system

alized to other plants, because compartmentation can vary
dramatically across species. Chlamydomonas, for exam-
ple, does not possess a glycolytic pathway in the cytosol;
rather it occurs only in plastids (Schnarrenberger et al.
1990, 1994).

The pathway has been studied extensively in several
photosynthetic eubacteria including Rhodobacter sphae-
roides (Gibson et al. 1990, 1991; Qian and Tabita 1996),
Alcaligenes eutrophus (Kusian et al. 1992, 1995; Schéfer-
johann et al. 1995; Bommer et al. 1996) and Xanthobacter
flavus (Meijer et al. 1996). These organismsencode the en-
zymes of the pathway in cbb operonsthat vary in structure
across species, and appear to be under the common regu-
lation of the cbbR gene product, a member of the LysR
family of transcriptional activators (Windhovel and Bo-
wien 1991; Gibson and Tabita 1993). In the completely se-
gquenced genome of the cyanobacterium Synechocystis
PCC6803 (Kaneko et a. 1996) this operon organization is
not conserved at all, the genes for Calvin enzymes being
dispersed throughout the chromosome. Whether or not



cyanobacterial cbb genes constitute aregulon is unknown
(Tabita 1994; Gibson and Tabita 1996), though Synecho-
cystis notably does encode two homologues of cbbR. The
genetics of the Calvin cycle and its regulation in eubacte-
ria have been reviewed by Tabita (1994) and Gibson and
Tabita (1996).

A complete Calvin cycle has not been described for any
member of the archaebacteria, where the reverse citric
acid cycle, the acetyl-CoA pathway, and the 3-hydroxy-
propionate pathway are used for carbon fixation (Beh
et a. 1993; Schdnheit and Schéfer 1995; Ishii et al. 1996).
There have been reports of key Calvin-cycle enzymesin
halophilic archaebacteria (Altekar and Rajagopal an 1990;
Rajagopalan and Altekar 1994), and the recently sequenced
Methanococcus jannaschii genome (Bult et al. 1996) con-
tains a homologue of the large subunit of Rubisco that is
thought to be specific for the pathway. These are interest-
ing findings, but there is currently insufficient evidence to
conclude whether some archaebacteria may have a com-
plete, a partial, or amodified Calvin cycle.

In several previous contributions we have reported on
the evolutionary history of individua higher-plant
Calvin-cycle enzymes in the context of the endosymbiot-
ic theory. The evolution of the pathway as awhole has not
been previously addressed. The purpose of the present re-
view isto summarize as briefly as possible the principles
that have become evident from an investigation of the ev-
olution of eukaryotic Calvin-cycle enzymesin the context
of endosymbiotic theory.

Endosymbiotic gene transfer
and the product-specificity corollary

The Calvin cycle is a chloroplast pathway, but genes for
only one of its enzymes, Rubisco, can be found in plastid
DNA, the remainder being encoded in the nucleus. A gen-
eral working hypothesis exists for the evolution of nucle-
ar-encoded genes for chloroplast enzymes. It is known as
the product-specificity corollary to the endosymbiotic the-
ory. It was explicitly and elegantly formulated by Weeden
(1981). Dueto itsrobustness, it has undergone only minor
modification over the years to account for newer findings
(Martin et al. 1990, 1993a). It postul ates that the genes for
chloroplast-specific enzymesweretransferred fromthege-
nome of the cyanobacterial progenitor of plastidsto the nu-
cleus during the course of evolution. Once there, they are
thought to have come under the regul atory hierarchy of the
nucleus and to have acquired a transit peptide, with the
help of which the encoded proteins have been re-imported
into the organelle of their genetic origin (product specific-
ity) ever since. The product-specificity corollary thus pre-
dicted that nuclear-encoded chloroplast proteins should re-
flect a cyanobacterial origin. It was formulated, however,
on the basis of evidence from chloroplast-cytosol isoen-
zymes, and it carries one further important and often ne-
glected prediction, namely that the cytosolic isoenzymes
should reflect the history of the host cell under the endo-
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symbiotic theory. Numerous cases of nuclear-encoded
chloroplast proteins have been reported that confirm the
first prediction, but the second prediction remained untest-
able for many years. Thisis because any test of the prod-
uct-specificity hypothesisrequires not only (1) an internal
reference system, i.e. acytosolic isoenzyme against which
to contrast the evolutionary history of the chloroplast en-
zyme, but also (2) anull hypothesis for the expected evo-
Iutionary origin of both proteins. For chloroplast proteins,
the expected originisobvious: cyanobacteria. For cytosol-
ic proteins, the expected origin is not at all obvious (Mar-
tin 1996, 1997), a topic that is considered in the section
that follows.

What are the origins of the nucleus
and cytosol under the endosymbiotic theory?

There is still no generally accepted answer to this ques-
tion, and views on the evolutionary history of the eukar-
yotic nucleocytoplasm are in a state of flux. The prevalent
view of the 1980s, that three independent urkingdoms of
life, archaebacteria, eubacteriaand eukaryotes, descended
directly from the last common ancestor, is gradually giv-
ing way to the view that the core genetic apparatus (pro-
teins of transcription and translation) in archaebacteriaand
eukaryotes share a more recent common ancestor that ei-
ther does with eubacteria (Doolittle and Brown 1994;
Brown and Doolittle 1995; Doolittle 1996). This notion
can be traced to molecular phylogenetic studies of archae-
bacterial RNA polymerases, translational elongation fac-
tors and other proteins, carried out during the late 1980s
(Gogartenetal. 1989; Iwabeet a. 1989; Pihler et al. 1989;
Zillig et al. 1989; Zillig 1991), and is supported by more
recent findings (Keeling and Doolittle 1995; Langer et al.
1995; Baldauf et al. 1996). If thisnotionistrue, thenit may
be asked whether “primitive” eukaryotes that lack mito-
chondriaare properly regarded as direct descendants of ar-
chaebacterial ancestors that never harbored organellar
symbionts (Cavalier-Smith 1993). If so, they can be as-
sumed to represent a“ pristine” eukaryotic nuclear genome
as the standard for phylogenetic comparison. This simple
proposition isprobably untrue, however, because casesare
rapidly becoming known in which (by the measure of
rRNA phylogeny) ‘early branching’ amitochondriate eu-
karyotes have been found to possess nuclear genesthat are
very likely of mitochondrial origin (Clark and Roger 1995;
Henze et al. 1995; Keeling and Doolittle 1997). More im-
portantly, dataare accumulating which indicate acommon
evolutionary origin of mitochondria and hydrogenosomes
(Bui et al. 1996; Germot et al. 1996; Horner et al. 1996;
Roger et al. 1996), the double-membrane bound, DNA-
lacking, ‘powerhouse’ of many amitochondriate eukar-
yotes' (Miller 1973, 1988, 1993, 1996).

1 Hydrogenosomes (discovered by Miiller) arethe only double-mem-
brane-bound organelles known in eukaryotes that lack DNA and are
thus highly relevant to the endosymbiotic theory. They are found in
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A. Explicit prediction (idealized) of the product specificity corollary

B. Schematic gene tree expected for idealized case in A
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Figure2A, B An explicit formulation of the product-specificity
corollary under the working hypothesis that the nuclear lineage of
eukaryotes is of archaebacterial ancestry. A an idealized case of the
product-specificity corollary for an enzyme common to all partici-
pantsin the (primary) endosymbiotic seriesleading to photosynthet-
ic eukaryotes. N, nucleus; P, plastids; M, mitochondria. The figure
isintended to underscore redundancy of gene products as a result of
endosymbiosis under the working hypothesis (see text). No attempt
is made to explain the origin of membranes. It is not suggested that
this scenario of evolutionary compartmentation is correct. The fig-
ure merely states in explicit terms the assumption that is implicitly
accepted in many formul ations of the symbiont hypothesis. Weeden's
product-specificity corollary has been very robust for explaining the
evolution of most chloroplast proteins. But its predictions fail for
cytosolic proteins (see text) B schematic gene phylogeny expected
for the idealized casein A

Such findings lend strength to the salient argument
(zZillig 1989; Zillig et al. 1991) that the eukaryotic nucle-
us may have been a hybrid of archaebacterial and eubac-
terial genesfrom the very beginning. However, in contrast
to Zillig'soriginal view that a‘fusion’ event between aeu-
bacterium and an archaebacterium gave rise to a nucleus-
containing eukaryote ancestor prior to mitochondrial ori-

amitochondriate eukaryotes, both in early branching protists and in
secondarily amitochondriatefungi and ciliates. Asarulethey import
pyruvate from cytosolic glycolysisand fromit produce ATP, acetate,
CO, and H,; but variations on that theme are known. They occur on-
ly in amitochondriate protists with Type-1l extended glycolysis,
whereas amitochondriate protists that possess no hydrogenosomes
use Type-l extended glycolysis. Both Type-l and Type-Il extended
glycolysis differ markedly from the classical glycolytic pathway of
mitochondriate eukaryotes (Mller 1973, 1988, 1993, 1996)
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Three most likely origins of nuclear genes for
Calvin cycle, glycolytic, and gluconeogenetic eznymes.
Where do the nuclear genes come from?

