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Abstract. Eubacterial and eukaryotic translation ini-
tiation systems have very little in common, and therefore
the evolutionary events that gave rise to these two dis-
parate systems are difficult to ascertain. One common
feature is the presence of initiation, elongation, and re-
lease factors belonging to a large GTPase superfamily.
One of these initiation factors, theg subunit of initiation
factor 2 (eIF-2g), is found only in eukaryotes and ar-
chaebacteria. We have sequenced eIF-2g gene fragments
from representative diplomonads, parabasalia, and mi-
crosporidia and used these new sequences together with
new archaebacterial homologues to examine the phylo-
genetic position of eIF-2g within the GTPase superfam-
ily. The archaebacterial and eukaryotic eIF-2g proteins
are found to be very closely related, and are in turn
related to SELB, the selenocysteine-specific elongation
factor from eubacteria. The overall topology of the
GTPase tree further suggests that the eIF-2g/SELB
group may represent an ancient subfamily of GTPases
that diverged prior to the last common ancestor of extant
life.
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Introduction

Translation initiation entails the assembly of charged ini-
tiator tRNA, the ribosome, and the message itself, in
such a way that translation will commence at the appro-
priate codon. This is a very complex process and many
of the interactions remain controversial (Kozak 1992;
McCarthy and Brimacombe 1994). Moreover, in those
eukaryotes and eubacteria that have been examined,
translation initiation appears to take place by analogous,
but not homologous mechanisms: different factors are
employed, and many key events take place in a different
order (for contrast, see Kozak 1984).

Particularly interesting in this regard is the path of
import of the initiator tRNA to the small subunit of the
ribosome. In both eukaryotes and eubacteria this tRNA is
imported as part of a ternary complex with GTP and an
initiation factor (IF-2 in eubacteria and eIF-2 in eukary-
otes). In the canonical view of eukaryotic initiation, this
ternary complex binds the small subunit first, then the
message is recruited through the recognition of its cap
and the cap-binding proteins (for review see Merrick
1992; Pain 1996). In eubacteria, on the other hand, the
messenger RNA and small subunit may bind one another
by Shine–Dalgarno base-pairing and other interactions.
These interactions help determine the site of initiation
and can form before the ternary complex is engaged (for
review see Kozak 1984; McCarthy and Brimacombe
1994).

Furthermore, the translation factor components of the
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ternary complex, IF-2 in eubacteria and eIF-2 in eukary-
otes, are not the same protein (despite their unfortunately
similar names). Both factors are GTPases, however, eu-
bacterial IF-2 is a single polypeptide, while eIF-2 is com-
posed of three heterologous subunits,a, b, andg. Thea
andb subunits of eIF-2 are not detectably related to IF-2
and have no recognizable eubacterial equivalents. Theg
subunit of eIF-2 is a member of the same GTPase su-
perfamily as eubacterial IF-2, but the two proteins are
only distantly related. This superfamily includes trans-
lation initiation, elongation, and release factors, which
can be divided by the functional property of either re-
quiring an external guanine nucleotide exchange fac-
tor or having a guanine nucleotide exchange domain
(Keeling and Doolittle 1995a). eIF-2g belongs to the
class requiring a guanine nucleotide exchange factor (in
the case of eIF-2, this accessory factor is eIF-2B), while
eubacterial IF-2 homologues have a nucleotide exchange
domain (Keeling and Doolittle 1995a). That these factors
are not closely related to one another shows that they
independently acquired their present role in translation
initiation, so where did they come from originally? One
way to tell is to identify their closest relatives within the
GTPase superfamily.

Eukaryotic and archaebacterial homologues of eubac-
terial IF-2 have now been identified and these proteins
were all found to form a subfamily that diverged prior to
the divergence of the three domains (Keeling et al.
1996). Unfortunately the cellular activity of the archae-
bacterial and eukaryotic proteins is not known, although
the eukaryotic protein is known to have an essential
function in yeast (Sutrave et al. 1994) and has never been
observed in the translation initiation complex.

As for eIF-2, the sequences of theMethanococcus
jannaschii and Archaeoglobus fulgidusgenomes re-
vealed the presence of genes encoding proteins highly
similar to all three subunits (Bult et al. 1996; Klenk et al.
1997). Apparently eIF-2 predates the archaebacterial–
eukaryote divergence (we continue to use ‘‘eIF-2’’ to
avoid confusion with ‘‘IF-2’’), but no eubacterial ortho-
logue of eIF-2g has been identified, and the position of
the archaebacterial and eukaryotic eIF-2g proteins within
the GTPase superfamily has not been adequately ad-
dressed. Here we have analyzed this question, seeking to
find a eubacterial orthologue of eIF-2g and, also, to
clarify the position of eIF-2g within the whole of the
GTPase superfamily. We have found eIF-2g to be
strongly and specifically related to the eubacterial elon-
gation factor specific for selenocysteine, known as SELB
(Forchammer et al. 1989). This SELB/eIF-2g group ap-
pears, moreover, to be yet another ancient subfamily that
arose prior to the divergence of the three domains.