Does gene origin correspond with protein compartment?

gins (favored by Gupta and Golding 1996), current data
would no longer require as a corollary the assumption that
the presumed archaebacterium which associated with the
mitochondrial/hydrogenosomal symbiont possessed eu-
bacterial genes prior to that event. Thisview is still quite
speculative and almost certainly too simple to be correct,
but despiteitssimplicity it can account for avariety of oth-
erwise puzzling findings, including the phylogenetic dis-
tribution of hydrogenosomes among eukaryotic crown
groups (Muller 1996), much data from comparative ge-
nomics (Doolittle 1996), and complex phylogenies of nu-
clear genesfor enzymesof carbohydrate metabolism (Mar-
tin 1996).

Thus, for the sake of structuring an unwieldy problem,
the oversimplified view is embraced in this paper (as a
working hypothesis) that eukaryotic nuclear genes may be
either archaebacterial or eubacterial. If eubacterial, then
they may be either mitochondrial (a-proteobacterial) or
plastidial (cyanobacterial) in origin. This simple working
hypothesisfor the origin of nuclear genes and endosymbi-
otic gene transfer with re-import of the encoded protein to
the compartment that donated the gene is summarized in
Fig. 2 for a protein that was common to all prokaryotes
that participated in the evolution of the eukaryaotic cell, as
isthe case for several enzymes common to the Calvin cy-
cle, glycolysis, and gluconeogenesis. It is obviously much
too simple to be anywhere close to correct, but it is an ex-
plicit hypothesis for the evolutionary origin of nuclear
genes for mitochondrial, chloroplast and cytosolic pro-
teins, something that we have not had in the past. It mere-
ly takes awidely —and often implicity — accepted assump-
tion under endosymbiotic theory (contemporary compart-



mentation of proteinsin the cell should reflect their ances-
tral compartmentation sensu Weeden) and extendsit to the
cytosol, taking into account findingsthat i mplicate archae-
bacteria as the source of several nuclear and cytoplasmic
proteins of the genetic apparatus. Figure 2 is not an answer
to aquestion, rather it is the simplest explicit formulation
of a question that was impossible to ask in the absence of
agood theory for the origin of the nucleocytopl asmic com-
ponent of eukaryotes: what do we expect the evolution of
cytosolic enzymes to reflect under endosymbiotic theory?

The foregoing considerations contain many unknowns,
and the hypothesis in Fig. 2 (which makes no attempt to
account for the history of eukaryotic membrane systems)
is certainly debatable. But without such an explicit struc-
ture, the gene phylogeni esthat have been observed for Cal -
vin-cycle enzymes and their cytosolic homologues would
bealtogether uninterpretable. If theworking hypothesisfor
nuclear originsin Fig. 2 is completely incorrect, many of
the argumentsin this paper fail and our findings must then
be re-interpreted on the basis of other premisses. Howev-
er, as we will see, Fig. 2 can account fully for the origins
of the nuclear genes considered here but, importantly, the
product-specificity corollary cannot account for the com-
partmentation of the encoded gene products. The product-
specificity corollary will be shown to fail in a sufficient
number of specific examples of functional redundancy
through symbiosis to suggest that it should be abandoned
as the a priori expectation for the evolution of the com-
partmentation of enzymesthat were common to symbionts
and hosts.

So why draw a picture of a 16-year-old hypothesis
only to dismantle it? Simply because many aspects of
Weeden’'s elegant hypothesis were so thoroughly argued
and are still so compelling that it is widely assumed to be
correct (e.g. Palmer, 1997). It is deeply engrained in cur-
rent views of eukaryotic evolution and endosymbiosis,
though implicitly so (Martin 1997). To provide a current
exampl e, the sole basisfor the argumentsderived from mo-
lecular data that support a common evolutionary origin of
hydrogenosomes and mitochondria (cited above) existsin
Weeden’s hypothesis. The hsp10, hsp60 and hsp70 data
suggest that amitochondriate protists possessed mitochon-
dria. The logical link between mitochondria and hydro-
genosomes on the basis of that data is an unproven prem-
ise: the product-specificity corollary. It does hold in many
cases, but equally it does not hold in many others. It has
been taken for granted for many yearsthat it has somehow
been proven; but that is not the case. We do not doubt for
a minute that hydrogenosomes and mitochondria share a
commom ancestor, biochemical data support that view
even in the absence of molecular data (Mller, 1996). But
in an age of symbiotic theory, where the phylogeny of or-
ganelles that do not possess DNA is being inferred from
the phylogeny of the proteinsthat they contain, it is essen-
tial to inspect the model more critically, lest it lead us cat-
astrophically astray. Furthermore, compartmentalised pro-
teins in protists of secondary symbiotic origin add a di-
mension to the problem which Weeden could not have been
aware of (Maier 1992; Henze et al. 1995; van de Peer
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et al. 1996, McFadden et al. 1997). For these reasons, the
model has been explicitly re-formulated in Fig. 2 so that
its merits may be examined.

The Calvin cycle: a pathway of pieces
(was it ever together?)

The evolution of the Calvin cycle as a whole (the path-
way), consisting of parts (enzymes), can be expressed in
general terms as follows. The history of the whole is the
sum of the histories of the parts but, in different prokar-
yotes and eukaryotes, neither are the histories of the parts
identical, nor arethe samepartsemployedinall cells. What
is conserved in the Calvin cycle across the tree of lifeis
the set of substrate conversions given in Fig. 1. The en-
zymes that catalyze these conversions in two organisms
may be orthologues, paralogues, or structurally unrel ated.
Such proteins, functionally equivalent but structurally un-
related (or nearly so), are known as class-l/class-1l en-
zymes. Several such examples will be encountered.

Because of their very different histories, the only mean-
ingful way to approach nuclear Calvin-cycle genes from
an evolutionary standpoint is to address each enzyme in-
dependently and consider the known diversity of its coun-
terparts from eubacteriaand, where applicable, archaebac-
teria. The following sections cannot possibly more than
scratch the surface of the vast literature for each enzyme.
The sections are intended to provide the reader accessto a
few recent papers on the evolution each enzyme, and to
formulate, where possible, a current hypothesis for the
evolutionary origin of the eukaryotic nuclear genesin the
context of endosymbiosis, noting the compartmentation
and evolution of functionally redundant homol ogues. Tak-
en together, this will enable the reader to recognize the
complexities inherent in the problem.

Ribul ose-1,5-bisphosphate carboxylase/oxygenase

Rubisco (EC 4.1.1.39) catalyzes the initial CO, fixation
step of the Calvin cycle (for details of catalysis, see Gutte-
ridge and Gatenby 1995). Rubisco is the only enzyme of
the Calvin cycle which is still encoded — at least in part —
in chloroplast DNA (cpDNA). Two structurally and evo-
lutionarily distinct types of Rubisco are known. Class-I (or
form-I) Rubisco hasanative M, of about 560 kDaand con-
sists of eight large subunits (LSU, M, approximately
55 kDa each, rbcL gene) and eight small subunits (SSU,
M, approximately 15 kDa each) to comprise the L gSg ho-
loenzyme. Class-11 Rubisco consists only of large subunits
of M, approximately 55 kDa each (L,_g holoenzyme)
(Tabita 1994; Gibson and Tabita, 1996). This subunit pos-
sesses several indelsrelative to the large subunit of class-|
Rubisco and shares about 30% amino-acid identity with
the latter, indicating that they share a common ancestor.
The class-| LgSg enzyme is typical of photosynthetic
eukaryotes, cyanobacteria, and numerous other eubacteria.
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Within class-1 Rubisco enzymes, a distinct dichotomy at
the amino-acid-sequencelevel into ‘red’ type (R-type) and
‘green’ type (G-type) class-| Rubiscoisfound. R-type Ru-
bisco derives its name from the fact that members of this
class-| gene family are typically found in the cpDNA of
red algae (rhodophytes) and in protists that derive their
plastids from rhodophytes via secondary endosymbiosis.
cpDNA-encoded R-type Rubisco operons also encode the
small subunit (RbcS). G-type Rubisco derives its name
from the fact that this gene family of the class-I enzymeis
found in cyanobacteria and chlorophytes.

The deep dichotomy between R-type and G-type Ru-
bisco is the result of an ancient gene duplication that in-
volved both the large and small subunits in the common
ancestor of contemporary eubacteria, followed by diffe-
rential gene losses during the course of bacterial evolution
and endosymbiosis (Martin et al. 1992, 1993b). The ex-
treme discordance between bacterial phylogeniesbased on
rRNA and rbcL gene evolution across and within the R-
type and G-type families suggests that some lateral trans-
fer of Rubisco genes between eubacteria might have oc-
curredin evolution (Assali et al. 1991; Morden et al. 1992;
Palmer 1995; Delwiche and Palmer 1996). The Rubisco
sequences recently reported from the marine cyanobacte-
rium Synechococcus sp. strain WH7803 (Watson and Ta-
bita 1996) raise the question of whether Rubisco is truly
subject to rampant lateral transfer, or whether we are just
beginning to see the tip of an iceberg of the functional di-
versity of this enzyme among autotrophic photosynthesi z-
ers, the underlying biochemical and genetic basis of which
isnot yet fully understood. Conservatively interpreted, the
extent of Rubisco diversity observedin eubacteriasuggests
that the latter may be the case (Watson and Tabita 1996).

Members of the R-type class-1 Rubisco family share ap-
proximately 70-80% amino-acid identity between large
subunits, whereas identity between R-type and G-type
RbcL sequences is of the order of 50-60%. No organism
iscurrently known which possessesboth R-typeand G-type
class-| Rubisco enzymes. With the exception of Cyano-
phora paradoxa, where rbcSis cpDNA-encoded (Starnes
et al. 1985; Stirewalt et al. 1995), the small subunit of
G-type Rubisco is nuclear encoded in all eukaryotes stud-
ied to-date. The cyanobacterial and Cyanophora reference
sequences make it evident from molecular phylogenies
(Martin et al. 1992; Delwich and Palmer 1996) that the
rbcS gene has been straightforwardly transferred to the
nucleus during the course of chlorophyte evolution. How-
ever, when the early gene duplication in eubacteria, sub-
sequent differential geneloss, and possible lateral transfer
of class-1 Rubisco genes between eubacteriaare taken into
account, arelatively complex picture of rbcS gene evolu-
tion on its way to the nucleus for function in the higher-
plant Calvin cycle emerges, as schematically summarized
inFig. 3.

Prior to fixation in the nucleus, transferred genes must
acquire atransit peptide in order to replace the function of
the organellar copy. The transit-peptide-coding region of
nuclear RbcS genesis separated in many species from the
region encoding the mature subunit by an intron, suggest-

ing that exon shuffling may have played arole in the ac-
quisition of the transit-peptide (Wolter et al. 1988). A par-
ticularly clear example of exon shuffling in the acquisition
of transit peptideswasrecently reported (Long et al. 1996),
but it is still not known whether exon shuffling is the ma-
jor mechanism of transit-peptide acquisition in plants.

Curiously, the M. jannaschii genome (Bult et al. 1996)
encodes ahomologue for aclass-1 RbcL subunit, but does
not encode an identifiable rbcS gene, nor doesit contain a
recognizeable homologue of either class-1 or class-11 phos-
phoribul okinase (see below) to generate the ribulose-1,5-
bisphosphate substrate. The Methanococcus rbclL se-
guence is an outgroup to both R-type and G-type class-|
homologs, as depicted schematically in Fig. 3; but the
function of the encoded protein is unknown.

Asalast note on class-| Rubisco, the nuclear rbcS gene
of Euglena gracilis encodes a polyprotein consisting of
eight concatenated, nearly identical, rbcS subunitsthat are
imported into the chloroplast with the aid of asingletran-
sit peptide. Upon import, the polyprotein is proteolytical -
ly cleaved to release the mature subunits for assembly of
the enzyme (Chan et al. 1990; Tessier et al. 1995). Poly-
protein precursor import has only been observed in eukar-
yotes of secondary symbiotic origin.

Class-I| Rubisco, with two very notable and well-doc-
umented exceptions, is found only in proteobacteria. The
exceptions are nuclear-encoded class-11 Rubisco in the di-
noflagellates Gonyaulax (Morse et a. 1995) and Symbio-
dinium (Rowan et al. 1996) — photosynthetic protists with
complex plastids. Thisisin contrast to all previously stud-
ied photosynthetic eukaryotes, where the large subunit of
Rubisco is cpDNA-encoded. Like RbcS of Euglena, the
nuclear class-1l RbcL of Symbiodinium is encoded as a
polyprotein, but consists of three, instead of eight, concat-
enated subunits. Several eubacteria are known which pos-
sess both class-| and class-11 Rubisco, most notably Rhod-
obacter, where their operons are differentially expressed
in responseto oxygen levels (Gibson and Tabita 1993), but
also Thiobacillus and Hydrogenovibrio (see Watson and
Tabita 1996). Complex scenarios of lateral transfer of Ru-
bisco genes between plastids, their antecedants or other or-
ganelles, either prior to or subsequent to symbiosis, have
been suggested to explain the dinoflagellate class-II Ru-
bisco data(Palmer 1995; Delwicheand Palmer 1996). Such
interpretations are very speculative. The most straightfor-
ward statement is that put forward by both Morse et al.
(1995) and Rowan et al. (1996), namely that Rubisco gene
diversity in eubacteriais insufficiently known to discrim-
inate between the possibilities of cyanobacterial, mito-
chondrial, or other originsfor these nuclear class-I1 genes.
In subsequent sections, we will encounter examples of nu-
clear genesfor Calvin-cycle enzymes of higher plant chlo-
roplasts whose descent from mitochondria is much more
clearly implied.

To summarize, both class-11 Rubisco and two members
of the eubacterial class-l Rubisco family, R-type and G-
type, occur in eukaryotes. Genesfor class-11 Rubisco, when
they have been found in eukaryotes, occur only in the nu-
cleus, and their origin is unclear. Genes for G-type class-|



“ 3
© = ™ mn o < m (@] D
= 2 — < 4 8 59 B8 B =L o] 7] = ©
o = = 8 = T T O > & o] = 3 =2 B
5 S £ @ 4 8 S 525 —- 5% €8 = o © R c 5
Q Sa > i} 5 = [} 0 S8 @ == Q= > hL]
@ S 38 5o L@ 2] © g 9 QQmEgLLu:J 5 ®© g 3 o3 T ]
[ =] c 5 5 T 9 © 29 oo 5 I 5 <9 © S QO 4
2 g ° 58 4 2 g 8 &8 TS S dg S s 2 g 22 dg g
3] s ° ] o o =2 OO0 OO0 & ®y Q o o 2 5
< o ¢ P ] < 2 o o & < 2 =5 (ON©) ° ©
ko] r < cc E S Rl ° c == 2= EF o o -2 E3 S
S . 5 88 & S S £ 8 S5558§cSf G S 5 & ce 3 5
o s O oo < < g T > 228820 3 o 4 5 88 <O <
— e — 5 O oo FE o —_— o O oo o
P M P M
— | —
- -
PGK Class | GAPDH TPI
Y Y \'e
—
>
= »
o < o
k=] c =y c
c & ~ o -~ £
C S & |
< 7 — O & o e = o = ® %
= - Q8 - 0 =
5 o R =i ° Y 5 © x O o O 3 L 8 5 _ 8
5= L5 S o S = n o 9 = Q S o o ©o 9]
@ s L S » L g © e o Q 9 © © S © c 3 S 9 2
T 9 © S 9o - & e 8 © >% 37T o S s 2 2 o9 <
= o ®© c 5 2 o = S © & £ S S Q o = g " s
e 2 2 00 @ @ g 8 =2 S 3288 g g &8 00 5 9]
S 5 8 1S @ s 2 © S 2 &= 9 T S © 2 - - © I
s £ 8 € € ¢ < S 2 £ Bo o §g S 2 = § E€E S E <
D ¢ £ s8s & S D a & 2= 8 3 D % ss8 7€ S
—_ o O [SH TN < —_—— O r O o O S —_ o © oo < <
?
»
|-
P
P M 9 P M
— L~ I |-
M
?
’
~— Rubisco —
FBP
Class | TKL
e