Materials and Methods

Amplification and Sequencing of eIF-2g Genes.Polymerase chain re-
action was used to amplify a fragment of eIF-2g from the diplomonad

Giardia lamblia strain WB (ATCC 30957), the parabasaliaTricho-
monas vaginalisstrain NIH-C1 (ATCC 30001) andMonocercomonas
sp. strain Ns-1PRR (ATCC 50210), and the microsporidianNosema
locustae(ATCC 30860). Genomic DNA from the parabasalia were
gifts from M. Müller, and that ofG. lambliaandN. locustaefrom A.J.
Roger. Amplification reactions consisted of 30 cycles with an anneal-
ing temperature of 57°C and contained bothTaqandPfu polymerases.
The primers CGCCAGGCCACSATHAAYATHGGNAC and CC-
GCCTGGCTTGTTNACRTCRAA were used to amplify a fragment of
approximately 650 bp that contains the four regions of eIF-2g that can
be reliably aligned to other related translation factors. Amplification
products were isolated from agarose gels and cloned using the TA
vector pCR2.1. In each case at least two individual clones were se-
quenced on both strands by either LiCor or ABI automated sequencers,
and in no case were discrepancies observed between any clones from
any one organism.

Phylogenetic Analysis.New eIF-2g genes were aligned with all
other reported eIF-2g sequences and with representatives of related
translation factors, EF-Tu, SELB, EF-1a, EF-G, EF-2, and IF-2. TheC.
eleganseIF-2g sequence used here is derived from a composite of
expressed sequence tags from theC. elegansEST database. TheA.
fulgidus eIF-2g gene was found using TBLASTP (Gish and States
1993) to search the finished sequence, and the complete sequence
retrieved from the TIGR FTP site. This sequence was subsequently
confirmed in the publishedA. fulgidusgenome (Klenk et al. 1997).

Trees of eIF-2g alone were inferred from 215 amino acids (encom-
passing the length of the amplification products reported here) by dis-
tance, parsimony, and maximum likelihood. Corrected distances were
calculated according to the Dayhoff PAM 250 substitution matrix, and
trees constructed by neighbor-joining, using the PROTDIST and
NEIGHBOR programs from the PHYLIP 3.5c package (Felsenstein
1993). Parsimony trees were inferred using 50 random addition heu-
ristic searches with tree bisection and reconnection by PAUP 3.1.1
(Swofford 1993). In both cases 100 bootstrap resampling replicates
were performed. Protein maximum-likelihood trees were inferred using
ProtML from the MOLPHY 2.2 package (Adachi and Hasegawa 1994)
by exhaustively searching all topologies of the 12 taxa analyzed using
the JTT transition probability matrix (Jones et al. 1992) corrected for
the observed frequency of amino acids in the data set (jf option).
Estimated bootstrap confidence was calculated by the resampling esti-
mated log likelihood (RELL) method (Hasegawa and Kishino 1994),
and the support at each node was collated using mol2con (perl script
provided by Arlin Stoltzfus). The relative-likelihood support was also
calculated using TreeCons (Jermiin et al. 1997) using a class V weight-
ing scheme anda values ranging from 0.5 to 0.01. The significance
cutoff was not observed to affect the RLS, and therefore only the results
from a cutoff of 0.1 are shown.

Trees of the larger data set including other related factors were
inferred from 116 positions deemed to be clearly homologous between
the disparate factors. These positions are found in four blocks of se-
quences used by other authors analyzing these proteins (Iwabe et al.
1989; Bourne et al. 1991; Keeling et al. 1996; Baldauf et al. 1996). The
alignment is available upon request. The 12 eIF-2g genes in Fig. 1 were
included, as well as 27 EF-Tu genes, 4 SELB genes, and 22 EF-1a

genes from eukaryotes and archaebacteria. This tree was left unrooted
or rooted using one of three selections of outgroup sequences, consist-
ing of either eight EF-2 and EF-G and six IF-2 homologues (as shown
in Fig. 3) or groups of EF-2, EF-G, or IF-2 separately. Two GTPases
from the M. jannaschiiand A. fulgidusgenomes were also analyzed,
but since these were found to be very divergent, all analyses were also
carried out both including and excluding them, and they were eventu-
ally excluded, as they appear to branch more or less at random within
the tree.