=

Figure 3 Schematic summary of the origins of genes for selected
Calvin-cycle enzymes and their cytosolic homologues (see text).
Branches of relevant gene lineages are color-coded in such away as
to depict gene phylogeny with priority over symbiont phylogeny, the
crux of eubacterial gene sampling through endosymbiosis. Colors
across different schematic trees do not consistently reflect a certain
lineage. Genes which did not persist to the present (or have not been
characterized to-date) are indicated by tapered branches. Cases in
which agene origin is unaccountable are indicated with discontinu-
ouslines. P, plastids;, M, mitochondria. See text

Rubisco are usually divided, part in the nucleus (rbcS) and
part in the plastid (rbcL). Genes for R-type Rubisco (both
rbcL and rbcS) have only been found in plastid DNAs
(Kowallik et al. 1995; Reith and Munholland 1995), where,
intruigingly, they are accompanied by plastid-encoded

cbbR, apparently an orthologue of the regulator of proteo-
bacterial Calvin-cycle gene expression, plus plastid-en-
coded cbbX, a protein of still unknown function encoded
in proteobacterial cbb-operons (Gibson and Tabita 1997).

Only avery small sample of eubacterial Rubisco gene
diversity is preserved within any one eukaryotic cell; but
across the breadth of eukaryotic lineages nearly the full
spectrum of eubacterial Rubisco diversity can be found.
Since sound evidence exists for asingle primary symbiot-
ic origin of both chloroplasts (Melkonian 1996) and mito-
chondria (Gray 1993), this suggests that symbionts pos-
sessed Rubisco diversity equal to or greater than that found
in any contemporary eubacterium, that endosymbiosis had
abottleneck effect on that diversity, and that the bottleneck
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occurred independently in different eukaryotic lineages. In
this view, endosymbiosis was a straightforward sampling
process of eubacterial Rubisco genes. This principle can
be observedinthehistory of several other Calvin-cycleen-
Zymes.

Phosphoglycerate kinase

PGK (EC 2.7.2.3) isthe only Calvin-cycle enzymethat is
active as a monomer, its M, being approximately 44 kDa.
Numerous sequences for PGK from various sources, in-
cluding several archaebacteria, are known (Fothergill-Gil-
more and Michels 1993). No obvious ancient eubacterial
gene duplications in the history of the enzyme have been
identified, nor have class-1 and class-11 formsof PGK been
described.

Higher plants possess chloroplast and cytosolic isoen-
zymes for PGK (Longstaff et al. 1988) whereas Chlamy-
domonas possesses sol ely achloroplast form of theenzyme
(Schnarrenberger et al. 1990). The nuclear genesfor chlo-
roplast and cytosolic PGK from higher plantsarosethrough
gene duplication during plant evolution, the copy encod-
ing the chloroplast-targeted product having acquired a
transit peptide. The ancestral gene from which contempo-
rary homologues for the Calvin-cycle/glycolytic isoen-
zymesin higher plants derive was suggested to have been
acquired by the nucleus from the cyanobacterial antece-
dants of plastids (Brinkmann and Martin 1996). Since that
paper appeared, the PGK sequence from Synechocystishas
become available (Kaneko et al. 1996). It branches very
robustly with the plant nuclear genes to the exclusion of
homologues from other sources, confirming the cyanobac-
terial origin suggested by Brinkmann and Martin (1996).

Interestingly, the (presumed) pre-existing nuclear gene
for cytosolic PGK that was replaced in the plant lineage
itself seemsto have been an aquisition by eukaryotesfrom
eubacteria (under the hypothesis of Fig. 2, from the mito-
chondrial ancestor), since cytosolic PGK of non-photosyn-
thetic eukaryotes shares approximately 50% identity with
eubacterial, and only approximately 30% identity with ar-
chaebacterial, homologues. The chloroplast/cytosol PGK
gene duplication early in plant evolution almost certainly
resulted in replacement of the pre-existing nuclear gene of
mitochondrial origin, coding for cytosolic PGK. This sce-
nario of endosymbiotic gene replacement is schematical -
ly depicted in Fig. 3.

Apicocomplexan parasites of humans (Toxoplasma,
Plasmodium and relatives) possess a highly degenerate
35-kb chloroplast genome (Williamson et al. 1994) and
were recently shown to contain plastids (McFadden et al.
1996). However, in contrast to plants, Plasmodium does
not possess a pgk gene of plastid origin, rather the mito-
chondrial copy has persisted. The example of eukaryotic,
and specifically higher-plant, PGK, reveals that for en-
zymescommon to endosymbiontsand host, each endosym-
biotic event has a surprisingly high likelihood of success-
ful endosymbiotic gene transfer. And in the ensuing com-
petition for survival between endogenous and intruding

genes, pre-existing endogenous nuclear copies do not ap-
pear to enjoy asignificant or systematic advantage.

Glyceraldehyde-3-phosphate dehydrogenase

Class-| and class- 1| GAPDH (phosphorylating, EC1.2.1.12)
are known that share only 15—-20% sequence identity. Both
class-I and class-11 native enzymes are tetramers with an
M, of about 150 kDa, consisting of approximately 37-kDa
subunits. The class-| enzyme is typical of eukaryotes and
eubacteria (Cerff 1995) and is found in one halophilic
archaebacterium (Brinkmann and Martin 1996). The
class-11 enzyme has to-date only been found in archaebac-
teria (Zwickl et al. 1990).

Higher-plant Calvin-cycle GAPDH is the only hetero-
tetrameric GAPDH known. The A and B subunits of chlo-
roplast GAPDH (NADP*-dependent, EC 1.2.1.13, GapA
and GapB, respectively) arose via gene duplication during
chlorophyte evolution (Meyer-Gauen et al, 1994), their
amino-acid sequences sharing roughly 80% amino-acid
identity (Brinkmann et al. 1989; Shih et al. 1992). GapB
differsfrom GapA (and all other GAPDH subunits) by the
presence of ahighly negatively charged C-terminal exten-
sion (CTE) of roughly 30 amino acidsthat may beinvolved
in light regulation (Baalmann et al. 1996).

The evolutionary origin of nuclear-encoded Calvin-cy-
cle GAPDH has been uncontroversial. The first sequenc-
es for this plant enzyme were interpreted as evidence for
itseubacterial origin viaendosymbiotic genetransfer from
chloroplasts (Martin and Cerff 1986), and these conclu-
sions were later substantiated by subsequent analyses of
GAPDH genes from cyanobacteria (Martin et al. 19934)
and Euglena (Henze et al. 1995). The sequence of the nu-
clear-encoded chloroplast enzyme in plantsis significant-
Iy more similar to its homol ogues from cyanobacteriathan
it isto the enzyme from any other eubacterial or eukaryot-
ic source, indicating that the gene product is re-imported
into the organelle that donated the gene (a corroborating
example of the product-specificity corollary).

The origin of the gene for the cytosolic (glycolytic) en-
zyme of higher plants and non-photosynthetic eukaryotes
has been amatter of much confusion and debate. The crux
of the problem concerning the evolution of cytosolic
GAPDH was the discovery of a GAPDH gene in Escheri-
chia coli that was surprisingly more similar to eukaryotic
GAPDH than it wasto other eubacterial sequences known
at thetime (Branlant and Branlant 1985). That finding was
initially interpreted either as functional convergence for
mesophily of the protein (Branlant and Branlant 1985) or
ashorizontal genetransfer from eukaryotesto E. coli (Mar-
tin and Cerff 1986). The latter eukaryote-to-prokaryote
horizontal-transfer story was popularized as a strong case
of inter-kingdom promiscuity (Doolittleet al. 1990; M. W.
Smith et al. 1992) in the direction opposite to that of en-
dosymbiotic gene transfer and is still often cited as such,
but in al likelihood erroneously so. GAPDH genes stud-
ied from abroader eubacterial samplereveal ed that ancient
duplications had produced a GAPDH gene family in the



common ancestor of cyanobacteriaand proteobacteriathat
had been subject to extensive differential 1oss during evo-
lution. Furthermore, the pre-existing nuclear (presumably
archaebacterially related) gene for cytosolic GAPDH of
eukaryotes appears to have been functionally replaced by
a copy originating through endosymbiotic gene transfer
from the antecedants of mitochondria(Martinetal. 19933;
Henze et al. 1995). The suggestion that eukaryotic cyto-
solic GAPDH might descend from mitochondrial DNA
was first forwarded by T. L. Smith (1989). The fact that
some amitochondriate protists (Giardia lamblia and Enta-
moeba histolytica) possess GAPDH genes of apparent mit-
ochondrial origin was taken as evidence that these organ-
isms had once possessed mitochondriathat were secondar-
ily lost (Henze et al. 1995). In Trichomonas vaginalis, a
GAPDH was found that has no known orthologue among
eubacterial GAPDH families (Markos et al. 1993), but
which suggested the occurrence of a eubacterial symbiont
in the history of that hydrogenosome-containing amito-
chondriate protist. Theview that ancient eubacterial diver-
sity, rather than phylogeny, is reflected in eukaryotic
GAPDH genes is not universally accepted (Roger et al.
1996). However, thefinding of aclass-| GAPDH gene, on-
ly distantly related to those of eubacteria, in the archae-
bacterium Haloarcula vallismortis (Brinkmann and Mar-
tin 1996), supports the ancient diversity - endosymbiotic
sampling view. The Methanococcus genome does not help
to resolve this issue, because it does not encode a class-|
GAPDH gene.

Considerable GAPDH gene diversity can be found in
individual eubacteria. For example, E. coli and Anabaena
variabilis each possessthree different GAPDH geneswith
approximately 50% amino-acid identity within, and ap-
proximately 60% identity between genomes (Martin et al.
19934a; Henzeet al. 1995). Notably, oneof theE. coli genes,
gapB (E. coli gap2inHenzeet al. 1995), hasevolved strong
substrate specificity for erythrose-4-phosphate, rather than
glyceraldehyde-3-phosphate (Zhao et al. 1995). Curious-
ly, E. coli gapB appears to be the orthologue of Calvin-
cycle GAPDH in Rhodobacter and Alcaligenes, whereasiit
is certainly not the orthologue of cyanobacterial Calvin-
cycle GAPDH (Henze et al. 1995).

A novel plastid-localized NAD*-dependent GAPDH
was recently found in pine seedlings (Meyer-Gauen et al.
1994) and ferns (unpublished data), which seems to have
arisen through duplication of the nuclear gene (of mito-
chondrial origin in the scenario favored here) for cytosol -
ic GAPDH, with novel re-routing to the chloroplast dur-
ing evolution. Similar such re-routing is also observed in
the GAPDH from protists with complex plastids (Liaud
et al. 1997).

Thus GAPDH, like Rubisco, occurs today in eubacte-
riaasafamily of genesthat can betraced to a series of an-
cient duplicationsin eubacteria, and the full breadth of an-
cient eubacterial GAPDH diversity is not preserved in any
single eubacterial genome. Endosymbiosisintroduced on-
ly asmall sample of that ancient genediversity into the nu-
cleus, but once established there, functional diversification
and specialization through re-routing to various cell com-
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partments began anew. Different samples of eubacterial
GAPDH gene diversity have been preserved in different
eukaryotic lineages.

Triosephosphate isomerase

TPI (EC5.3.1.1) isahomodimer of approximately 27-kDa
subunitsin eubacteria, the eukaryotic cytosol, and higher-
plant chloroplasts (Kurzok and Feierabend 1984; Fother-
gill-Gilmoreand Michels1993; Henzeet al. 1994; Schmidt
et al. 1995). In hyperthermophilic archaebacteria TPl isa
homotetramer of 25-kDa subunits (Kohlhoff et al. 1996).
Like PGK, class-I/class-II forms of the enzyme have not
been described; nor have ancient eubacterial gene dupli-
cations/families been proposed.

Thenuclear genefor higher-plant chloroplast TPl seems
to have arisen during the course of eukaryotic evolution
via simple duplication and transit-peptide acquisition of
the pre-existing nuclear gene encoding cytosolic TPl in
plants and non-photosynthetic eukaryotes (Henze et al.
1994; Schmidt et al. 1995). Like most cytosolic enzymes
of glycolysis, TPI has traditionally been viewed as abona
fide, endogenous eukaryotic gene. But TPI sequencesfrom
several eubacteria, including a-proteobacteria, were re-
cently obtained in a specific effort to identify the origin of
eukaryotic TPI genes (Keeling and Doolittle 1997). That
study revealed that nuclear-encoded cytosolic TPI of eu-
karyotes (including the amitochondriate G. lamblia) is
more closely related to its a-proteobacterial homologues
that it isto TPI from any other source. Futhermore, where-
as TPl from eukaryotic and eubacterial sources share
roughly 40-50% amino-acid identity, their identity with
the archaebacterial homologuesisonly of the order of 20%
(Kohlhoff et al. 1996). Taken together, thisis strong evi-
dence in favor of a mitochondrial origin for TPI of the
eukaryotic cytosol, directly analogous to the case argued
for cytosolic GAPDH (Martin et al. 1993; Henze et al.
1995) and PGK (Brinkmann and Martin, 1996). The sce-
nario is more readily visible in the case of TPI due to an
apparent paucity of eubacterial gene diversity preservedin
contemporary genomes.

Fructose-1,6-bisphosphate aldolase

FBA (EC 4.12.1.13) represents the most prominent case
of class-l and class-1l enzyme occurrence in the Calvin
cycle. Class-| FBAs are homotetramers whereas class-11
FBAs are homodimers. The subunit size of both classes of
FBA enzymes is approximately 40 kDa, but class-l and
class-I1 FBA monomers share no detectable sequence sim-
ilarity. This, in addition to their different catalytic mech-
anisms (Mo et al. 1973; Lebherz and Rutter 1969), clear-
ly suggeststhat class-| and class-11 FBA enzymesarosein-
dependently during evolution. Class-l and class-11 FBA en-
zymes furthermore enjoy a complex and intriguing distri-
bution acrossthekingdomsof life (for areview see Schnar-
renberger et al. 1990). Most eubacteria, including all cya-
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nobacteria studied to-date, typically possess class-I| FBA
(Rutter 1964; Antia 1967), although a few clearly docu-
mented instances of class-| FBA occurrence in eubacteria
are known (Witke and Gotz 1993). Halophilic archaebac-
teria can possess either class-| or class-11 FBA (Dhar and
Altekar 1986). Among higher eukaryotes, fungi typically
possess class-1l FBA whereas metazoa and higher plants
possess class-| FBA enzymes (Schnarrenberger et al.
1990).

The distinct nuclear-encoded chloroplast (Calvin-
cycle) and cytosolic FBA isoenzmyes of higher plants and
charophytes are both of the class-I type (Jacobshagen and
Schnarrenberger 1988, 1990). Chlamydomonas reinhard-
tii possesses only a single class-1 FBA localized in chlo-
roplasts (Schnarrenberger et al. 1994). In earlier-branch-
ing protists, the distribution of class-| and class-I| FBA is
more complex and has no recognizeable pattern (Rutter
1964; Antia 1967; Ikawa et al. 1972; Gross et a. 1994).
Unigue among the eukaryotes studied to-date, E. gracilis
possesses both a class-| and class-I| FBA: a class-| FBA
in chloroplasts, asin higher plants, and a class-11 FBA in
the cytosol (Pelzer-Reith et al. 1994), asin fungi. Thiscon-
trasts with Euglena’s close relatives, the kinetoplastids,
where Trypanosoma brucei has only one class-| FBA, a
glycosomal enzyme (Marchand et al. 1988). To round off
the picture, C. paradoxa uses class-1l FBA in the Calvin
cycle of its cyanelles, as do cyanobacteria, but also utiliz-
esadistinct class-I1 FBA inthecytosol (Grosset al. 1994).