Corrected distance and parsimony trees of this data set were in-
ferred as described for eIF-2g alone, but in the case of parsimony, the
large number of equally parsimonious topologies within the EF-Tu and
EF-1a subfamilies confounded the analysis. Protein maximum-
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likelihood trees were also inferred, but the large number of taxa could
be dealt with only by partially constraining the tree. Subfamilies com-
posed of clearly robust groups were constrained and left unresolved.
Altogether there were six of these groups: EF-Tu, EF-1a (archaebac-
teria and eukaryotes together), eubacterial SELB, eIF-2g (archaebac-
terial and eukaryotes together), and an outgroup consisting of one of the
combinations of EF-G, EF-2, and IF-2 described for distance analyses.
The branching order between the subfamilies in this partially con-
strained, partly unresolved tree was then exhaustively searched as de-
scribed for the maximum-likelihood tree of eIF-2g alone.

Results

Identification of eIF-2g Genes from Diplomonads, Para-
basalia, and Microsporidia.A fragment of the eIF-2g
consisting of approximately 650 bp was amplified from
genomic DNA of the diplomonadGiardia lamblia, the
parabasaliaTrichomonas vaginalisand Monocercomo-
nas sp., and the microsporidianNosema locustae.This
fragment covers the amino-terminal half of the gene,
which contains four blocks of amino acid residues that
are highly conserved between all members of the
GTPase translation factors (Bourne et al. 1991). Since
the regions outside these blocks are not readily aligned
between the disparate GTPase factors, their absence does
not affect the position of eIF-2g in these analyses. In
each case a single PCR product was obtained with a high
degree of sequence similarity to other eIF-2g genes, and
all contain an insertion that is unique to eIF-2g (Gaspar
et al. 1994). This insertion is between 33 and 37 amino
acids in eukaryotes (but only 20 and 23 in the archae-

bacteria) and is rich in proline, cysteine, and serine resi-
dues.

Phylogeny of eIF-2g. Trees of eIF-2g alone were in-
ferred since the amount of data that can be used is far
more than can be aligned between more distantly related
members of the superfamily. Prior to the addition of
these new sequences, eIF-2g genes had been character-
ized only from animals, fungi, and expressed sequence
tags from plants (which are too short to be included), and
while this work was in progress eIF-2g was also identi-
fied in the archaebacteria,M. jannaschii (Bult et al.
1996) andA. fulgidus(Klenk et al. 1997).

A maximum-likelihood tree of eIF-2g with M. jan-
naschiiandA. fulgidusas the outgroup is shown in Fig.
1. Neighbor-joining yielded a topology identical to that
shown, and parsimony resulted in five equally parsimo-
nious trees where the branching order ofGiardia, Spi-
ronucleus,and Nosemawere unresolved. Overall, this
tree resembles those inferred from many other mol-
ecules: diplomonads branch very early, followed by mi-
crosporidia, parabasalia, and animals and fungi. Unfor-
tunately, however, there are still relatively few eIF-2g
sequences known, so the tree cannot be adequately com-
pared to other eukaryotic phylogenies. It should also be
noted that evidence is accumulating to suggest that, con-
trary to this tree, the microsporidia may be specifically
related to fungi (for reviews see Mu¨ller 1997; Keeling
and McFadden 1998). Microsporidia generally branch
early among eukaryotes in molecular trees based on
components of the translation machinery, such as small
subunit ribosomal RNA or elongation factors (Vossbrink
et al. 1987; Kamaishi et al. 1996) but not in trees based
on tubulin or chaperonin proteins (Keeling and Doolittle
1996; Edlind et al. 1996; Germot et al. 1997; Hirt et al.
1997). In these trees microsporidia are found to be re-
lated to fungi, suggesting that they are not primitive or
ancient at all. The eIF-2g tree is consistent with other
translation proteins genes in placing the microsporidian
deep in the eukaryotes, however, like microsporidian
rRNAs and elongation factors, theN. locustaeeIF-2g is
a highly divergent protein, and its position in the tree
should likely be considered with caution.

Relationship of eIF-2g to Eubacterial Selenocysteine-
Specific Elongation Factor, SELB.The phylogenetic po-
sition of the eIF-2g subfamily within the GTPase super-
family was resolved using a larger data set with
representative sequences from the most closely related
members of the family, EF-Tu, EF-1a, and SELB. Trees
were inferred either unrooted or rooted with a selection
of the more distantly related factors. Figure 2 shows the
neighbor-joining tree of 79 factors with EF-2, EF-G, and
IF-2 as an outgroup. In this tree eIF-2g is most closely
related to SELB, the eubacterial selenocysteine-specific
elongation factor, and together these two form a group

Fig. 1. Protein maximum-likelihood tree of eIF-2g sequences, also
showing bootstrap support for each node from parsimony and neigh-
bor-joining, and RLS. Where support is less than 50%, anasteriskis
shown.
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that diverged prior to the divergence of the three do-
mains. In all, there are four such groups, EF-2 and EF-G,
EF-1a and EF-Tu, the IF-2-like group, and now this
eIF-2g and SELB group. All four groups mirror one
another in that archaebacteria and eukaryotes are sister
groups to the exclusion of eubacteria, as originally found
for elongation factors (Iwabe et al. 1989).