Only one eubacterial class-I aldolase of known function
has been sequenced to-date, that from Staphylococcus car -
nosus (Witkeand Go6tz 1993). No FBA sequencesareavail -
able from archaebacteria, and the Methanococcus genome
does not contain an identifiable gene for FBA, although
methanogens studied to-date possess FBA activity (Yu et
al. 1994; Schonheit and Schafer 1995), suggesting that a
third independent origin of FBA-catalysisiswaiting to be
discovered, notwithstanding the report of experimentally
selected antibodies that catalyze a very efficient aldolase
reaction with the authentic class-| mechanism (Wagner
et al. 1995). The S. carnosus class-l enzyme shares only
about 25-30% identical residues with eukaryotic class-I
FBA and is monomeric instead of tetrameric. Since most
eukaryotic FBA enzymes are of the class-I type, the lack
of reference sequences makes it impossible to cell from
where eukaryotic nuclear class-| FBA genes came. Class-|
FBA of the higher-plant Calvin cycle sharesacommon an-
cestor with cytosolic class-| FBA of other eukaryotes, in-
dicating that the gene duplication that gaveriseto the chlo-
roplast/cytosol isoenzymes took place early in eukaryotic
evolution (Schnarrenberger et al. 1994).

For class-11 FBA, thesituationisprecisely theconverse;
numerous eubacterial sequences are known, but only three
from eukaryotes:. yeast, Schizosaccharomyces pombe, and
the cytosolic enzyme from Euglena. Phylogenetic analy-
ses (Plaumann et al. 1997) reveal that these nuclear genes
areclearly of proteobacterial affinity, and themost straight-
forward explanation for that finding (in light of the results
for GAPDH, PGK and TPI) is that the eukaryotic class-11
FBA genes are of mitochondrial origin. Eubacterial class-

Il FBA genesreveal patterns of ancient gene duplications
and differential loss that are at least as complex as those
observed for Rubisco and GAPDH (Plaumann et al. 1997).
These problems are compounded by the fact that duplicat-
ed fba genesin E. coli have undergone functional special-
ization towards substrate specificity for tagatose-1,6-bi-
sphosphate. For example, in E. coli, GatY of the gat-clus-
ter for galactitol utilization (Noblemann and L engler 1995)
and AgaY of the aga-cluster for N-acetylgalactosamine
metabolism (Reizer et al. 1996) clearly belong to the same
eubacterial class-1l FBA gene family as the Calvin-cycle
FBA enzymes encoded in the cbb-operons of proteobacte-
ria(Gibson and Tabita1996), whereasthefunctional class-
Il FBA enzyme of E. coli (found in an operon with gapB
and PGK: Alefounder and Perham 1989) belongsto aquite
different family of eubacterial FBA genes(Plaumann et al.
1997).

Thefructose-1,6-bisphosphate aldolase (FBA) and sed-
oheptul ose-1,7-bisphosphate al dol ase reactions of the Cal -
vin cycle are catalyzed by a single chloroplast FBA en-
zyme with dual substrate specificity (Brooks and Criddle
1966). Thisistrueboth for chloroplast class-1 FBA in spin-
ach and for chloroplast class-1l FBA in Cyanophora par-
adoxa (Flechner and Schnarrenberger, unpublished).

The phylogenetic distribution of class-| and class-11
FBA across the tree of life shows little, if any, recognize-
able pattern. Proteins that perform the aldolase reaction
arose independently at least twice, possibly threetimes, in
evolution. The nuclear gene for the Calvin cycle enzyme
of higher-plant chloroplasts (class-1) has a functional, but
not a structural, homologue in the Calvin cycle both of
contemporary cyanobacteriaand proteobacteria, wherethe
class-1l enzymeisused. Thisisthe clearest example where
we can directly observe that the Calvin cycle evolves as a
unit of function, whereby some of its structural compo-
nents are freely interchangeable across species. We will
encounter this principle again in the example of phospho-
ribulokinase. Functional exchange of class-| and class-I|
FBA in plastids has also occurred during eukaryotic evo-
lution, because the early branching photosynthesizer Cya-
nophora paradoxa employs the class-11 enzyme. An inde-
pendent exchange occurred in the Calvin cycle of Eugle-
na, where a class-| FBA has apparently been replaced by
aclass-| FBA of different origin. Great eubacterial diver-
sity and seemingly unrestricted interchangeability of Cal-
vin-cycle FBA enzymes provide an intruiging dimension
of functional redundancy through symbiosisin the history
of these proteins.

Fructose-1,6-bisphosphatase
and sedoheptul ose-1,7-bisphosphatase

The FBP (EC 3.1.3.11) and SBP (EC 3.1.3.37) steps of the
Calvincycleineubacteriaare catalyzed by asingleenzyme
with dual substrate specificity for both sugar bisophos-
phates (Yoo and Bowien 1995; Gerbling et al. 1986; Gib-
son and Tabita 1988). Higher-plant chloroplast FBP and
SBP are encoded by distinct, but related, nuclear genes



(Raines et al. 1988, 1992) that have high specificity for
their respective substrates (Cadet and Meunier 1988). The
chloroplast and cytosolic isoenzymes for FBP in higher
plants possess dramatically different regulatory properties
(light for chloroplast FBP, alosteric regulation for cyto-
solic FBP: Stitt 1990) that can be attributed to functional
specialization during eukaryotic evolution. Thisisbecause
chloroplast and cytosolic FBP arose through a gene dupli-
cation that occurred during the course of eukaryotic evo-
lution, apparently prior to crown group radiation (Martin
et al. 19964a). Although several archaebacteria (including
methanogens) clearly possess FBP enzyme activity
(Yu et al. 1994; Schonheit and Schéfer 1995), no FBP se-
quences have been reported from archaebacteria, and the
Methanococcus genome (Bult et al. 1996) does not encode
ahomologue of FBP, suggesting the existence of an entire-
ly distinct gene encoding this enzyme in archaebacteria,
i.e. the existence of class-l/class-Il enzymes.

Despitethefact that archaebacterial homologuesare not
available for comparison, a mitochondrial origin for eu-
karyotic FBP genes can be proposed. This is because the
FBP gene tree is characterized by two findings typical of
other cases of eubacterial origin: (1) sequence divergence
within eubacterial sequences (of the order of 40% identity)
is greater than between eukaryotic and some eubacterial
homologues (of the order of 50% identity), and (2) eukar-
yotic FBP sequences appearing on a branch that emerges
froma‘trunk’ of more highly diverse eubacterial sequenc-
es (Martin et al. 1996a). This pattern is strikingly similar
to that observed for eukaryotic PGK, GAPDH and TPI
(Martin 1996). Furthermore, the genes for higher-plant
chloroplast and cytosolic FBP appear to descend from the
same eubacterial source astheir homologuesfrom the non-
photosynthetic eukaryotes thus far surveyed, and none of
the eukaryotic nuclear genes reveal a significant similar-
ity to FBP sequences from three cyanobacteria available
for comparison. These findings suggest that the gene for
the Calvin-cycle FBP of higher-plant chloroplasts was, in
one further example, donated to the nucleus by a eubacte-
rial symbiont distinct from the antecedant of the organelle
into which the enzyme is now imported (Martin et al.
19964). AssketchedinFig. 3, it appearsthat anuclear gene
of mitochondrial origin for cytosolic FBP underwent du-
plication to create the product that functions in chloro-
plasts.

Transketolase

TKL (EC 2.2.1.1) is essential to both the Calvin cycle of
higher-plant chloroplasts and to the oxidative pentose
phosphate pathway (OPPP). In spinach, both the Calvin
cycle and the regenerative segment of the OPPP are local -
ized in plastids and only one TKL enzyme is detectable
which functions in both pathways (Schnarrenberger et al.
1995). In the dehydratabl e angiosperm Craterostigma two
TKL genesareexpressed, the products of whichlack atran-
sit peptide and, like their homologues of the OPPP in the
cytosol of non-photosynthetic eukaryotes, are evidently
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cytosolic enzymes (Bernacchiaet al. 1995). The evolution
of TKL genes was considered in Flechner et al. (1996).
Several critical TKL sequences have been reported since
then, most notably those from Synechocystis PCC6803
(Kaneko et al. 1996) and Methanococcus (Bult et al. 1996).
The Methanococcus TKL homologue is split across two
genesthat correspond to the N- and C-terminal halves, re-
spectively, of the single-chain eukaryotic and eubacterial
subunit. A phylogenetic analysis of TKL genes, including
the cyanobacterial and archaebacterial sequences, reveals
that TKL enzymes from the mammalian cytosol (long-
branch speciesin Flechner et al. 1996) are much more sim-
ilar to thearchaebacterial sequence (average 60% sequence
identity) than they are to homologues from other sources,
including the yeast and higher-plant cytosol (average 50%
identity) (Martin 1997). This similarity is underscored by
the presence, in eubacterial homologues, of an approxi-
mately 40 amino-acid insertion found in the region corre-
sponding to the break in the N-terminal TKL a and C-ter-
minal TKL S chains of the Methanococcus enzyme that is
lacking in the mammalian homologues (Martin 1997). Al-
so, Saccharomyces and plant (both chloroplast and cyto-
sol) TKL sequences share much more similarity to eubac-
terial homol ogues (65—70% identity) than they do with the
either the archaebacterial or the mammalian cytosolic en-
zymes. The higher-plant chloroplast and cytosolic TKL
isoenzymes derive from a gene-duplication event which
appears to have occurred specifically in the plant lineage
(Flechner et al. 1996), and the plant sequences branch very
robustly with the Synechocystis homologue. The TKL to-
pology is generally complex, gene-duplications being ev-
ident among eubacterial sequences (Flechner et al. 1996)
andthereisno clear evidencefor aspecific affinity between
fungal and proteobacterial TKL genes.

Despite the paucity of sequences from a large eubacte-
rial and eukaryotic sample, and some other complications,
the general pattern of similarity can be explained in area-
sonably straightforward manner, although numerous de-
tailsremainedtobeclarified. Recalling the general hypoth-
esisfor the origin of nuclear genes (Fig. 2), the overall to-
pology of robustly supported branchesinthe TKL treesug-
geststhat genes of mitochondrial, cyanobacterial, and in a
rare case also archaebacterial-type (i.e. eukaryote ances-
tral) genes for an enzyme of central carbon metabolism,
have persisted to the present in nuclear genomes as depict-
edin Fig. 3. Although the overall scenario for TKL isstill
incompl ete, the casefor acyanobacterial origin of theplant
genes and the origin of the plant chloroplast/cytosol iso-
enzymes via recent duplication is quite solid. The nature
of the archaebacterial affinity of the mammalian enzymes
will become clearer with larger eukaryotic samples. TKL
will be an interesting enzyme for further study.

Ribul ose-5-phosphate 3-epimerase
RPE (EC 5.1.3.1) is a homodimer of approximately

23-kDa subunits in animals (Karmali et al. 1983), eubac-
teria(Kusian et al. 1992) and plants (Nowitzki et al. 1995;
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Teige et al. 1995). Very little is known about this Calvin-
cycle enzyme. In spinach leaves, RPE isfound only in the
chloroplast, with no cytosolic activity detectable (Schnar-
renberger et al. 1995). No class-lI/class-I| enzymes been
described for RPE, but three very distantly related rpe
genes occur in E. coli, indicating the existence of arela-
tively ancient gene family (Nowitzki et al. 1995). Includ-
ing the homologues identifiable in the Synechocystis and
Methanococcus genomes, still fewer than ten RPE se-
guences have been deposited in GenBank at the time of
thisreview. The only statement that can currently be made
is that the nuclear genes for chloroplast RPE from plants
are robustly more similar to the Synechocystis homologue
than to proteobacterial or other sequences, indicating that
the plant nuclear gene was acquired from the chloroplast
ancestor. The phylogenetic positions of the archaebacteri-
al, yeast, and nematode sequences currently permit no con-
clusions.

Ribose-5-phosphate isomerase

RPI (EC 5.3.1.6) is a homodimer of approximately 23-
kDa subunits in most source studies (Hove-Jensen and
Maigaard 1993; Martin et al. 1996b). RPI and TPI are the
only two Calvin-cycle enzymes that have not been iden-
tified in the cbb operons of photosynthetic proteobacteria
(Gibson and Tabita1996). Asinthe case of TKL and RPE,
spinach leaves possess only one detectable RPI enzyme,
localized in chloroplasts (Schnarrenberger et al. 1995).
E. coli has two genes for functional RPI enzymes, rpiA
andr piB, the encoded productsof which share no sequence
similarity. RpiA issimilar to the enzyme from eukaryotes,
whereas RpiB of E. coli is a homodimer of 16-kDa sub-
units and shares 40% identity with gal actose-6-phosphate
isomeraseof Staphyl ococcusaureus, (Sgrensen and Hove-
Jensen 1996). The functional interchangeability of the
RpiA and RpiB gene products tentatively suggests that
they represent bonafideclass-I (RpiA) and class-11 (RpiB)
RPI enzymes. Even fewer sequences are currently avail-
ablefor RPI than for RPE. The spinach chloroplast (class-
I) RPI enzyme hasidentifiable homologues encoded in the
Synechocystis and Methanococcus genomes, but too little
datafor this Calvin-cycle enzyme are currently available
to address the evolutionary origin of the plant nuclear
gene.

Phosphoribul okinase

PRK (EC 2.7.1.19) regenerates the primary CO,, acceptor
for Rubisco, completing the cycle. Class-l and class-I1
PRK enzymes are known (Tabita 1994; Brandes et al.
1996), although previously they have not formally been
designated as such. The best studied class of PRK is that
found in photosynthetic proteobacteria, an octamer of ap-
proximately 30-kDasubunits. The enzymefrom cyanobac-
teria (a tetramer) and higher plants (a dimer) consists of
approximately 40-kDa subunits (Tabita 1988, 1994). The

proteobacterial enzymes were first studied in detail (Gib-
son et al. 1990) and can be designated as class-I, with PRK
from cyanobacteria and higher plants designated as class-
Il. Class-| and class-II PRK share only about 20% amino-
acididentity. The questionisopen asto whether they might
share acommon ancestor asin the case of class-1/11 Rubis-
co, or whether they arose through functional convergence
asinthe case of class-1/11 FBA. PRK activity has not been
detected in non-photosynthetic organisms. It is therefore
curiousthat the E. coli genome possesses agenewith great
similarity to class-11 PRK. PRK has been cloned from a
few plant sources (Milanez and Mural 1988; Raines et al.
1989; Roesler and Ogren 1990; Horsnell and Raines 1991),
and a gene phylogeny based on a few higher plants and
Chlamydomonas suggests that the nuclear-encoded PRK
genes are descendants of the class-Il cyanobacterial en-
zyme, and constitute a classic example of gene transfer
with re-targeting to the organelle of origin. However, like
FBA, theoccurrence of class-1 and class-I1 PRK inthe Cal-
vincyclefrom different sourcesdemonstratesthat the path-
way does not evolve as a unit of structure, but rather as a
unit of function with interchangeabl e parts.

Principles: what we see, what we don't see,
and many, many uncertainties

Thenon-specialist should once again bereminded that sev-
eral premisses, upon which many of the argumentsin this
paper hinge, were explicitly stated in the introductory pas-
sages and that the actual gene phylogenies upon which
many of our interpretations are based are more complex
than the corresponding diagramsin Fig. 3 suggest. Itisal-
so important to note that lateral gene transfer between eu-
bacteria is not uncommon (Lawrence and Ochman 1997)
but, at the same time, appears to be much more common
between closely related species than between distantly re-
lated ones (Matic et al. 1995). If lateral transfer of Calvin-
cycle genes between distantly related eubacteria occurred
with appreciable frequency prior or subsegquent to symbi-
osis, as sketched for Rubisco in Fig. 3, then the problems
introduced by ancient gene duplications and differential
loss will be compounded by afactor of ancient eubacteri-
al alelesampling. Thepotential result of suchlateral trans-
fer, as it applies to interpreting the history of eubacterial
genes in eukaryotic genomes, is simply that many differ-
ent eubacterial lineages would become erroneously impli-
cated as gene donors to eukaryotes. If gene transfer be-
tween eubacteria and archaebacteria outside the context of
eukaryotic origins was common in evolution — compara-
tive genomics will soon provide hints as to whether this
hasoccurred—thenwewill havegreat difficultiesultimate-
ly reconstructing the origins of eukaryotic genes. Worse
yet, if many different prokaryotes contributed genesto the
eukaryotic nucleus, without having left organelles behind
as a trace of their existence (cryptic symbiosis: Henze
et al. 1995), the nucleus can be expected to assumethe con-
tours of a genetic garbage bin.
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Tablel Summary of findings