However, a great evolutionary distance separates the
outgroup and ingroup factors, and the composition of the
outgroup was accordingly found to have a marked affect
on the position of the root. In Fig. 3, four trees are shown,

three with different combinations of EF-2, EF-G, and
IF-2 as an outgroup and one unrooted. Each of these trees
is congruent with the topology of the unrooted tree, but
in each case the root falls at a different branch in both
distance and maximum-likelihood analyses. To explain
topologies B, C, and D, lateral transfers or the loss of a
great number of paralogous genes must be evoked. To-
pology A, however, needs no special explanation, as it
might simply represent the duplication and divergence of
proteins prior to the divergence of eubacteria.

Notwithstanding the lack of certainty in the root of the

Fig. 2. Neighbor-joining tree consisting of 79 sequences using EF-2, EF-G, and IF-2 sequences as an outgroup. The groups indicated bybrackets
to the rightare fairly robust in most cases, but the root of the nonrecycling factors is very uncertain (see Fig. 3).
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tree, there is a relatively consistent and strongly sup-
ported relationship between eIF-2g and eubacterial
SELB (the single exception being topology C, which is
the most poorly supported). Moreover, the relationship
between eIF-2g and SELB garners additional support
from length variation in the region corresponding to the
effector loop of these factors. This variable loop has been
noted to be unusually short in eIF-2g (Gaspar et al.
1995), and as Fig. 4 shows, the effector loop of SELB is
exactly the same length (28 amino acids shorter than
EF-1a).

Discussion

The family of GTPases involved in translation is grow-
ing ever more complex as new members are found and
their relationships examined. Related factors have now
been identified in all three domains and in all three main
steps in translation: initiation, elongation, and termina-
tion. In some cases the role of orthologues is common in
the three domains, as in EF-1a and EF-Tu or EF-2 and

EF-G. However, this is not always found to be the case.
For instance, archaebacterial and eukaryotic orthologues
of eubacterial IF-2 have now been identified (Keeling et
al. 1996), but these proteins likely do not have the same,
if any, role in translation initiation. This can be said with
some confidence for eukaryotes since the IF-2 ortho-
logue has never been identified in many well-studied
translation initiation complexes, and perhaps more im-
portantly, the task performed by eubacterial IF-2 is
known to be performed by eIF-2 in eukaryotes. In ar-
chaebacteria there is no direct information on translation
initiation, but the system appears to be much like that of
eukaryotes. Archaebacteria have a small suite of eukary-
ote-like initiation factors homologous to eIF-1A, eIF-2,
eIF-2B, eIF-5A, and the eIF-4 family (Bartig et al. 1994;
Keeling and Doolittle 1995b; Built et al. 1996; Klenk et
al. 1997). The activity of these proteins has not been
studied, but their collective presence and the concomitant
absence of the eubacterial factors IF-1 and IF-3 suggest
that the archaebacterial translation initiation complex re-
sembles that of eukaryotes.

The presence of orthologous proteins with different
jobs in different domains tells us that at least some of
these proteins have switched function during evolution.
In the case of IF-2 this is almost certainly the case, but
until the present function of the archaebacterial and eu-
karyotic proteins is known, we cannot be certain what
this switch might have entailed.

There is now also a good case for a change of function
with eIF-2g and SELB, and in this case both eubacterial
and eukaryotic orthologues are of defined function.
Moreover, both eukaryotes and eubacteria have nonho-
mologous but functionally analogous proteins to SELB
and eIF-2g, respectively. As mentioned earlier, eubacte-
ria use IF-2 to the same end as eukaryotes use eIF-2.
Similarly, eukaryotes do not have SELB but use a
mechanism to incorporate selenocysteine cotranslation-
ally that relies instead on other factors that bind the
mRNA in the downstream untranslated region (Shen et
al. 1995a, b). It would appear, therefore, that in the lin-
eage leading to either eubacteria or eukaryotes, this pro-
tein switched function as in the IF-2 subfamily. Once
again, however, it is impossible to say what the ancestral
function might have been.

The phylogenetic place of eIF-2g has not been well
studied previously, having in the past been observed only
to be related to EF-Tu (Gaspar et al. 1994; Keeling and
Doolittle 1995a). With the relationship between SELB
and eIF-2g shown here, the evolutionary history of both
factors is much clearer. Having said so much, however,
it is also clear that as more such factors are identified and
included in phylogenetic analyses, the relationships be-
tween the various subgroups of GTPase translation fac-
tors are becoming increasingly difficult to resolve.
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