and interpretations from evolu- Enzyme Origin of Origin of Chloropl.- Eubact. Class-| and
tionary analyses of Calvin- chloropl. cytosol. cytosol. gene class-11
cycle genes. Cp, chloroplast; isoenzyme isoenzyme isoenzyme families enzymes
Mt, mitochondria; Eub, eubac- gene dupl.
teria; Euk, eukaryotes; n.a. not .
i -0 Rubisco Cp n.a n.a Yes Yes
applicable; 2, unknown GAPDH Cp Mt Eub Yes Yes
PGK Cp Cp Plants ? ?
TPI Mt Mt Plants ? ?
FBA? Eub? Eub? Early Euk. Yes Yes
FBP Mt Mt Early Euk. ? Yes?
SBPP ? n.a n.a ? ?
TKL® Cp Cp Plants Yes ?
RPE Cp n.a n.a Yes ?
RPI ? n.a n.a ? Yes®
PRK Cp n.a n.a ? Yes

@ Refersto class-| FBA (see text)

b SBP and FBP share a common ancestor, due to lack of outgroups the timing of the duplication is dif-

ficult to estimate

¢ The cytosolic TKL of animals may be an archaebacterial enzyme

d See text

€ Class-1/Il RPI has only been found in E. coli, see text

At present, however, with (1) the help of endosymbi-
otic theory, (2) an explicitly structured working hypothe-
sis, and (3) familiarity with the uncertainties inherent to
molecular phylogenetics, the evolutionary histories of eu-
karyotic enzymes of carbohydrate metabolism need not be
dismissed as confusing and inconsistent. Rather, they can
tell us many things about endosymbiosis and eukaryotic
evolution, but appear to be doing so in an unfamiliar
dialect.

As summarized and interpreted in Table 1 and Fig. 3,
the history of the enzymes of the Calvin cycle demonstrate
a substantial contribution of endosymbiotic gene transfer
to eukaryotic genomes. The enzymes of the Calvin cycle,
glycolysis, and gluconeogenesis furthermore provide an
overall picture of eukaryotic evolution that is quite differ-
ent from that depicted by components of the genetic appa-
ratus (rRNA, translation factors, polymerasesand thelike).
The evolutionary patterns of all of the above can be ac-
counted for by the simplified scenario of eukaryotic evo-
lution given in Fig. 2, except that (1) the product-speci-
ficity corollary for the compartmentation of enzymes must
be abandoned (Martin 1997), and (2) the assumption of
widespread paralogy and differential gene loss in eubac-
teria and eukaryotes must be invoked in order to explain
the data.

For enzymes of central carbohydrate metabolism that
were common to symbionts and hosts, we seethat the prod-
ucts of genes transferred to the nucleus from the antece-
dants of chloroplasts and mitochondria were evidently
quite free to explore various possibilities of cellular com-
partmentation during evolution. It seemsthat many differ-
ent novel compartmentation variants, which apparently
were not detrimental to the cell, have become fixed in dif-
ferent eukaryotic lineages. From thiswe may concludethat
the contemporary compartmentation of the pathways stud-
ied isvery likely the end result of numerous evolutionary
experimentsinindividual eukaryotic lineages. Deleterious

‘compartmentation variants' were unsuccessful and hence
eliminated; advantageous or non-deleterious ones sur-
vived. This view predicts that in early branching photo-
synthetic protists, novel scenarios of individual enzyme
compartmentation (regardliess of gene origin), and novel
patterns from the sampling of prokaryotic gene diversity
for enzymes of the pathway will be found.

Among the 12 enzymes considered here only one has
been identified so far that reflects an archaebacterial an-
cestry of cytosolic sugar phosphate metabolism in eukar-
yotes, namely transketolase. We know of no cases of ar-
chaebacterially related enzymes that have assumed func-
tions in organelles, but Fig. 2, now freed of the product-
specificity corollary, clearly predicts that such examples
might eventually be discovered. It appears that not only
the Calvin cycle and much of the oxidative pentose phos-
phate pathway of higher-plant plastids, but also major por-
tions of the glycolytic and gluconeogenetic pathways of
thecytosol, are catalyzed by eubacterial enzymescurrently
encoded in nuclear chromosomes. Extrapolating from
these findings, it seems that a general picture of eubacte-
rial (endosymbiotic) origin for central carbohydrate me-
tabolism in the eukaryotic cytosol may eventually emerge.
Yet it also seems likely that, in diverse eukaryotes, cyto-
solic pathways, like the Calvin cycle, may turn out to be
units of function (substrate conversion) with interchange-
able parts (enzymes), that constitute different samples of
eubacterial gene diversity.

Obviously, endosymbiotic gene transfer hasresulted in
asignificant increase of nuclear genetic diversity over that
which existed prior to symbosis. However, for several en-
zymes of the Calvin-cycle pathway, the diversity observed
among eubacterial genesismuch greater than that observed
across eubacteria and eukaryotes when individual organ-
isms are compared. Thus, in individual eukaryatic line-
ages, abottleneck in eubacterial gene diversity for Calvin-
cycle enzymes seems to have occurred, with differential
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gene loss. In different eukaryotic lineages this bottleneck
preserved different eubacterial genes. Therefore much of
the ancient eubacterial diversity of Calvin-cycle enzymes
is only observable when the breadth of eukaryotic lineag-
esisexamined. Under our interpretation, thisresult is pro-
duced by the differential elimination of the functional re-
dundancy that followed endosymbiosis.

It also seems that, in the antecedants of organelles, di-
versity in the pathway may have been considerably great-
er than that found in individual contemporary eubacteria.
If theseinterpretationsare correct, they suggest that reduc-
tion of diversity through sel ective elimination among func-
tionally redundant Calvin-cycle enzymes has occurred
both in eubacterial and in eukaryotic genomes subsequent
to the time of symbiosis. Expressed in another way, these
datatend to re-kindle an old ideathat stream-lining (Doo-
little 1978) of prokaryotic genomes with respect to func-
tionally redundant genes had not gone to completion be-
fore the symbiotic origins of mitochondria and chloro-
plasts.

Thepresent findingsalso allow usto address, inacom-
pletely new light, an important question in endosymbiot-
ic theory that has been posed time and time again with-
out an answer (Palmer 1997): why were organelle ge-
nomes preserved at all? Traditional conjecture on theis-
sue hasyet to bring forth asatisfactory explanation. It has
focused on the notion that one or several organelle-en-
coded proteins are refractory to import, locking the orga-
nellar genetic apparatus in place. However, the broad di-
versity of proteins that can successfully be imported by
organelles indicates that this is unlikely to be the cause
of organelle genome persistence (Clausmeyer et al.
1993). Our findingshave shown that the products of trans-
ferred genesare not directed back to their donor organelle
with a‘homing device'. Rather they have to find the do-
nor organelle by themselves, probably by trial and error.
Could it be, as R.-B. Klosgen has suggested (personal
communication), that persistently organelle-encoded
proteins, when transferred and synthesi zed as solubl e cy-
tosolic precursors, wander about the eukaryotic cell and
interfere with processes in such a way as to be toxic or
otherwise deleterious? Many seemingly harmlessforeign
proteins when expressed in E. coli or yeast are toxic to
those cells, and endsymbiotic genetransfer can beviewed
as nothing more than Nature's ongoing heterologous ex-
pression experiment. If the errorsarelethal, then both the
gene product and the gene are trapped in the organelle,
not because they can’t get back in, but rather because the
cytosol won't tolerate them outside. This hypothesis is
testable.

One question emerges from these studies that could not
be formulated previously: why have the eubacterial en-
zymes of glycolysis surveyed here, instead of their archae-
bacterial homologues, been preserved in the eukaryotic
cytosol? Since we can only extrapolate to the past from
known factsin the present, would all that follow would be
speculation, and isthereforeinvited to adopt thisnot asthe
last sentence of this paper, but rather as the first sentence
of the next.
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